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PREFACE

The primary goal of this book, as described in the preface to the second
edition, is to serve as a general introduction to the field of thennal analysis.
Due to the voluminous papers published during the past lO years, it is not
possible to make the book comprehensive for each technique, Indeed.
separate volumes could easily be written on each one discussed here. Some
degree of critical evaluation has been added, especially in chapters such as
those on reaction kinetics. purity determination, and instrumentation.

Thennal analysis techniques have been applied to almost every science
area, from archaeology to zoology, and to every type of substance. from
alabaster to zeolites. Indeed. it is difficult to find an area of ,ciem:e and
technology in which the techniques have not been applied. This truly
universal use of thermal analysis is consistent with its early history in.
for example, clays, mineralogy, metallurgy, and inorganic substances.

The main changes in this edition are as follows: (1) Numerous new
applications of thermal analysis techniques have been added to the chapters
on TO. DTA, DSC, EGD/EGA. and others. (2) Other techniques. not used
as often, ace described in greater detail. such as EGD/EGA. TMA. DMA.
thermoptometry, thermoelectrometry, thermosonimetry. and others. (})
The chapter On EGD/EGA has been rewritten, as has the chapter On
miscellaneous techniques. (4) The determination of purity by DSC has been
rewritten. (5) Comrnercia[]y available instrumenrs have been briefly described
for each technique. including the applicatIOn of microcomputers to mdny
of these instruments,

It is a pleasure to acknowledge the generosity of the many individuals
who sent me copies of their reprints m thennal analysis. particularly the
Editorial Board members of Thermochimica Acta. also. the encouragement
and assistance of the late Professor P J. Elving, Professor1. M, Winefordner,
and Mr. James L. Smith are much appreciated. The continued research
~upport of (he Robert A. Welch Foundation. Houston. Texas. is also
acknowledged. The skilled typing of Miss Dieu-Hanh Nghiem Tran made
possible the preparation of lhis manuscript.

WESLEY Wf',L WE:-iDLASDT

HOU:UOff. Teras
D.,t""nl,<". /V.U

v
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PREFACE TO THE ,FIRST EDITION

The purpose of this monograph is to acquaint chemists and other in
vestigators with the relatively new series of instrumental techniques which are
broadly classified as "thennal methods:' In the past. many of these
techniques involved tedious. time-consuming, manual recording methods;
however, ail of them are now completely automatic and employ either analog
(recorder) or digital readout devices. Thus. due to automation. the instru
ments become capable uf self-operation, improving both the accuracy and
precision of the measurements as well as relinquishing both the investigator's
time and patience.

These thermal methods provide a new means of solving ex.isting chemical
problems. as well as creating new ones. It is difficult for the author LO think
of a modem chemical laboratory without a thermobalance or differential
thermal analysis apparatus. The former instrument can proVide rapid
infoimation concerning the thermal stability, composition of pyrolysis
intermediates. and composition of the final product. as a compound is heated
to elevated temperatures. The latter apparatus can provide information
concerning the enthalpy changes occurring during thennal decomposition
of the compound. as well as the detection of phase transitions of various
types. Both techniques yield a wealth of information in a very short period
of time.

This book is not intended to be a comprehensive survey of the literature
on each thermal technique. Rather, it is a critical review. as far as space
permits, on each method. It is felt that the investigator should be well
informed on both the adlJanlages and limilaliolls of each thermal technique
in order to use these techniques intelligently. It must be admitted that this
book is written primarily for the analytical chemist. although the techniques
are useful in other fields of investigation as well.

The author would like to acknowledge his gratitude to Professors P. 1.
Elving and l. ~. Kolthoff for their helpful advice and guidance durmg the
preparation of the manuscript. to helpful comments from his former
colleague, Dr. Edward Sturm: to Professor j. Jordan and S. T. Zenchelsky
for supplying him with their personal reprints; to Mr. Irwin Dosch and Dr.
Robert L. Stone for their assistance in supplying several of the badly needed

vij



viii PREFACE

photographs; and to his present and former students who made this work
possible in the first place.

Also, the author would like to express his indebtedness to the Division of
Research, U.S.A tomie Energy Commission; theAir Force Office ofScientific
Research, U.S. Air Force; and to the Robert A. Welch Foundation, for their
continual support of the author's work in this field.

And finally, because of their efforts above and beyond the call of duty. the
author would like to acknowledge with thanks his typists, Miss Sallie Hardin,
Miss Sue Richmond, and Miss Kathryn White.

WESLI.;Y WM. WF.NDLA~lJT

LlJbbock. Texas
Januory, J964

.'

t

CO:"l"TE:"l"TS

1, GE1'4ERAL I~TRODt:.CTION

2. THER.\10GRAVI:\4ETRY

A. Introduction, 9
B. Same Factors Affecting Tbennogravimetric Curves. 12

1. Instrumental (Thermobalance) Factors, 13
a. Heating Rate, 13
b. Recording or Chart Speed, 17
c. Effect of Furnace Atmosphere, 18
d. Sample Hnlder, 25
e. Conditions for Optimum Sensitivity, 32

2. Sample C'haracteristics, 33
a. Sample Mass, 33
b. Sample Panicle Size, 35
c. Miscellaneous Sample Effects. 37

C. Sources of Error in Thermogravimetry, 38
I. Sample-container Buoyancy, 38
2. Furnace Convection Currents and Turbulence, 41
3. Temperature Measurement, 41
4. Other Errors, 46

D. Self-Generated Atmosphere Thermogravimetry, 46
E. Derivative Thennogravimetry (DTG), 52

I. Separation of Overlapping Reactions, 54
1 "Fingerprinting" Materials, 55
3. Calculation of Mass Changes in Overlapping

Reactions, 55
4. Quantitative Analysts by Peak Height

Measurement, 55
F. Reaction Kinetics, 57

i. Nomsothermal Methods, 57
a. Newkirk Method, 60
b. Freeman and Carroll Method. 61
c. Horowitz and Metzger Method. (,1

ill

9



x CONTENTS COSTE~TS

d. Coats and Redfern Method, 61
e. Doyle Method, 62
f. Ingraham and Marier Method, 64
g. Vachusk:;1 and Voboril Method, 64
h. Master Data Method, 65
i. Steady-State Parameter Jump Method. 66
j. Reich and Stivala Method, 67
k. Ozawa Method, 68
J. Miscellaneous Methods, 70

2. Comparison of Different Methods, 71
3. Mechanism of Reaction from ~onisothermal

Kinetics, 79
4. Critique, 80

References, 82

3. THERMOBALA:\CES AND ACCESSORY EQL'IP~E:'IIT

A. Introduction. 87
I. Recording Balances, 89
2. Cahn Electrobalances, 92
3. Sample Holders. 93
4. Furnaces and Furnace Temperature

Programmers. 99
5. Temperature Detection and Recording

Systems. 99
B. Thermobalances. 109

I. Introduction. 109
2. Du Pont Thennobalance, 112
3. Derivatograph, 113
4. Mettler Thermobalances. 114
5. Perkin-Elmer Thennobalance. 118
6, Stanton Redcroft Thennobalanccs, 119
7. Rigaku Thennobalances, 121
8, SETARAM Thermobalances. 123

C. Miscellaneous Thermobal ances. 125
I. Quartz Balances. 126
2. Automated Thermobalances. 127
3. High-Pressure Thcrrnobalances. 130
4. Thermomolecular Beam Analysis. 131
5. Vapor-pressure Methods L:sing a

Thermobalance. 133
6, \1 isceDaneous, 134

References. 134

8i

4. APPLICATIONS OF THERMOGRAVIMETRV

A. Introduction, 137
B. Applications to Catalysis, 138
C. Applications to Clays and Minerals, 139
D. Applications to fue)s, 143

I. Coal, 143
2. Oil Shale, 144
3. Miscellaneous. 146

E. Applications to Inorganic Materials, 147
I. Alkaline Earth Halide Hydrates, 147
2. Alkaline Earth Oxalates. 148
3. Aluminum Oxide Precipitates, )5J
4. Alumina Whiskers, 152
5. Ammonium Dichromate. 154
6. Calcium Chromate, 15(,
7. Calcium Silicate Hydrates. 158
8. Copper (II) Acetate, 160
9, Copper (II) Chloroacetates, 161
10. Copper (II) and Cobalt (II) Tartrates, 163
II. Complexes. 164

a. [Pt(Nfh)41Cl2' H10. 164
b. K1Pt(C~)o1Brl. 165
c. [Co(NH 3)sCI]CI< and [Co(NHJ),sBr]Br2' 16-
d. Miscellaneous. 167

12. Diamonds, )68
13. Egyptian Blue. 168
14. Mercury (I. II) Compounds. 170
15. Nickel (II) Sulfide, 173
16. Niobium Nitride, 175
17. Potassium Pennanganate, 176
18. Potassium Hydrogen Phthalate, 177
19. Basic Potassium Aluminum Sulfate, 178
20. Platinum Group Oxides. 179
21. Sodium Carbonate. 181
2~, Titanium Carbide, 184

F. Applications to Pharmaceuticals, 184
1. Analgesics. 184
2. Antacids. 186
3. Determination of Composition. 187
4. \1uisture Determination. 190
5, Sulfa Drugs, 191

137



xii COSTENTS CO:-.;TE:-;TS xiii

G. Applications to Polymeric Materials, 191 6. DlFFERE~TIAL THERMAL A:":ALYSIS A~D

1. Introduction, 191 DIFFERENTIAL SCA:":~I~GCALORI:vt~TRY

2. Relative Thermal Stability, 193 l:":STRU:vlE:\TATIO~ 299

3. Additive Content, 195
4. Composition of Polymer Blends and A. Instrumentat:on Principles. 299

Copolymers, 199 \. Introduction. 299

5. Miscellaneous. 199
., Sample Holders. 299

'1 ~ H. Miscellaneous Applications, 200 3. 6T and T Detection. 305
I· I. Analytical Applications, 200 4. T-Axis Calibration. 309

I L
2. Automatic Gravimetric Analysis. 201 5. Furnaces and Temperature Programmers. 312

P. 3. Drying of Analytical Precipitates, 204 6. Low-level Yol tage Am pi ificrs and Recorders, 319
4. Applications to Vapor-pressure Determination, 205 S. DSC-DTA Instruments. 320

t 5. M iscellancous. 207 1. Introduction. 320

I References, 208 2. Sealed-tube Techniques. 320

~ 3. High-pressure Systems, 325

I:
5. DlFFERE~TlAL THER'IAL ANALYSIS AND 4. High-temperature Systems. 329

DIFFERENTIAL SCA:"MNG CALORIMETRY 213 '. 5. ~icro-samp,e Instruments. 332

I' f. 6. Automation of DTA Instrumenta:ion. 333

I" A. Basic Principles of DTAjDSC. 213 7. Differential Scann!:1g Calorimetry with Reflected

Ii I. Introduction. 213 Light McaSUre:11e:1L 336., Historical Aspects, 216 8. M~ltiple Sampie Digi:al DTA Appamtus. 337

HI 3. Theoretical Aspects, 216 9. Miscel:aneous Instruments. 338
4. Factors Affecting the DTA/DSC Curve, 227 C. Commercial Instruments. 345

:1.
a. Heating Rate, 228 l. Perkin-Elmer. 345
b. Furnace Atmosphere. 232 a. DSC-2C. DSC-4. and DSC7 Instruments. 345

c. Sample Holders, 241 b. OTA 1700 System, 347

t
d. Thermocouples, 249 ~ Du Ponl. 349
e. Thermocouple Location. 252 3. Mettler. 349

5. Sample Characteristics. 258 4. Stanton Redcroft. 351

I~. a. Sample Mass. 258 5. SETA RAM. 352

:, b. Sample-particle Size and Packing, 259 6. Netzsch,353
c. Effect of Diluent. 263 7. Sinku Riko. 353

6. Critique of Operational Parameters, 264 8. Eberbach, 353
7. Differences Between DTA and DSC. 266 References. 353

B. Quantitative Aspects. 269
1. Introduction, 269 7. APPUCATIONS OF DlFFEREi'iTIAL THER.\lAL
2, Calibration. 270 A;\ALYSIS A:"/D DlFHREI'iTIAL SCA:":~Ii"iG

3, Calibration Standards. 276 CALORIMETRY 359

4. Calculation of Enthalpy Changes, 278
5. Other Factors, 279 A. Introduct:on. 359
6. Precision and Accuracy of 6H ~easurements.2g0 B. Applications to Biological ~aleriais. 363

C. Reaction Kinetics, 282 C. Applications to Catalysts. 369

References. 293



xiv
CO~iE~TS

D. Applications to Clays and Minerals, 373
E. Applications to Fuels, 381
F. Applications to Inorganic Materials, 388
G. Applications [0 Organic Materials., 406
H. Applications to Pharmaceuticals, 419

1. Applications to Polymers, 424
J. Miscellaneous Applications. 442

K. References, 452

8. EVOLVED GAS DETECTJO~ A;o.,jD EVOLVED GAS
A;o.,jALYSIS 461

A. Introduction, 461
B. Definition of EGO and EGA, 461
C. Role of EGD-EGA in Thermal Analysis, 463
D. Historical Review, 465
E. Current EGO-EGA Techniques, 470
F. Intennittent and Continuous Sampling Modes, 474

l. Trapping, 475
2. Combined Intennittcnt and Continuous Modes. 475

G. Coupling with TG Technique, 477
l. TG-Photometric Analysis, 477
2. TG-TCD,478
3. TG-GC.478
4. TG-MS.482

H. Coupling with DTA Technique, 489
l. DTA-TCD, 489.. DTA-ETA,489L.

3. DTA-GC, 490
4. DTA-~S, 490

1, Instrumentation and ~easurernentParameters, 493
I. Typical EGO-EGA Apparatus, 493
2. Detectors, 494
3. ~easurement Parameters. 495

a. .E;ffect of Instrument Parameters on EGD
Curves, 495

b. Effect of Operating Parameters On P-T and V-l'
Curves, 498

c. Baseline Stability, 499
d. Resolution of EGA Curve Peaks, 499
e. Temperature Calibration in EGD. 500

1. Other EGD·EGA Techniques. 501

CONTESTS XV

I. DTGA. 501
2. Te;nperature Programmed Reduction (TPR), 503
3. Automatic EGD Apparatus, 504
4. EGA-MS, 508
5. Detection of Water Evolution, 509
6. Pyrolysis- Gas Chromatography, 510
7. Flame Ionization Detection, 512
8. Thin-Layer Chromatography, 514
9. Therrnoparticulate Analysis. 515
10. Organic Particulate Anaiysis, 517
11. Titrimetric Methods,S 18
12. Infrared Spectroscopy, 51 i
13. EGO :\1easurernents at Subambient Pressures, 520
14. Emanation Thermal Analysis (ETA). 524

a. Introduction, 524
b. Instrumentation, 525

~ c. Applications. 530
K. Applications of EGD-EGA. 533
References. 552

9. THER.VlOPHOTOMETRY 559

A. High-temperature Refiectam:c Spectroscopy and
Dynamic Reflectance Spectroscopy, 559
I. Introduction. 559
2. High-temperature Reflectance Spectroscopy. 561
3. Instrumentation. 563
4. Applications of HTRS and DRS to Inorganic

Compounds. 568
a. The Octahedral -+ Tetrahedral Transition :n

Co(pyhCl:. 568
b. [Cu(cn)(HlOUS04. 570
c. CuSO.. · 5H:O. 573
d. CoCl l ' 6H~O. 575
e. !'<"i(PY)4Cll . 577
r. Thermochromism of Ag2 [HgI4]. 577

g. Thermal ~atri:<. ReactlOr.s. 580
B. Photometric Methods. 581
C. High-Temperature Infrared Spectroscopy. 58J
D. Thermal Opticai Microscopy Techniques. 584

I. Fusion Microscopy. 584
2. Depolarized Lig.;'t Intensity and Photometric



xvi CO:-ITENTS CO~TE"'TS ~vii

Thermal Microscopy, 590
E. Thermoluminescence.. 596

I. Introduction, 596
.., The TL Process. 597
3. KInetics of n., 598
4. Instrumentation. 600
5. Applications. 602

a. Archaeological Dating, 607
b, Measurement of Ionizing Radiation. 609

F. Oxyluminescence, 610
I. Introduction, 610
2. Intensity and Spectral Distribution. 611
3. ~echanism of the OL Process. 612
4. Kinetics of Oxyluminescence. 615
5. Oxyluminescence in Polymer Stabilizer StudiC'S, 616
6. Instrumentation, 618
7, Application of OL to Polymers. 620

References, 622

10. CRYOSCOPIC A~D DlFFERE~TIALSCANNI~G

CALORl\1ETRY PURITY DF.TERMI~ATION

A. Cryoscopic Methods, 627
I. Introduction, 627
2. Theory, 629
3. Experimental Techniques, 635
4. Errors, Limitations, and Other Factors

Affecting Results. 639
a. Limitations of the Dynamic Method. 640
b. Limitations of Static ~ethod, 642
c. Comparison of Results Obtained by the Static

and Dynamic Methods, 643
d. Recommendations 644

5, Applications to Impuri~y Determi~ations and Other
Problems, 645

B. Differential Scanning Calorimetry Methods. 651
1. Introduction. 650
2. Principles of Measurement. 653
3. The DSC Curve, 656
4. Thermal Lag and Undetermined Pn::mdting, 658
5. Experimental Measurements, 662
6. Applications. 664
7. Assessment, 666

References. 668

627

ll. MISCELLANEOL'S THER:\1AL At"iALYSIS
TECHNIQL'ES

A. Introduction, 671
B. Thcrmomechanical Methods, 671

1. Introduction, 671
2. Instrumentation, 673

a. TDA and T~A, 673
b. DMA,678

3. Torsional Braid Analysis. 681
4. Applications. 682

a. TDA,682
b. TMA.686
c. D~A, 692

C. Thermoelectrometry, 697
I. Introduction, 691
2. Electrical Conductance., Current, and Resistance. 698
3. Dielectric Constant, 718

a. Instrumentation, 120
b. Applications, 724

4. MisceHaneous Electrical Techniques, 727
a. Current-Voltage, 727
b. Thermally Stimulated Discharge (TOO), 718
c. Current-Temperature and Voltage 

Temperature, 728
d. Applied Electrical Fields, 133

D. Thermosonimetry, 134
I. Introduction, 734
2. Instrumentation, 734
3. Applications. 736

E. Thermomagnetometry,74O
L Introduction, 740
2. Instrumentation, 740
3. Applications, 740

F. Accelerating Rate Calorimetry, 747
I. Introduction, 747
2. Instrumentation, 748
3. Theory, 751
4. Applications, 753

G. SEDEX System, 755
I. Introduction. 755
2. Instrumentation, 756
3. Theory and Applications. 758

References. 759

671



xviii CONTEl\TS

12. THE: APPLICATION Of DIGITAL AND A~ALOG

CO:\1PL'TERS TO THERVIAL ANAl.YSIS. 765

A. In:roduction. 765
B. Thermogravimetry (TG). 765
C. Differential Thermal Analysis (DTA) and Differential

Scanning Calorimetry (DSC), 779
D. Miscellaneous Thermal Techniques, 783
E. Commercial Thermal Analysis Ins<rllmentat:on, 786

a. Perkin-Elmer Systems. 787
b. Du Pont Model 1090 Thermal Analysis

System, 792
c. Mettler TelO TA Processor, 793
d. Stanton Redr.:roft System, 795

References, 795

13. THERMAL ANALYSIS NOMl;!\'CLATLRE 799

A. Introduction, 799
B. General Recommendations, 800
C. Terminology, 801
D. Definitions and Conventions. 803

I. General,803
2. Methods Associated with Weight Change. 803

a. Static, 803
b. Dynamic. 803

E. Methods Associated with Energy Changes. 804
F. Methods Associated with EVOlved Volatiles. 805
O. ~ethods Associated with Dimensional Change. 805
H. Multiple Techniques. 805
I. DTA.806
1. TG,806

K. DTA and TO. 806
L.. DTA.807

.\1. TG.808
References. 810

INDEX
811

CHAPTER

GE~ALr~'TROD{;CTIO~

The currently accepted definition of thennal analysis, as given by Mackenzie
(1,2) and the International Confederation for Thermal Analysis (lCTA) is:
"A group of techniques in which a physical property ofa substance and/or its
reaction products is measured as a function of temperature whilst the sub
stance is subjected to a controlled temperature program:' This definition
implies that before a thermal technique can be regarded as thermoanalytical,
threo .:riteria must be satisfied:

1. A physical property has to be measured.
2. The measurement has to be expressed (directly or indirectly) as a

function of temperature.

3. The measurement has to be made under a controlled temperature
program.

Failure of any mcthod to mect these criteria would exclude it as !l method of
thermal analysis.

The physical property measured and the corresponding ther:nal analysis
technique are tabulated in Table 1.1 (3) and Further elaborated on in Chapter
13. ~otice that under the physical property of mass, thermogravimetry
(TO). evolved gas detection (EGO), evolved gas analysis (EGA), emanation
thermal analysis (ETA), thermoparticulate analysis, and others ate included.
Similar considerations can be included in the physical properties of optical
characteristics, electrical characteristics, magnetic characteristics, and so on.
The definitions of each individual technique are given in the chapter in which
they are discussed. A select number of the thennal analysis techniques are
summarized in Table 1.2. Each technique is tabulated in terms of the param
eter measured, a typical recorded data curve, the instrumentation needed,
and the chapter in which it is described.

Surveys of the types of thermal analysis techniques used and their applica~

tions to numerous areas cf research have been published by Wendlandt (6),
Liptay (7). and Dunn (8), The most widely used techniques are TG and DT A,
followed by DSC and TMA.lnorganic materials are the most widely studied
by thermai analysis techniques, followed by high polymers, metals and
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Table 1.1. Physical Properties Measured in Thermal Analysis (3) Table 1.2. Some Thermal Analysis Techniques

Physical Property Derived Techniquelsl
Acce"table

Abbreviation Techr,ique
Pcarame~er

Meas;.Jrcd
]nstrame;l:
Er:Jployed Chapter

Typ:cal
Cr.:rve

'Wheo the temperature program:s in the cooling mode, this becomes cooling-curve delcrmina
r-ion~

"The confusion that has arisen aboul t~is ter:n seems best resolved by sepa ra!:ng two modes
(power compensation DSC and heal RUl< DSC) as described in Chapter 5.

1-11 -

T ____

T-

].

1. 4

Themtoba:ance

DTA a?parat"J.5

Thermobalar.ce

Derivative dm:d!
thermogravimetry
(DTG)

DifIercotiallherma: T. - T,(t'.I Tl
analys~~ (DTA)

Thermogravirr.etry Mass
rTGI

DTA
DSC

TMA

EGD
EGA

TGThennogra.;metry
Isobaric rnass~change determination
Evolved gas detection
Evolved gas anaLysis
Emanation thennal analysis
Thermoparticulate analysis
Heating-curve determination'
Differential thennal ana;ysis
Differential scanning caJotimetryb
Ther.nodilatomctry
Thcr.nomechanical analysis
DynllJ1lic thermom<lchanornetry
Thermosonimetry
Thennoiicoustimetry
Thermoptometry
']'hermoelectrometry
Thermomagnetometry

Mru;s

Optical characterist ics
Electrical characteristics
Magnetic characteristics

Temperature

Acoustic ch aracteristics

Enthalpy
Dimensions
.\1echan icaJ characteristics

T-

Differer.tial scan!l:ng Heal now.
calorimetry dfficlt

~DSCl

metallic: alloys, and organic substances. Lombardi (3) has estimated that
there are over 10,000 thermoanalytical instruments in use throughout the
world at this time.

It should be noted that, in many cases, the use of only a single thermal
analysis technique may not provide sufficient information about a given
system. As with many other analytical methodS, complementary or supple
mentary information, as can be furnished by other thermal analysis tech·
niques, may be required. For example, il is fairly common to complement all
DTA or DSC data with thermogravimetry, If one or more gaseous products
result, evolved gas analysi!> may pro'Je u!>eful in sol\iing the problem at hand.
Simultaneous thermal techniques are helpful in this respect in that several
types of data are obtained from the same sample under identical pyrolysis
conditions.

The field of thermal analysis has grown rapidly during the 20 years since
publication of the nrst edition of this book. One criterion of growlh of a
scientific area is the number of publications appearing :n the literature.

Evolved gas
de!el::ion IEG1Y

Thermal
condt:t':tivity"

DSC
caiorimet<:r

Te ceii"

T _______

T-



Table 1.2. Some Thennal Analysis Techniques
-----

GE~ERAL INTRODl:CTION

------- ----

GEl'."ERAL II"TROnUCTrON

Typica.
CurveChapter

Instrument
Employed

Parame:er
Measured

Table 1.2. Some Thennal Analysis Techniques

Technique

I
j
i

ITypk:al
CurveChapler

Instrument
Employed

Parameter
MeasuredTechnique

4

Light emission Photo
detector'

T-..-

1l

t/-
I~

9
I

I AI
I

r~

Capacitance
bridge

Dielectric
constant

Light emission TL apparatu~

Dielectric constant

Q)(yluminescence

Dynamic reflectance Reflectance Spectrophotom- 9

bespactroscopy eter
(DRS) '"II'-

T--

Emanation thermal Radioactivity ETA apparatus S
Iiianalysis (ETA)

U
T _____

I

I
I
i
~
I

,I

,J.

"

I
I
I
I,

II I A

~~
T ____

9

II

11 I

Electrometer
Or bridge

Diiatomcter

TS Apparatus

Current or
resistance

Volume or
length

Sound

Electrical
conductivity
(EC)

Thermolumines
Gence{TI.)

Thcrmomechanical
analysis (TMAJ
(dHatometry)

ThermosonimetTY

Dynamic mechanical Frequency
analysis (DMA)

DMA appnrijtClS
, I

...
'Olher delectors may be used.
'~ay be a photomultiplier :ube. photodiode. photocell. or other :nslr·Jmenl.

Prior to 1969 - I970 thermal analysis papt:rs were published in a large numbe
of international scientific journals, making a literature search very tim~

consuming. In 1969 the Journal ofThermal.4nalysis was founded by Buzagr
and Simon as editors, in Budapest, Hungary. 111is juurnal publishes n1.>-
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merous manuscripts on thermal analysis, of which a large proportion origin
ate from Eastern European countries and Western Asia. Thenrwchimica
Acta, a journal that publishes contributions in thermal analysis and calori
metry from workers throughout the world, was founded by Wendlandt in
1970 (4). To illustrate the growth of publications in thermal analysis, Thermo
chimica Acta has increased from about 400 pages in 1970 to over 3600 pages
in 1983. The cover sheets of these two journals are illustrated in Figure 1.1.

Two useful abstracting journals are available: Thermal Analysis Abstracts
(Heyden & Sons, London) and Chemical Abstracts CA Selects: Thermal
Analysis (Chemical Abstracts Service, Columbus, OH). Kumerous reviews
on the many aspects of thermal analysis are published annually: A biennial
review of the field is written by Wendlandt (5) in which all areas of thermal
analysis are included.
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2

THERMOGRAVI:\IETRY

A. 1:'l.'TRODUCflON

The thermal analysis technique ofthcrmogravimetry (TG) is one in which the
lchange in sltmp!e mass (mass-loss or gain} is determined as a function of
temperature and/or time. Three modes of thermogravimetry are commonly
used, as illustrated in Figure 2.1: (a) is~thennal thermogravimetry, in which
the sample mass is r~corded as a function of time at constant tempe-rature;
(b} q&"asi-isothcrII}al thermogravimetry in which the sample is heated to
constant mass at etch of a series of incre';fsing temperatures; .and (c) dyn~ic
thermogravimetry, in Which the sample is heated in an envIronment whose
temperature is changirrg in a predetermined man~fr, preferably at a linear
rate. Most of the studies discussed here will refer to dynamic thermogravi
metry, which will be designated as thermogravimetry.

The resulting mass-change versus temperature curve (which has various
synonyms such as thermolysis curve, pyrolysis curve, thermogram, thermo
gravimetric curve, thermogravigram, thermogravimetric analysis curve, and
so on) p~Jvides information c.:on~a-ning the thermal stability and composi
tion of the initial sample, the thermal stability and composition of any
int7rTncdiate compoNIds that ~ly. be forme~ and, the co~posirion.of the
rellldue, if any. To yIeld useful Il1f~rmaw?;~ WI~ thIS tech~lque, the. sample
must evolve a volatile product, which can ongrnate by various phySical and
chemical processes such as those discussed in Chapter 4. Except for the mass
changes, much of the information obtained from the TG curVl: is of an
empirical natt1re in that the transition \~peratures are depCndc¥~ o.n the
instrumental and sample para'Mters. Thus. it is difficult to rrlhe meanlUgf~l

comparisons between TG da11 obtained on ditfe(~nt therrnobaJances 10

different laboratories. ~he use of commercially avi1~ab~iherrnobalances

has d6t?e much 10 improve Ihis situation. but it shMid st1l1 be noted Ihat
tht: curve transition temperatures are procedurally obtained temperalures
and are not fundamental to the compound as are X-ray Ii-spacings and
infrared absorption band minima- ')'1 ..

The characteristics of a single-stage mas~-loss curve arc Illustrated In

Figure 2.1. Two temperatures may be selected as characteristic of any
hfV .. , -' ~Ut\:l'v..e.-

9
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lJ (501:01

Tempera:ure 
(o)

Igure L.I, Three modes of thermogravimetry. (a) [sothennal thermogravimetry' (b) quasi-
sothenna: tnennograv:metry; (e) dynamic :her:nogravimetry, .

:mgle-stage nonisothermal reaction: 7;, the initial temperature or prJcedurai
iecomposition temperature (pdt), which is the temperature at which the
:umulative mass-change reaches a magnitude that the thermobalance can
Jctect; and 0', the[tfJai temperature, which is the temperature at which the
:umulative mass-change first reache~ its maximu\p value, corrcsponding to
:omplete reaction. Alth~gh the 7; may be the lowest :emperature at which

I
~
I

•

Temperature - ~

A (Solidl- _8 (Solidi + C (Ga.)

figure 2.2, CharactenstlCS of a single-Ilago reaction TG curve \ l.

I, . ' ""f
tl,1e d'hset of a mass-change m'iy be obseJ.ved in a given experiment, it I'

rteither a transition teI¥eerature in the phas1-ru\e,sclKsi.rl6r a tru~ slecomposi
tion temperature bel3'\:(. which the reaction rlt'le suddenly be@mes zerc
At a llnear teating rHe. Tf JJ!ust be gtJater than 'r;, and the difl'erenc~,
Tf - 7;, is J£iled the ~eacrion inren:al. For an endothermic 1;compositior.
reaction? Ii and Tr both in3-~e with increasing heating nne, the efl'ec
t?e\ng gr'Jater for Ii than for 7;,

The thermal stability is defined as a gener9i term, (2l.i!J,di,cating the_i!bilit~

of a substance to maintain irs properties-.t;5 \?e~i-1{un~nangecf a{p6ssibl~
on heating. From a practical point of vie\». thermal stability needs to b~

considered in terms of t~e,llnvironment to be imposed on tt/.e material anc
the functions it has to p~rt'orm. The thermobalance is a ~eful techniqu~
for studying the ability of a substance to maintain its mass ti'nder a viHety 0

conditions.
The historical aspects ofTG havc been discussed by Duval (3-5), Wene.

landt (7), Keattch (23), and others (107 -109), Perhaps th~first therrnobalance
was that described by l"emst and Riesenfeld (120), w~ used a :\ernst
quartz torsion microbalance. ~uip.g~d witq an electric fuifii'ce, to study the
mass-loss on heating of Icelftrtd s~ar. o1>al. zirconia, and other minerals,
The Japanese Honda was apparently the first to lise the term rhermobalance
for an instrument he described in 1915191. The French school of thermo
gravimetry began with Urbain in 1912when he modifiecj aGwo-B~n analytical
balance into a cYtl'de thermobalancc (24), Thi,~ was foll~ed by the work of
Guichard (1923) (10), Vallet (19361- Chevcnard (1936). Duval (1950). and
m!!!1,Y others. 'IJle first comrnerciai thermobalance in the Cnited States, which
prbihpted fU~her work in TG. was that described by Mauer (31) in 1954,
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1 ..., ~ '1
altli9ugh ;\[iagara Electronic Laboratories nad such an instrument available
as early as 1949. Early pioneers in TG in the Cnited States were described
by Wendlandt (7). The modern asp~ts of thermogravimetry began in the
late 1950s with the work of Duval who used thp tbcrmobalance to create an
interest in gravimetric analysis (3, 4\ 106/. (,(igW-quality, precision, commer
cial1y a~ilable therrnobalances bc~amc ~idely used in the early 1960s
(see Chapter 3).

B. SOME FACTORS AFF'ECf.[,,\,C TIiER.'\10GRAVIMETRlC CL'RVES

As with any instrumental technique, there are with thermogravimetry a
large number of factors which afICl:t the nature, precision, and ac~racy of
the experimental results. Thermogravimetry pte5bablY has a larger number of
variables because of the dynamic nature of the temperature change of the
sample. Duval (3, 4,11) discussed in detail the precautions involved in using a
thennobalance as well as the IDl;Iny athe( variables involved in thermo
gravimetry."No att~Pt will be ~ade to in'c\ude all these in this discussion;
only the mOSt important paramett;,rs will be reiterated here. Basjcally, the
faetoH that Can influence the mass-"change curve of a sample f~n ideo the
folloWlOg two categories:

1. Instrumental (therrnobalance) factors.

B ~Qa. Furnace heating r teo
"J-" :-0

b. Recording or eha speed.
C. Furnace atmosphere.
d. Geometry of sample h61der and furnace.
e. Sensitivity of recording mecAll1Jism.
r. Composition of sample conCai6er.

2. Sample characteristics.
"\v

a. Amount of sample.
b. Solubility of evolved gases in sample..
c. Particre-size.
d. Hea t of reaction.
e. Sample pai{ll:ing.
f. ~ature of the sample.
g. Thermal conductivity.

Unfo?tJnatety, definLtivc studies arc la~k:lng on some of these factors:
ii some type of study has been made, it has been limited to only one type of
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thermobalance or recording system and corre;ations ca~ot be easily made
with other types pf instrument§. Jt is true, of course, !,hat many of the f~e
going factors, stth as sample:·'liolder geometry, rccortting speed, bala~<;e
sensitivity, and sample·container air bu?,~ancy, arc fixed with any giV{n
thermo balance. Factors whicp are variable and difficult to reproduce are
the sample-particle size, pac'kiI)~, the solubility of evolved gas~s il) .the
sample, furnace convection currents, and electrostatif etfce:ts. 1ttvii:litof
tJ!ese variables, it is unfortunate that some type of stlrilbard sample is not
av1iJ!\ble for comparing one given experimental apparatus with another.
An ins\&ht into the use of st~'hdard compounds for temperature calibration,

'-I"however, is given in Chapter 3.

1. Instrumental (Thennobatance) Factors

a. Heating Rate

The effect of heating rate c~Mge on the procedural decomposition tempera
tures of a sample'has been witlely stUdied. Perhaps the only other parameter
that has been studied more is that of the effect ofatmosphere on the TG curve.
Foz;. ,a single~sfage ~dothermic reaction, Simons and l\;ewkirk, (ll have
poiri~d out the folJd\ing changes for 7i and Ii, as a function of fk%t (F) and
slow (Sj heating rate~. For the initial procedural decomposition temperature,
7;,

For the final procedural temperatures, T/,

(TJ)f > (Trls
'11 ' :
whi1e the reaction interval, Tf - Ij, varies accbrding to

(7j - 7;)F > (7i - Tc)s

'1'\ .,:... .l
For 1V1Y given temperature interval, the extent of decompositior. i>greater
at a (o-$, rate of heating than for a similar sample heated at a fas'tl!r ratlj;".
If Jh,c reaction involved is exothermic, the sample temperature will rfse
abElve that of the furnace, and it has been shown (8~ that the p\!ference
betw~~ the fl.lrnacc temperature and the sample temperature is greatest for
the faster rate of heating when a reaction js occurring. When successive
reactions are invoived., the rate of heating ma~ weJl detetmine whe't'her or
not ~hese reactions will be separated. The appearance of a point of i:1flcc:ion
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in t!J.e TG curve at a faster heating rate may resolve itS"elf into a horizontal
platetall at a slow heating rate.

The effect of heating rate on the TG curve of a sample has been discllssed
by numerous authors. \lfention should be made of the investigations or
reviews by Duval (3, 4, II), Sewkirk (12), Redfern and co-workers (6, S),
Simmons and Wendlandt (13), DeVries and Gellings (14), Herbeli (15), and
others.

Another study on the effect of heating rate on the 7j and Tr temperatures
of siderite is illustrated in Figure 2.3, Kotra et ai. (107) used furnace heating
rates of I-20°C/min, in aq;2 atmosphere, and objfrved that 1; varied from
400 -480°C,~hJeas TJ ranged from S00610"C uttder the kme conditions,
Similar behavior was noted for the mineral giethitc. Dunn and Jayaweera
(110) showed th"t if an oxidation reaction took place, the TO curve can
change drastically with a change in heating rate. They fo~nd that in the
oxidation of a nickel sulfide concentrate, the initial extrapolated onset
temL'~raturewar 595°C at a 1'c;,;rin heating raie. At IO°Cjmin, this value
incrtised to 640°C, bUI then decrease~ to 470°C at a heating rate of 50°CI
mill. 1mass-gain was first observed du,(ho the formation of metal sulfates
foll\i'~ed by a mass-loss, which was attributed to the oxidation of 11 sulfide
pha'S!:. ~S

It should not be inferred that the use of high heating rates in thermo-

-H,O
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Cuso. ' 5H,O 2.37 ll"g 'SO" Imin in 'oJ,
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Fig,,,,, 1.3. E:tfe~t llfh"urin~ or: ::,e TG cun:es",: ;:dcrj:c! Jl)7)

I I '.
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·c

Figure ~.4. TO curve of CuSO~ : 5H,O obtained a: a very fasl healing rate (16),

. aJ U
gravunetry . ~ays bas a del~tel'lous effect on the TG curves obtained. If a
sraIl ,s3fiPple IS used, very fd:.' heating rates may be employed and one will
~tlll be ab'e to detect Ihe presence of inter:nediate compounds formed during
the decomposition reaction. When a fast heating rate of 160°C/min wa~

used.}he TG curve of CuS04 , shown in Figure :.!.4. was obtained (Ui)_
!h~ en1ire cur>:"'~1was recorded in 5.5 min, with the intermediate clNflpounds
indicated by dffier cur~e inflection points or horizor.tal mass pJareaus.

The detectIOn ?f ::1termediate compounds i:1 the TG curve is ai?o'depen
dent on the heating rate. Frucha~t and .\tlichel (i 7) de;ected :ntermediate
c~tnpounds. with the compOSitions. 6-. 4-, 2-, and I-hydrate, when
;'~SO"7H10 was heated at a rate ofO.6'Cmir:. A prel'ious swdy ilt 2.5'C/
min reve31ed onl}' the existence of the I-hydrate (18). A s;m;;ar situation wa~

observed wit:' ~he monosilJicyiaJdoxinezinc IlJ) l'heiilh ;lS studied bv
Rynas;ew!cz and Flagg (19) and DeClerq and DuyaJ (201. On hcatlng ;t
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equilibrium component inbJases. When the heating tate is decreased to
[3°jh or less, the [mtia] dehydratioll temperature does not change appreci
ably. New curve inflections are observed in the 2"C/h curve that correspond
to interme1tltc compositions of CuS04·4H20 and CuS04·2H20, respec
tively. However, X-ray dilTraction data revealed only CuSO,,' 3H2 0 as the
intermediate compound present. The appearance of the...2l"~es ch~l\ged
dramatically with chan~e in furnace atmosphere from Static aiho flowing
nitrogen at the s~ine rJo"'ge of heating rates,

The recording of more pronov~ced horizontal mass plateaus in t~e TG
curve is possible by use of a qliaslstatic heating rate mode, as preVIously
mentioned. This method was first used by Honda (9) and also by Luka.>zewski
and Redfern (6) and Paulik and Paulik (21). With th~technique, prov.isioll
is made for the interruption of the linear temperature rISe cycle and contmua
tion of the heating at a constant fi~ed temperature. This. method gives mas~

loss curves that are, in general, stiie~cr than those obtamed under dynamtc
conditions and provides mure accurate data on the final decomposition

temperatures. I/r. . .' ..-A "'i o<.~ ,r '. r\ f) () ~ 0,' -
II ! .. r;. !..,4I... · ,",. I' - ) • /- .. -

b. Recording or daft Speed

The recording of the mass-loss cU~~t.s f9fe~r rapid or slow reactions can
have a pronounced elTect on the s1la'pl: of the curves. The elTect ofchart speed
on the recording of the curves of~a.Qous reactions is illustrated in Figure 2.6.
In Cf\;ve (a), there is a definite flatfChing of the curve as t..l:!e chart speed is
increased fO~\l; slow thermal decomposition reat;Jion. Tn the case of a slow
reaction follCi'wed bya rapid o~e, curve (b), t.qe l&'er-chart speed curve shows
less separatioOdlfthe two st~rthan the higher-chart speed Curve. For a fast
reaction folloW~d by a sl~~{ .gne, curve (e), an efTect similar to that of curve
(b) was observed, n~ily, shtJrter I:;,Urve plateaus.

An exee.sive chart speed will t~~ to minimize differing rates of mass-loss.
It is recommended that a charI speed of 6 12 in.jh for a heating rate of
1-6°C;min be emploi',ed (6). With X - Y recorders. however, the chart speed
on the temperature cat is controlled by the response of the instrument and
the heating rate, while the mass axis is controlled by the responses of the
recorder pen and the recording balance and the rate of the thermal decompo
sition reaction. Simons and Newkirk (l) have criticized the use of X·· Y
recorders for recording TG data because unexpected disturbances tha.t ~an
occur in the heating rate or thermocouple response can produce spunous
perturbations in the mass-temperature record. Only a separate temperatare
time record can disclose these adventitious efTects and permit elTects caused
solely by changes in sample mass to be distinguished from them.

•

I

I
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J m stacic a;r at healing rates nf 2-JOO"Cih (109).

lO'/h

15·1~

13'/h

5'/h

60':h

300·C/b a w~t precipitate containing a 250% excess of water, a horizontal
mass region was obt~ned in the curve from 215-290°C (19). DeClerq and
- IVal gO), using 1l..hig'Rer heating rate of380°C/h, did not detect a horizontal

'SS le1el and helIee rejected the method for the determination ofHnc. The
~r results indicated tbat when samples containing a lafge amouJilJt of
~r are studi~ a slow heating rate should be employed. It should als8 be
:a. that a sU'hden inflection in tbe mass-loss curve may be caused by a
1en variation in the rate ofheating and tdl!s be false (6). One method used
~tect this phenomenon ~s always to record the furnace temperature as a
.ion of li~e on a strip.~art recorder. Temperature perturbations are
ssed tllfther in Chapter 3.

J v?ry slow heating rates, Nagase et aL (109) studied the dehydration
,:sO.. ' 5H 20 in a static air atmospbere, as shown in Figure 2.5. A heating
I !:l"C/h is the lower limit at which a fairly distinct two-stePucurvecan be
'led. At slower heating rates, the kinetic component decr"el.ses and the

16
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(l) (II)
or irreversible:

(i) i\olldl:):po BSOJldl ZJ - eg"

(il) A5DlidllJ • R,alid(Z) - ell"

(iii) A,olid{ll + Bgos(l) -> C,olldlZI + D g..(2)

Ifan inert gas is employed, its function will be to remove the gaseous decom
position products in reactions (i) and (iI) and to pre\"ent reaction (iii) from
occurring. If the atmosphere contains the same gas is that evolved in the
reaction, only the reversible reaction (i) will be affected and no effect will be
observed on reaction (ii). In reaction (iii), if g3.'i (l) is changed in composition,
the effect on the reaction will depend on the nature of the gas introduced
(e.g., an oxidizing or reducing gas will probably affect the mass-change
curve). The preceding discussion concerllS a dynamic (or flowing) gas atmo
spht:re; in the case of a static (or fixed) atmosphere, the foIIov.;ng behavior
probably takes place. If the sample evolves a gaseous product reversibly.
as the temperature of the furnaces (and sample) increases. it will begin to
dissociate as soon as its dissociation pressure exceeds the partial pressure
of the gas or vapor in its immediate vicinity. Since a dynamic temperature
system is employed, the specific ratc of the decomposition reaction will
increase, as well as the concentration of the ambient gas surrounding the
sample, due to the decomposition of the sample. ff the ambient gas concen
tration increases, the rare of the reaction will decrease. However. due ro
convection currents in the furnace, the gas concentration around :he sample
is continuously changing, which is one oftbe reasons that static atmospheres
are not recommended; for reproducible results, dynamic atmospheres under
rigidly controlled conditions are used.

A good illustration of the effect of atmosphere on re\'ersible and :rrever
sible reactions, such as rhose illustrated in reactions (i) and (iiil, is shown in
Figure 2.7 (1). The curves show the effect of heating CaC ZO ...·H 20 in both
dry r\z and O 2 atmospheres. The dehydration step. which is reversible,

(a)

(b)

I

(c)
Temperatu"e I t:me ------.....

Figure 2.6. Elfecl of char: speed on the shapes of mass-loss CUrlies. (1) :"ow char: $peed:
~ll) high chart speed (6).

#1 c. Effect of Furnace Atmosphere is unaffected because both gases are equally effeeti\"c in sweeping evolved
water vapor away from the sample surface. For the ~ond reaction.

Perhaps the most widely studied instrument variable has been the effect
of furnace atmosphere on the TG curn: of a sample. The e!Tect of the atmo
sphere on the mass-change Curve depends upon (11 the type of reaction,
(2) the nature of the decomposition products, and (3) the type of armosphcn:
employed. For (Il, three rypes of reactions may be studied, either revers1ble

the curves diverge because the oxygen reacts with the evolved CO, giving a
secondary oxidation reaction which raises the temperature of the un reacted
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CaC03 (s) ..... CaO (s) ~ CO2 (g)

"'gille 2.7. Elfecl of atmosphere on the mass-loss curve of CaC,O.· H,O (500-mg sample
Jeated aI300'Cih) (I).• - - -, d.ry 0,; --, ~ry."'!'

., ~ . \ ~
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Figure 2.8. TG curves of OlCO J in various atmosphere
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on the TG curve. Paulik et aI. (22) described a similar senes 01 l U c"
for the decomposition.

Caldwell et al. (115) found that the thermal decomposition of Ch
occurred most rapidly in furnace atmospheres having tte greatest thCl
conductivity, whkh indicates that the rate of reaction is dependent on ,
quickly heat is supplied to the system. Figure 2.9 shows the thermal com,
tivity of He, ~1, and Ar as a function of temperature. The rate of the :ncrr
decomposition of CaC03 was higher in He, followed by N2 and then

Many of the problems involved in obtaining reproducible TG curves [.
sample can be solved by using the technique of self-generated at:nosphe:.
This technique is discussed later in this chapter.

The effect of water vapor in the furnace atmosphere has been ratherwiac
studied (1), especially in reactions involving dehydration and !1ydratir..
Wendlandt and Simmons (25) studied the thermal decomposition
BaCI2 '2H 20 and BaBr2'2H20 in water-saturated atmospheres and in O'

nitrogen atmospheres, whereas Herbell (15) studied the ,eduction of ~it
with dry,and water-saturated hydrogen. For CaS04'2H20, gypsum, Wiede
mann and Bayer (110) found that at a partial pressure of20 Torr of water, the
compound dehydrates directly to anhydrite, On cooling, rehydration tt
CaS04'0.5H 20 took place, The dehydration and rehydration behavior 0

CaS04 '2H20 is related to structural similarities and to the high mobilit,
of the water molecules between the CaS04 layers.

The effects of reduced pressure on the TG curve of various compouno:
have been reported, Gucnot and ~anoli (26) reported the effect on th~

dehydration of CuS04 '5H J O. whereas :'-licho:son (27l studied the effects 0

9O<t 1000"

.'. / '.',
"l ..

CO~ - r.'lj ~I:,(~) I

Caco,

CoO

:ac.o. H,O 1-----'"
100'

"olid. This higher temperature produces a marked acceleration in the
lecomposition rate. Thus, the decomposition of the compound occurs more
-apidly and is completed at a I~w~r furnace temperature in dry O 2 than in an
nert atmosphere of dry :--; 2-

The third step in the decDmposition rcaetion,

:s also a reversibie reaction and hence should not be influenced by either the
nyge!l or the nitrogen, As can be seen, however, there is a slight difference
or the two gases studied. This small difference was attributed to the difference
n the composition of the CaC0.l formed during the second step of the
lecompoSltion reaction. The CaCO) formed in an oxygen atmosphere is
"lightly different from that formed in nitrogen, This difference was not
lescribed (Il, but it was stated that the mass-changc curves cannot disclose
lifferences in particle size, surface area, lattice defects. or other characteristics
,f the sample.

In the case of reversible reactions such as those previously described,
ncreasing the partial pressure of carbon dioxide in the furnace atmosphere

'",ill increase the 7j of the curve, as shown in Figure 2.8. The initial procedurai
lecomposition temperature can range from about400"C at reduced pressure
o 900"C in a carbon dioxide atmosphere at a pressure of 760 Torr. The~c
~re rather pronounced changes, due to the extremes in f:.lmace atmosphere
Jsed, but they illustrate dramatically the effect of the furnace atmosphere
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rigure 2.10. TG curves of CaC,O, H,O dehydratior. at - - - -. nonnal pres,ure anG ._
h:gh-yac~umcondi[illn (29).

Thermal cor.ductivity of ilie He, N,. and At according )0 Caldwell el a:. fl i5),

ow pressure on the thermal decomposition of FeCz0 4 ·2HzO. Criado et aJ.
111) studied the kinetics of decomposition of MnCOJ at COz pressures

"rom 2.6 x 10-4 Pa to 26.6 kPa. It was found that this reaction fonowed a
irst-order kinetic low independent of the COz pressure employed. Criado
"nd Morales (112) studied the TG of a sample of CaO'CaCOJ at CO.
"Jressures of 29 184 Torr.

Apparent mass gains are occasionally observed in the thermal decomposi
-ion of a sample under high vacuum conditions if the sample layer is of a
:ritical thickness and if a certain type of sample holder is employed. Such an
~tTect is shown for the dehydration of CaCz0 4 'H.0 in Figure 2.10, as

recorded by Wiedemann (29). The broken-line curve shows the dehydration
reaction under normal atmclspheric pressure. whereas the solid-line.curve is
that recorded Imder hlgh vacuum conditions. lbe "'apparent" gain in sample
mass at the beginning of the reaction is due to the coHision of the water
molecules with the sample container durir:g pumping. For a better under
standing of th1s effect. Wiedemann nlJ) placed equal <lmOUnls of sample in a
ring sample holder located around the empty lhermobalance crucible. ilnd
in another experiment. placed the sample inside the lhermobalance crucible.
Both experiments resulted in the same apparent mass increase. Thus. it was
concluded that only a fractlon smaller tha:t 0.5% of the apparent mass in
crease can be a~trjbuted to the recoil of the moleCUles leaving the saI:1ple
crucible: almost all of the effect is due to reimpact phenomena. It was also
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(2.1)

'ound that this effect decreases with a decrease in heating rate and is absent
'{hen much larger pumping cross sections are used. Wiedemann employed
.his effect to construct a new apparatus for simultaneous X-ray-TG measure
nents; this technique was called thermomolecular beam analysis (TMBA) and
.s further described in Chapter 3.

Friedman (30) has discussed this effect in the thermal dissociation of
'-ellon in l!acuo. He showed that the magni~ude of this momeotum~transrer

:ffcct is expressed by the equation

w 0- m - ~ ~v ( ~~ )

·"here w is the mass of the sample as determined by the thermobalance. m is
be actual sample mass, q is the acceleration due to gravity, ct is a geometric
:actor, v is the velocity of the ejected gas, and dm/dt is the rate of change of
~ctual mass. Wiedemann and Bayer (113) found that the measured impact
'orces, in agreement with ~axweIl's meory, are proportional to the square
·oot of the absolute temperature and the mean velocity of the gas molecules.
-=--hus, it is possible to measure an unknown temperature from the mass effect
:neasured. The method is limited to the pressure region of < 10- J Torr,
"ith a standard deviation in temperature measurement of 7:5 K at 1225 K.

The effect of an increase in pressure on the TG curve has been described
Jy Brown et al. (28). lIigh-pressure effects would be the opposite of those
::ncountered in low-pressure atmospheres; the Ii for the reaction would be
;hifted to hililier temperatures as well as the increase in the reaction interval,

\
f

TJ - 7;. When a high-pressure thermobalance was used. th

as shown in Figure 2.11, WCTe obtained. The curve obtaine(
pressure was similar to that recorded at atmospheric oressure.,
tion was made for buoyancy effects. Procedural deeomposHlOn
were almost identical to those obtained from the curve at 1 atr'
this may be due to the limited pressure range studied. One
effects of increased pressure is the large increase in buoyancy
curve is llSUally corrected for this change.

~umerous omer stlldies on the effect of furnace atmosP:j·
curves have been reported (12, 21, 32-41~

.J..<,J_oV

d. Sample Holder

The large number of sample holders used in thermogravimetr
:n Chapter 3. Sample holders range from flat olatcs to def
various capacities. Materials used in their construction may .
alumina, and ceramic compositions to various metals auc.

Simons and Newkirk (1) have shown that for CaC2 U4 'H

of the sample holder is immaterial if no interaction is nos.~

sample and the gaseous atmosphere or products. As seen
in Figure 2.12, the Curves for CaCz0 4 'H20 heated in a car,

1

cac,o.r-1,O1-----_
160" '\

200~_~_......_

CaCO,

1100 mg

Figure",12. Elfect ,)fsaml'le·ho:der geOinelry U:\ lh TG Cl1n'e ofCaC,O. H oO::1. ndynar.".lc
CO;3!mOSpnere;. - - -. ql1atlzdish; -- ,poreda", cmcib!elil.

300150200

300 p.,.i.g.
/-Ieating ;ate ~ B'C/,.,in

AtMOSOl'1eric: pre!!lure
H.atirg 'Ste •. 6" e/m,n

IcO50

o .

- 6
~ 10 r---=--------------.....j

I~ure ~.l \. TG curv~s for the dehyc;Jllio~ orcuso. '5H! ,e81.
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dioxide must b.ave existed in the interior of the crucible during dissociation.
even when tb.e atr.1osphere that flowed over Ihe crucible entered th.: Iher;rIQ
balance free from either water or carbon dioxide or from both II \.

The difference in TG curves for CuSO.. ·5H20 obtained using a CfUi;;ible
lind Ihe mulriplate sample hOlder is illustrated in Figure 2.13 (4.2). CtlrYe
(I) was obtained by usc of a crucible, while in obtaining curve 121 the sample
was· placed as a thin layer on the surfaces of a multi plate holder. The latter
type of holder yielded better separation of overlapping reactions and also
resulted in lower procedural decomposition temperatures. A similar effect
was reported by Paulik and Paulik (21).

The effect of the size and the heat-sink properties of the sample holder has
been illustrated by Gam (34). The effect is shown on the thermal decomposi
tion oflcad carbonate in Figure 2.14. The sample holder, which was placed on
an aluminum block 1 in. in height with a cylindrical surface of 3.1 in.~, was
employed. The shallow aluminum pan was of the same diameter but had an
ovetaU height of ft in. A fllctor of 16 in the area directly exposed to Ihe
hea.ted furnace wall permitted more rapid heat transfer to the middle of the
sample and hence more unifonn temperature throughout. It should be noted
that the sample on the massive sample holder decomposed over a smaller

orA

OTC!

TG

300100

... 1'0....

"\
\

\1
\

\
.... ....

70

l!!!
dt

~uSO, • ",0
30

c"so.

20

m%
::<lSO, . liH,O

o

uSO•• 3H,O 10

;phere .~rejdemical above 275 c C. As expected. the loss of water occurred
:nore real.i~y"fromthe shallow quartz dish than from the crucible. The shape
)f the cruclble had no effect upon the decomposition of anhydrous CaC °
Jecause this reaction is no t reversible, and in a CO 2 atmosphere no impor:an~
1itfusion-controlted reaction can occur. The geometry of the sample holder
;.(so had no effect on the dissociation of CaCOJ because this reaction is
-ever.sible, and the atmosphere used was solely the gas involved in the
-eactlon.

When Ihe th~rmal decomposition reaction was carried out in a. dynamic
itmbsphere of nltrogcn, both the loss of water and the loss of carbon dioxide
l/~re affC{;ted by the geomctry of the container. Likewise, the decomposition
II CaC2 0 4 .was ll~atfcctcd. Tbe marked effect of the geometry of the sample

Jolder orovldes eVidence that a significant pressure of water vapor and carbon

200

'c

'/glJre Z.I J. Effect Df crucia:e and mUlliplale ~nmple holder on TO curve :Jf C~SO. ·51 /,0
24); . - -, • cn:clble. 500 mg: -- . multipla:e. 200 ",g. hea:lng rale or! O'C rr.,n ' .. ',
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temperature range. The conventional sample holders employed in thermo
gravimetry are far from being infinite heat sinks (34). Generally, the heat of
reaction of the sample is tbe principal consumer of heat energy, yet the sample
holders are not designed to supply that heat rapidly. Garn (34) suggests that
sample holders shoUld be designed to supply this heat to the sample as rapidly
as possible.

Sestak (43) has calculated the maximum temperature gradient between
the wall of the sample holder and the center of the sample. For a disk

where S is the sample thickness, '!: is the diameter, All is the enthalpy of the
reaction, G is the heat capacity of the sample, rP is the heating rate, and ). is
the thermal conductivity. For a cylindrical sample 1 mm in diameter con
tained in a silver block at a heating rate of SaC/min, the maximum tempera
ture gradients found were 4.goC for the dehydration of kaolin, 13.2"C for the
decomposition of MgC0 3• and 3.1 °C for the dehydration of (%-CaS04 '0.5
H~O, ~umerous other factors concerning sample holders and the effects
of mass ttansfer were discussed in detail.

Since the thermal conductivity of powdered samples is usually quite small,
there is a significant temperature gradient between the surface and the center
of the sample during the thermal decomposition process. This change in
temperature (T) as a function of space coordinate (~) and time has been
discussed by Paulik and Paulik (114) and is illustrated in a three-dimensional
space coordinate system in Figure 2.15, The temperature difference, ATl •

between the surface and center of the sample is indicated by DBRP. Under
normal conditions, this difference is usually about 10", but may become
40-500 during an endothermic reaction, as shown by FJ\1. When the trans
formation begins at a given temperature, Ts, the temperature increases only
in the ex.ternal layer with a uniform rate, G·~, whereas in the center of the
sample the temperature practically stops (15 - T6 ) for time ([~ - (3 ) until
the transformation is complete. The sample then absorbs heat from the
furnace. which takes a finite time depending on the heat conductivity of (he
sample and the heat of reaction. A temperature gradient exists not only
within the sample but within the individual grains as well. Paulik and Paulik
(114) state that the sample temperature does not increase linearly, even in the

c

! A,,
i

outer layers, when if thermal transformation OCJ;;urs (GKN). The transforma
tion is in fact more similar to line GSK

The effect of sample packing in the sample container on the TG curve has
been demonstrated by Wiedemann (44), who placed CaC~04'1'I~O in
different packing geometries in a sample container and then monitored the
water evolution with a mass spectrometer. These results are illustrated in
Figure 2.16. Packings A and B lead to an almost symmetrical peak with rapid
dehydration, whereas packing C shows that dehydration is slower and spread
out over a larger temperature range. ForTG studies in vacuum, Wiedemann
(44) recommended that the sample layer in the crucible should be as thin as
possible. not exceeding 0.5-1 mm.

Wiedemann and Bayer (113) determined the homogeneity of a sample of

Figure 2. t5. The temperature cnange along the cross section of the sample ,n ~be ca~e of a
dynamic hea~ingprogram. T. temperature;~. space coordinate: I. :ime:~ r. tempefluure drop. :.
Furnace: 1, samp:" holder; 3. sam pie; 4. thermoe!ement: 5. " single grain of .he ,ample. Time
and temperature of tbe beginning (lz, T,), maximum ra;e (/1. T~), and end (I •. T!) of an endo
thermal reactioD. Heat transfer between furnace and sample surface IU), surface and center of
the sample (V), sutlace and center ofa single grain (Z) (114).

l
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Figure 2.: 7. X-ray diagrams showing differences iu composition of lh~ various zont'S dunn~

heating of7.;nc hydroxide carhonate (I l3).
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effect on the TG curves if it does not re~.ct with the sample. Newkirk ant
Aliferis (45) have shown that sodium carbonate call react with porcelain a.
alumina crucibles at high temperatures and hence reveal a mass-loss in th,
TG curve (see Chapter 4-). The catalytic properties of platinum may aITec
the TG curves of certain metal sulfides, as was shown by Ramakrishn~

Udupa and Arllvamudan {46). The platinum crucible catalyzed the oxidatio
ofzinc sulfide to 7inc sulfate, a procc:ss that did not occur in alumina crucible~

In the study of reversible reactions or of reactions in which a componen.
of the atmosphere can react with either the original sample or a solid d'

gaseous decomposition product, the possible existence or partial pressur:
gradients throughout the mass of the powdered sample should be recognizee
(11). These gradients can elTect both the shape of the TG curves and tho
magnitude of the thermal effects that accompany the reactjons. They car
be reduced by packing the powder loosely in a shailaw container, usinf
crucibles with microporous or macroporous walls, or p,assing a controllee
atmosphere through the bed of the powdered sample. :: ,',' . '.

Duval (3) suggested tbat since the walls of the crucible are heated mor~

strongly than the center, the USe of a plate and a thin layer of sample woule
be the best sample holder, whereas the hig.'l-waJled crucible would be th,
worst. However, certain samples sweJl or spaller when heated. so that th:
use of crucibles with :l.lgh walls is necessary. Duval does not recommend·
covered crucible. however, ,ince this would cause the horizonta~ :nas.
plateaus to be longer. This was illustrated with the pyrolysis of magllesiulT
ammonium phosphate. In an open crucible, there appeared to be a di
continuity between the loss of water and that of ammonia. while in :h~

covered crucibit:: there appeared to be a short horizontal OJ at least a bre-a:'
as soon as t!1e ammonia stopped coming off.

,;

~".

.~
r

H,oma m/el

10'Cfmln
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2S 50- . 75 TOO

TernD.• ·C

-ojgure 2.16. Effect of sampie packing and sampie·l\o\der geomelry on the evolution of water
fDm CaC,O.· H10 (44).

:inc hydroxide carbonate during the thennal decomposition reaction. L'sing
~ flowing air atmosphere, a semispherical PtjRh crucible, and a heating rate of
lS"C/min, they obtained the results shown in Figure 2.17. After reaching a
'emperature of 185°C. the sample was maintained isothermally at thls
emperature (or 5 h, This resulted in a SOYa conversion of the sample to 2nD.
•fter cooling to 25°C, concentric zones of the sample were taken out of the
rucible and analyzed by X-ray di ITraction. As shown by the X-ray photometer
~urves. the upper lay,er A had the highest proportion of ZoO (~ 70%); the
Diddle zones Band C contained about 50% ZnO, and the bottom zone 0
~oowed only about 25% ZnO.

The material of construction of the sample holder should have little
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e. Conditions for Optimum Sensitivity

viass sensitivity as a critical parameter in thermogravimetry has been
:onsidered by Cahn and Peterson (47). Greater sensitivity of the thermo
Jalance permits the use of smaller samples, with improved determination of
:nass plateaus of intennediate compounds and the use of faster beating rates,
-Iowever, thcrmobalances with sensitivities greater than 1 p.g can be attained
Jnly under two conditions (48): (1) sample hangdown tubes of 9 rom inside
J.iameter or less if used at atmospheric pressure and (2) larger-diameter
l.Ibes if used at reduced pressure (41 mm id at 150 Torr). 'L'nfortunatcIy, the
lse of the 9-mm tubes limits the sample size to 15 -20 mg.

The effect of tube diameter on the mass noise level (pcak-to-peak in p.gJ
.s shown in Figure 2.18 (47), At larger diameters substantial noise is observed,
while at 19 rom there arc only 3 p.g of noise. At 16 mm, the noise is about
1.5 ~!g peak-to-peak, which is readable to 0.1 p.g.

A similar study was made of the effect of pressure and tube diameter on
.he noise level. For 1 p.g peak-to-peak: noise, the tube diameter varied, as
;hown in Figure 2.19, with the pressure. As can be seen, the lower the pressure
~mployed is, the greater is the tube diameter that can be used for an equivalent
ll110unt of noise. With the larger tube diameter, it was found that for a given
Jressure, maximum noise usually occurred between 150 and 650°C. Higher
emperatures were usually less noisy than the lower values studied. Noise as

a function of tube diameter was about the same with flowing gases as with
~tatic atmospheres. With the former, the noise was nearly independent of gas
'elocitv. at least from 5-500 ml/min; extremes of noise varied from 1-2 p.g

760 r-i"'1"1--·------
>-

I
~t

~

Ol.----------
10 20

r:gure 2.19. Pressure m lorr :or J llg peaK-lo-peaK nOIse verSL

peak-to-peak. The t6-mm-diameter tube appeared to be abc
static and dynamic gas applications, as well as a gooa Sr-

pressure operation. except where exceptionally large sa
accommodated.

2. Sample Characteristics

a. S4mple MllSs

j ..... -:I:-------'------'-...l

50 ...,..-----~----__._---___,"T"'"'"1

I. The extent to which endothermic or exowernllC ~

sample wiJl cause sample temperature to deVlale
temperature change (the larger the samph: mass is. t

deviation is).

2. The degree of diffusion of the product gas througn 1

around the solid particles {under static conditions. Ir.

immediately surrounding the reacting particles Will _

governed by the bulk of the sample}.
3. The existence of large thermal gradients throughout

particularly if it has a low thermal conductivity.

According to Coats and Redfern (8), the samnle mass CaT

curve in three ways:

4020. 30

I.d•• mm

10

00

-'gure 2.18. Mass rooisc, !Lg peak-lo-peak versus inside diameter of sample lube. in air at
t~.osphcric press"re (47).

In order to detect the presence of intermediate compounds. ex;
prefer a small sample to a larger one. as seen by the curves in figu,
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M'l" masses en the TO ofCuSO.· 5H,O (48). Heating ra:e of

Figure 2.21. Effect of sample nass on the TG ccrve~of CaC,O.· H,O in a nalic a:mosphere
at a heati~,g ra:e of10D'Cjh (~). a, 126 mg: b, 250 mg; C, 500 mg.

lH.O mass plateau is clearly indicated when a
. '1sed, in contrast with the 18.00 mg sample. This is

Be because samples as small as 0.426 mg are nat

" "'lmnle mass on the TJ and Tr values, Richer and
.,,,- VirtuallY Constant for calcium carbonate in the
m In mITogen and carbon dioxide. On the other

,.;mon reaction has begun (1), it generally does not
J Mllrtic1" throughout the entire mass of the sample.
ncom COnnH10MS. it would be expected that the time
-~""omposl1lon 01 a powdered solid would increase
'''ISS Her-ause thp. furnace heating rate is linear, there
,rp'"""e In me onserved value of Tf .

"h.served in the thermal decomposition of CaCO.)
<~t)cilltirJn of CaC20 4'H 20, as seen in Figure 2.21.
'wrease In rne TJ values for the dehydration reaction

.,"On ofC~CO, with increased sample mass. However.
'/'"cllon IS exorncrmic, as is the case with the decomposi
Or the T, values da not change with change in sample
'<;:Jmnll' remnerilture increases more rapidly than does

the measured furnace tcmperatu~e, end the resultant acceleration in speCific
reaction rate may co'frlpcnsate,- ai least in part, for the increase in sample
mass. Simons and ~ewkirk (1) found that if the decomposition reaction was
carried out in an inert nitrogen atrtlosphere, a;/ three Tr values for
CaCzO",·HzO were shifted to higher temperatures with an increase in
sample mass. ...

The TG curves of large and small single crystals of calcite. 1.57045 g and
1.62 mg, respectivelY, are very different. These curves. as shown in Figur~ 2:21.
were obtained by Wiedemann and Barer (113). The smaller crystal ex h I baed
a lower decomposition temperature than that found for the larger cr~:;tal of
calcite. The eifect is even more pronounced when it is noted that two ddTerent
thermobalance recording sensitivities were used. 0.1 and lOG mg/in ..
respectively.

~......
b. Sample Particle She

The effect of sample particle si7.e on ~hc TG curve has b~en cotn'par~tively

little studied. Variou.s particle s~zes \Viii cause a cha:;ge :n the J,ffUSlCll, of
product gases, which will alter the reaction rate and hence ~he curve shape.
YlOSt of the studies in this area that l:ave been reported have been concerned
with the effect ofpanitle size on t~c kinetics parame~ers IS, 431. Large crystals
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:z.l;;;':;--S-f;'o..-------;'o!;;·0~--T.150 Figure 2.23. Effect of particle si".e on me
dehydration of whewellite (113). l--l. powde:-ed
(150 ml:Sh): (, . , .. , ... ). single crystal.

Figure 2.22. Effect of sample mass on the ~hermal decomposition curves of calcite (I J3).

. -
of the ~ample may decrepitate, causing s~dden'mass-Iosses in the TO curve.
The smaller the particle size is, the greater will be the extent to which equi
librium is reached, and at any given temperature, the greater the ex.tent of
decomposition will be (8).

In comparing the thennal decomposition curves ofcalcium carbonate and
calcite, Richer and Vallet (32) found that the empirical decomposition
temperatures obtained at the heating rate of 150D C/h in a stream of nitrogen
gas were the folloWing: powdered calcium carbonate, 783"C; powdered
calcite, 802°C; cube of calcite weighing about 350 mg, 891 DC.

Likewise, for a chrysotile sample, Martinez (49) found that the decomp05i
tion temperature decreased Wilh a del."Tease in sample particle siz.e. For the
ground material, there was a continuous loss in mass from about 50-850°C,
with the most rapid decomposition between 600 and 700DC. For Ihe massive
material, there was little mass-loss until a temperature of about 600D C was
attained. Similar results were obtained far serpentine and a brucine
carbonate mixture. In general. a decrease in particle size of:he sample lowers
the temperature at which thermal decomposition begins. as well as the
temperature at which the decomposition react:ons are completed.

Generally speaking, a sample consisting of large crystals or particles.
having a low ratio of surface area/mass, will often decompose mure slowly
than a sample of equal mass hut consisting of very small particles. According
to Wiedemann and Bayer (113). loosely packed. coarse malerials have air
spaces that can reduce the thermal conductivity of the sample, thus changing

the appearance of the TG curve. Smaller particles allow denser packing with
a higher thermal conductivity. Packing density is not easy to reproduce re
gardless of the particle size of the sample. Figure 2.23 shows the difference in
the TG (;urves of two samples of whewillite, CUC2 0,,'H:zO, in vacuum (113),
When 6 mg samples are used, the powdered material dehydrates at a much
lower tp.mperature than does the single crystal.

c. MisceUaneous Sample Effects

TheelIect of the heat of reaction of the sample on the mass-loss curve has been
studied by ::-.Iewkirk (12). The heat ofreaction will affect the difference between
the sample tem~~~e,.a.?~t.h:'-I~r':a7~.•temperature, causing the ~ample
temperature to -read or lag'{;e~md tlie furnace temperatuTe, dependmg on
whether the heat effect" IS exothermic or endothermic. Since these temperature
changes may be lOee or more, depending on the heating rate employed, the
calculation of kinetic constants from mass-loss curves may be unavoidably
and significantly in error. This effect is more thoroughly discussed in Section
C,3 of this chapter.

The solubility ofgase!'; in solids imposes a serious limitation on the thermo
gravimetric method. as di.'icussed by Guiochon 150). It is difficult to eliminate
or even measure and :s generally unknown. This wa:; shown by the heating
of solid ammonium nitrate initially containing 1%nitric acid at 200"C for
3 h. AI the end of this period. the sample contained 0.6% nitric acid. This acid
has no catahtic effect on the decomposition of the 5ample. which gives no
nitric acid under these conditions. so that only the slowness of its evaporation
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Fi~~re :L~4. Chu~ges In gas denS:I~ or b"oyuncy versus ~~p'~JIUre a: \ar:olls pressu,., r~9),

CL.rvcs are g~Yen fo!" u~r.

kept in mind that the density of the gas phase decreases with temperature
also. At about 300"C the density, and therefore the buoyancy exerted on
the sample, is about one half as great as at 2Ye. In air, this results in an
apparent mass variation of about 0.6 mgfcm 3

• This variation in gas density
and buoyancy (mgjcm 3

) versuS temperature is shown in Figure 2.24. The
area lying between the curves roughly corresponds to the norrnal pressure
fluctuations expected while working at atmospberic pressure.

In another investigation. Wiedemann and Bayer (ll3) pointed out that
buoyancy cannot be neglected for accurate TG measurements. Buoyancy
not only affects parts of the halance system and sample crucible. but it also
affects a sample that changes its mass and volume during its thermal de
composition reaction. The extent of the buoyancy effects and its corrections
are shown in the TG curves obtained for a large sample of CaC0 3 in a COl
atmosphere in Figure 2.25. The top curve is not corrected for the huoyancy
of the crucible and of the crucible holder; the second curve takes into account
a correction for the buoyancy of the crucible and of the crucible holder;
whereas the third corrects for the buoyancy change of the sample. In addition.
the exact sample weights at room temperature. 800"C, and at lOOO°C are
indicated for the CO 2 atmosphere and after correction for vacuum. It is
evident that accurate results are obtained only after corrections are applied
for buoyanl.}' corrections of the ,ample, crucible. and the crucible holder_ At
high temperatures, the nearly parabolic buoyancy correction curve may
show a pronounced deviation starring from about 700"C (113). This efTect is
caused by thermal radiation and convection, which lead to heating certain
parts ofthe balance system. This problem can be avoided by placing a cooling
system between the furnace and the adjacent balance housing.

For a platinum sample holder, 0.7 em:, 0.5 cm deep, and weighing 1.6 g.
Lukaszewski (37) found that the increase in mass from amhient to 350'C

'600

780 Torr

60C SOC •000 1200 • 400

Temp., "C

I I
400200

0

1
E
i-
.;;;

5i
• ..,
I 1Q 1.2

.l o.:J

1 1.1,[
0

1. Sample-container air bl,lOyancy.

2. Furnace convection currents and turbulence.

3. Random fluctuations in the recording mechanism and balance.
4, Furnace induction effects.

5. Electrostatic effects on balarsce mechanism.
I I....,· I "

6. Environment of the thermobalance.

7. Condensation on sample support.

8. Temperature measurement and calibration.

9. W~igltt. calibration of recording balance.
\" • ='1 "f" ..... \'.

lO. Cnart paper rulings,

11. Reaction of the sample with sample container.
12. Temperature fluctuations.

13. Momentum-transfer effects in vacuum TO.

C. SOURCES OF ERROR 1;'1/ THERMOGRAVIMETRY

can explain these results, The concentration of this dissolved substancc may
be decreased to a small value by the use of wide crucibles without covers, a
thin layer of sample. and a flow if inert gas through the furnace. According to
Guiochon (50), this gas flow through the furnace is almost always necessary
to facilitate the diffusion of gases to and from the sample.

The sources of error in thermogravimetry can lead to considerable inaccura
cies in the temperature and mass-change data obtained. Accurate thermo
gravimetry requires that a correction be applied for these errors or that at
least some recognition be made of their magnitude. :vtany of these errors are
interrelated and hence cannot be considered separately. Full consideration
must be given to all these factors in thermogravimetry.

The possible sources of error in thermogravimetry are many; among them
can be listed the following:

I. Sarnple-container Buoyanc~

The efTect of air buoyancy changes on the sample holder and certain baiance
components has been studied (3. 4, 12, 15, ~9, 37, 48. 51, 52). \1ost of the
studies have used the Chevenard thermobalance (3. 4,37.51.52). but other
balances have been studied as well (12.15.29.37.48).

W.iedemann (29) discussed the efTect of buoyancy on :hc sample and
certain parts of the thermobalance as a function oftemperat.ure. It should be
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In vaCULm: 1.99574 g

Sample weigh:

In C02 at 19,30'C: 1.9947::: g

1 mg

in vacuum: 1.98926 g

Calcium carbonate (water-free)

in C02 at 19.30·C: 1.98822 g

'--L:beraled C02 87.80 mg

I

--------- in vacuum: 1.1:446 g __t.~
Calcium oxide (ignited) in C02 at 19.30'c: 1.11408 g--'-=--~

I I I
100 300 500 700 900 t:oo'C

-[gure 2.:t5. Buoyancy effect an the TG curves of of a large sample of CaCO, (1 i J),
-'-.-0_'_) uncorrecled mass ClIrve; (-~-_) corrected for buoyancy of

oruclb:e and halder: (--{)--{J--.Q- -, additionai correction for ,amp:e.

"'as OJ :I: 0.05 mg, and from 350-1400"C was 0,2 ::::: 0.05 mg, at a heating
"ate of [ ·3°Cjmin. The effects of different heating rates and load sizes were
.Jso studied.

Vsing the Cahn Model RG Electrobalance converted to a thermobalance,
::'ahn and Schultz 14B) recorded the buoyancy curve for a platinum sample

Teno., DC

Figure 2.26. Change in mass or"lalinum sample holder using :he Cahn balance (48),

bolder, as sbown in Figure 2.26. The cbange in mass is very small « 2 X

10- 6 g) in the temperature range from 25 -650°C, using an 8-mm-diameter
bangdown tube. This correction is much smaller than that for the Chcvenard
balance, by a factor of a thousand or so.

The sample buoyancy changes using high-pressure thermogravimetric
techniques have already been mentioned (28).

2. Furnace COO,ectlOD Currents and Turbulence

The apparent mass-gain or mass-loss due to convection currents in the
furnace has been ~tudicd by :--Jewkirk (12) and by Lukaszewski (37). The
apparent mass-loss caused by the upflowing stream of air on the sample
container and the apparent mass-gain due to air turbulence are determined
largely by the sample crucible sue and shape (12). The apparent mass-changes
as a function offurnace top openings are given in Figure 2.27. It was found
that except for a large opening, there was always an initial mass-gain even
when on further heating there was an overall mass-loss. It was not possible
to choose an opening that would give no apparent mass-gain on heating over
the entire temperature range. This effect is also dependent on the furnace
beating rate. When using a flowing gas atmosphere in the furnace, l\cwkirk
(12) found an additional apparent mass-gain, as shown in Figure 2.28. Its
magnitude was governed by the molecular mass of the gas employed.

3. Temperature Measurement

If the temperature of :he sample is taken as the t~mperature measured by II

thermol,;ouple located just above or below the sample container. then the
true sample temperature will eitber lead or lag behind the furnace tempera
ture. The magnitude of this dilien:nce depends on the nature of the reaction
(whether it is endothermic or exothermi<;), the heating rate. the sample
thermal conductivity, the geometry of the sample holder, and so on. This
effect is illustrated by the curves for the sample and thermowell temperatures
of CaCl0-l.'H~O, as ,hown in Figure 2.29. There are definite inflections at
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Figare 129. Thermowe:: and sample temperat\lre [n the decomposition of CaC~O~'H~O Ir.
nitrogen on a Chevenard lhe~obalance. One·gram sample heated at 300'Cih at a nilroge•.
flow ;ate of 400 n'.llmin. a. Ther.nowell temperature (-IO' ca:); b, sample lemperature (36
(/) CaC,O.· H,O ... CaC,O. t- H,Oj (i) CaC,O.... CaCO l _. CO; (3) CaCO l 

CaO - CO,.

-3~
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Fig::re 2.27. Effect of furnace top ope:licg on appare:lt mass-cha~ge of Cheve~ard' thermo
balance at a heating rate of 300'Cih (12);- ,one porcelain crucible, Coors 230..()()0 (about
4 g) ; - - - , two crucibles.

4[
~ 3r- ./ J
~2r- J
~l~ I

o0::""---1~OO:::-----=2-'cOO=----:-'30:-::0--4-00--500-~6lo
Nitroger. lIew, ce/.",n

Figure ~."8. E~ecl of gas velocity On 3pparent ma~.-gain ,Jf a porce;a:n cruc;hle a: roorro
temperatUre On the Chevenard Ihc,molJa~ance ( I ~).
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three places on the sample temperature curve caused by the dccompo~itior

reactions of the: compound.
The temperature difference between the sample and the furnace fo'

CaC20 4 'H2 0 has also been studied by Newkirk (12}. The difference it.
temperature for this compound at a fairly high heating rate, 600"C/h, i~

illustrated in Figure 2.30. Curve (a) showed a 10-14" lag in .the range o'
l00-I000°C. The endothennic loss due to water evolution resulted in ~

25° lag at 200°C. With the larger sample, these efTecls arc accentuatec..
it should be noted that ~ewkirk (12} observed an exothermic heat effect fo·
the reaction

while Soulen and ~ockrin (36) stated that :t was an endothermic reactiot.
The discrepancy is that tn an air atmosphere. which :"Iewkirk presumabl~

empioyed, carbon monoxide was oxidized to carbon dioxide by air. th
oxidation reuctio!' being highly exotbern:ic. The latter investigator, L1sen E

nitrogen furnace atmosphere in wbich the oxidation reaction did not tak~

place. This again emphasizes the importance of furnace atmosphere ane
its effect on the pyrolysis reactions. When the heating rate was lowered [rOIT
600-150"C;h, the temperature difTerence between the sample crucible and th:
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-lgure L..}U. lemperature differences between sample and furnace f(lr CaclO... · HlO (12),
crucible (lnly; b, crucible + 0.2 g of sample; c, =ciblc ~ 0.6 g of sample,
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reduced by use of a sample holder which contains a thermocouple as aL
integral part of it. Small temperature differe[]ces will still be observec.
howcver, due to the size of the sample. the geometry of the sample huider
and so on, but they will be far smaller than in the previous type of temperature
detection. One approach which has been used with some success is to positior.
the thermocouple very close to the sample but not in contact with it., as i:
done with the Du Pont thermo balance 153). The thermocouple is placec
within the sample holder itself but does not touch it. A rapid temperatur~

rise in the sample temperature can be detected by this method, as show!.
by the curves for CaC20 4 ,H 20 ill Figure 2.32. As has been previouslY shown.
the decomposition of CaCZ 0 4 in air is an exothermic reaction. This e~c

thermic reaction causes the sample temperature to rise very rapidly a:
about 50()OC (curve B) to a maximum value of 630", where reaction i~ com
plcte. The sample temperature then drops back to the temperature of the
furnace, which is still slightly below 500~C.

Gayle and Egger (54) showed that the mode of heat rise is important ir.
determining the amount of mass lost after a given rime, but it is ullimportall
in its influellce on the mass-loss rate and kinetic allalysis. The symmetrica
temperature fluctuations do not result in a cancellation of errors when t:n·
rate behavior is an exponential rather than a linear function of temperatu;"

The calibration of the temperature a.-..:is in thermogravimetry is di~c:uss

ill Chapter 3.

F:gure :;.3~. Pe:ec:io:: or tempera:"re cha~.ge L,r sample WIth a c!",e-pr.
CeteCll'r {53).
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~ I J50lt Cjh
;!!. 0 ""__'-- > --11

o 2.00 400 600 800 1000
Temp. thermoC<:Juple we·l. 'C

Effect or heating rate on sample-holder te::-tpera:ure 11 ~}.F:gure 2.31.

'urnace thcrmocouple decreased, as was shown by ~ewkirk (12), The
~ffect of heating rate on this temperature difference is illustrated in Figure
~.31. The lag varied from 3-14° and was roughly proportional to the heating
-ate.

The uncertainty in the actual temperature of the sample can be greatty



46 THER.\iOGRAVIMETR Y
SEtF-GE:"ERATED AnIOSPlIF:RF THER:'IOGRAVIMETRY 47

and hen.:e the mass-loss curve. This tech:lique wa~ suggesled simlllti.lr.eolJsly
in 1960 by Garn and Kessler 1331 and Forkel (56), and has ~eer. the subject
of an extensive review hy Newkirk (57). The technique:s nol very widely used.
especially si:1Ce the introduction of high-quality commercial thermoba:an.:cs
in which a reprodllcible furnace atmosphere can be ma:nlained.

The :nOSI important aspect of the technique is in the desig:l of t!1e sampie
holders. IWO of which Li~e described in ClIapter 3. Other sanple-h<llder
designs have been described by Newkirk (57. 58). The evo:ution of sample
hoiders rOf use in self-genera(ed i.llmospheres is illlls:raled in Figure 2.33.
A liSling of the different types of compounds that have been studied by lhe
sdf-generated atmosphere technique is shown in Tab:e 2.1 (57).

The primary influence of the use of the self-generated atmosphere tech
nique is to increase the pressure of the gas evolution to I aIm. w!1ich gives rise
to ravorable thermodynamic. physical. and kinetic cITec1,. The control ~s not
exaCl. and some investigators consider the use of the technique to be a
makeshift or last resort (57). In many instances. ~.owever. precise atmosphere
control is not available. or is difficult or impossible. because the re<1c~ion
prodLlcls are complex or unknown. The technique has a soune t!1corctic:J.l
basis and. in such instances. would seem to be 11 good chaice for :he initial
TG study of a comple;.> solid gas system.

The sample !1oider should have as small a vapor volurr.c as possible. A
largc vapor vo:uT:le allows gas pressure gradicl1!s :n the sampLe. may resul:
i:l diffcrent reactions. and, i1 is claimed, may cause nomtoichiomet~icmass
losses. A large vapor volume will a:so make il more di~c:Jlt to loca!e 'j~ and
hence more diffic'JII to compare ,esu\t~ by different invest:g:Hors. Also:n lhis

4. Other Errors

A well-designed tbcrmobalance should reduce several of the Qlher errors
to negligible values. Tbe errors caused by random fluctuations of tbe record
ing mechanism. fu.mace induction effects, electrostatic effects, changes in
thermobala~ce envIronment, and so on can be eliminated by proper thermo
balance ~eslgn, construction, and location in the laborarory,

Newkirk (12) found that if tbe balance mechanism of the Chevenard
thermobalance was, not properly thermally shielded. the oil in the dash potS
became ~arm, causIng an apparent mass-gain due to the decreased buoyancy
of the OIl. In the latest model of thi5 balance, the oil dash pots have been
replaced by a magnetic damping device.

Condensation on the cool part of the sample-holder support rod is another
~ource of error. The ~ondensate may reevaporate as the temperature is
lOcrea~cd and may agam condense still lower on the supporr, This can lead
to entire~y ,false .conclusions. Soulen and Mockrin (36) stated that this
problem IS In~ensified when a rapid inert gas flow is employed becallse the
volat:le materials are driven downward onto the support rod. The magIlitude
of thiS effect can be ascertained if the sample holder, the sample. and the
suppo~ a5Se~bly are weighed both before and after each run. If they differ
~pprecla?ly III mass, a correction must be applied Thi~, of course, gives no
II1formatlon about the correction dUring the course of tbe run. Soulen and
Mo~krin (36) el~minat~d this problem in the Chevenard thermobalance !:Jy
placlllg a ceramtc or Otckel sleeve around the crucible support. Without Ihe
s,leeve, a completely erroneous mass-loss curve was obtained for this par
tlcular compound. Of course, for compollnds involving noncondensable
gaseons products, this will present no problem.
. Cabn and Schultz (55) have discussed the elimination of weighing errors
Ir: the Cahn Model RG balance. The effects oftcmperarure and ora corrosive
atmosphere, as welf as electrical and magIletic effects were considered

.Periodic calibration of the thermobalance will p:evcOl errors on the mass
aXIs of the ~ecorder, Many investigators calibrate the instrument before each
nlll by adding a known weight to the sample container.

D. SF.LF-GE:'iERATED AT.\10SPHERE THERMOGRAYI:'-1ETRY

A "self-ge?:ratcd" atmosphere is one wh:ch is composed of the gaseous
decomposltlon products of the reaction and which is in intimate contacl
With the sa~ple by virtue of the type of sample holder employed. The
thermogravImetry of various compounds in such an atmosphe~e is of im
portance because oflhe reproducibility ofthecomposition oflhe atmosphe~e.
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.\1n(CH.;C0 2hAH 20(s) -- Mn(CHJC02)~(S)+ 4H 10(g)

MnrCH~C02h(s) ..... MnO(s) - (CH 3hCOrg) + CO:M)

technique, the atmosphere produced by the :'irst reaction may have a bene
ficial or detrimental effect on the following reaction; for example, wa:er can
accelerate the decomposition of anhydrous CaC Z0 4 •

The thermal decomposition of manganesellI) acet<:tte 4-hycratc is dis
cussed (57), to illustrate the use of the self-generated atmosphere. A two
step decomposition sequence has been proposed, similar to the following:

The mass-loss curves of Mn(CH3CO!h'4H~Oare illustrated in figure
2.34(57). In curve A, the sample loses mass immediately at room temperature
which is water containing some acetic acid, the latter being detected by its
odor. The two major stages of mass-loss on heating cor,espond approxi
mately to the loss of hydrate-bound water and the decomposition of the
anhydrous salt to :nanganese{II) oxide. Both stages of mass-loss show curve
inflections.

The effect of the self-generated atmosphere, curve B. is to increase the
initial mass-loss temperature, r., and to dec,ease :r.e reaction interval,
Ii- - 1;. The increase in 17 has the beneficial dfect of eliminating [he initial
mass-loss at room temperature with its resu:ting uncertainty about the
starting poim of the curve. The inflection point during loss of water is located
at about 135"C and a. mass fraction of 0.9. The second stage of mass-loss

Ammonium carbonate monohydrate
Anthracite
Brucite [Mg(OH),]
n-Butylammonium letrachloroborate
r-Buly!ammonium tetrachloroborate
i-Butylammonium tetraphenylborate
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CadmrumllIl suiphale /8/3) hydrate
CalcHe (CaCO,)
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Chrysolile
Coal
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T" fi rst ~tage. ~C 25 112
0" first stage. 'C tJO 205
Loss to :\1nlCH J CO,J1 • % 30.6 29.40 29.0" (30.3)" 4.
T,. second stage. 'c ::60 340
Tr , second stage. 'C 350 367 5.
Loss :0 \'lnO. % 71.8 7\.06 70.6' (68.8)"
- - -- - -

'CorreL"led for buoyancy effect. 6.

"Cncorrectcd for buoyar.cy effecl. 7.

Limitatiolts
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NHNHJlCl,
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AdlXlntages

I. The re:action interval wiil be narrower, ovcrlaP
l

Pib'ng reactions :~~e~yC
more clearly resolved. and intermediates WI I e more acc r

identified.

2. Kew phases will be tevealed. .
3. Reactions will proceed, for the moot part, at a lixed pressure of the

gaseous products equal to atmosph~ric pressure. l'he .course :?f
reactions. except at the start. will not oe affected by varymg parloal

pressure.
The observed initial decomposition tc:nperature will be more c!osely
related to an equilibrium decomposition temperaturc.

Experiments can be performed on matl.:ria~s subject to ~xidation at
clevated temperatures with littlc interference from oXldal;on.

Very fast reactions can be str.Ldied without loss of solid product.

Better results will be obtained on materials WIth an appreciablc vapor

4.

3. In dehydration ofhydrates, the chances of melting Clnd the appearance

of pseudo-plateaus may be enhanced. . ' I '

poorer resolution may result if the: first reaction [s delayed to a tempe~
ature at which a subsequent reaction begin5.

S. Seconda.ry reactions with the evoNed gas may make interpretation

difficult

lOa 2CO 300
Temp., 'C

Figure: 2.'S. TG curve: of ~i (SH,l.Cl o :n ~Jf-gerlerated sample ~ol<1er and qua,;slatic

healing (1:).

Dos.

Self-generated Atlr.osphere

Calc.

Dynamic~2

Obs.Reacl:of]

\. Buoyancy corrections vary depending on the molecular weight of the
gas filling the cmcible.

2. Large, heavy crucibles will cause a greater uncertainty in sample
temperature.

occurs in two approximately equal parts, a very rapid and uniform initial
mass-loss followed by a less rapid but still fairly uniform second loss. The
nearly horizontal mass plateaus had to be corrected for a buoyancy effect
which is observed for all self-generated atmosphere sample holders.

The two curves arc compared in a quantitative manner in Table 2.2.
An advantage of a close-fitting piston crucible is that a derennination can
be stopped at any point, the cruci.ble cooled and removed, and the gas
analyzed. The disadvantage of this type of crucible is that if the piston is in
contact with the molten sample, it will stick, and then subsequently be
expelled from the cylinder.

A rather dramatic effect of the use of the self-generated atmosphere
technique plus the quasistatic heating-rate mode is shown in Figure 2.35.
Paulik and Paulik (21) found that the thermal decomposition ofNi(~J)6Ch

dissociated in three separate steps, at 180, 320, and 360'C, respectively.
The slight overshoot of the curve during the first dissociation reaction was
said to be due to an induction period caused by delayed nucleus fonnarion.
The sample holder employed is described in Chapter 3.

The advantages and the limitations of the self-generated atmosphere
technique have been described by r-;ewkirk (57); they are the following.

Table 2.2. Comparison of ~lf-geoerated and Dynamic ,,', Ma.ss-IQSS Cunes
for Mn(CH 3C02), • 4H,O (57)
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Rewmmerrded UseJ

E. DERIVATIVE THER.\10GRAVlMETRY (DTG)

(2.6)

I d;

(b)
JT~

dm .
- =f(1 or I)
dT

(a)

In other cases. the derivative of the mass-change with res~t to temperature,
dm/dl. is reC'orded as a function of time (t) or temperature (T),

In either case, the resulting curve is the first derivative of the mass-change
curve, A series of peaks are obtained, instead of the step""ise curve. in which
the areas under the peaks are proportional to the total mass-change of the
sample. A horizontal plateau in the TG curve gives s. corresponding horizon
tal plateau in the DTG curve because dm/dt = O. A maximum in the DTG
curve is obtained when the TG curve has an inflection point where mass is
being lost the most rapidly.

De Keyser (59, 60) first suggested DTG in 1953, followed by Erdey et al.
(61) !lnd Waters (62). Further work in this area has been by Erdey (63, 64),
Paulik et aI. (65), Waddams and Gray (66). Waters (67), Cambell et aI. (68),
and Erdey et al. (69).

A comparison between a conventional (a) and a derivative (hI mass-loss
curve is given in Figure 2.36. The derivative curve may be obtained either
from the TG curve by manual differentiation methods or by electronic
differentiation of the TO signal. Accessory equipment is available for most

Temo,/t'me _

Figure 1.36 Cort.pariscr. betwee~ [<I) 'ntegr:l' (TGI ur.d In] dem3ll\'c IOTG) mass.io5s
curve,;.

(2..:1)

(2.5)

In =j(Tort)

11m ,
-, =J(Torl)
it

l. Consecutive reactions, and particularly for hydroxides, hydrates,
ammoniates, carbonates, acetates, oxalates, and sulfates.

2. Inhomogeneous materials.

3. Compounds that decrepitate or explode.

4. Air-sensitive materials.

5. Volatile materials.

6. Materials that decompose to yield 5everal gaseous products.

7. Destructive distillation.

pressure at room temperature. The sample can be weighed more
accurately and will yield a horizontal baseline on the TG curve.

8. The effects of particle sue difference will be reduced and thE! effects
ofcruciblc geometry standardized. This is particularly important with
inhomogeneous materials such as rocks and minerals.

9. The recrystallizations of new phases from hydrates or hydroxides will
be facilitated.

10. It has been claimed that irreversible decompositions will show better
resolution and a smaller reaction interval in some instances. although
it is not known why.

Thermogravimetry in self-generated atmospheres may be useful for studies
of the following:

In conventional thermogravimetry, the mass of a sample, m. is continuously
recorded as a function of temperaltIre, 7; Dr time, t,

Quantitative measurements of the mass-changes are possib'le by determina
tion of the distance, on the curve mass axis, between the two points of interest
or between the two horizontal mass levels, In derivative thermogravimetry.
the derivative of the mass-change with respect to time. elm/ell. is recorded as a
function of time (t) or temperature (Tl. or
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The :oundat:on for thc calculations of kinetic data from a TG curve is

based on the fo::mal kinetic equation 143)

isothermal experiment unless the sample is chemically pure. thus
precluding the analysis of incustrial samples.

where X is the amount of sample undergoing reaction. 11 is the order of
reaction, and k is the specific ratc constant. This equation describes very
well the kinetics of the thermal decomposition of solids, such as the endo
thermic reactions of metal oxa]ates, permanganates, pen:hloratcs, and azides.
The temperature dependence of the specific rate constant. k, is expressed

by th~ Arrhenius equation

[2.9)

(2.8)_ dX = kX"
dr

where A is the preexponcntial factor. E is the activation energy, and R
is the gas law constant, which generally applies to only a narrow te~peraturc

range.
The mathematical treatment of kinetic equations makes usc of one of the

following three methods of eVilluation: (1) djiferential, (2) integral, or (3)

approximate. . .
As discussed by Sestak (431, the relationship of X to mass-loss. w, IS given

by the equation

kinetic parameters for mass-loss under a particular set of experimental
conditions. Empirical data treatments, no matter how augustly clothed in
the trappings of kinetics, are still empirical, although admittedly on a higher
level of sophistication (71). As a general rule, definitive kinetic parameters
can be derived from mass-loss data only in the light of a large amount o!
additional evidence. In the case of polymers, there is usually not enough
pertinent information available to warrant undertaking meaningful kinetiC
analysis. Thus, mass-loss data for these materials are commonly subjected
to empirical kinetic treatments.

The advantages of determining kinetic parameters by nonisothermal
methods rather than by conventional isothermal studies are (8) that (1)
considerably fewer data are required; (2) the kinetics can be calculated over
an entire temperature range in a continuous manner; (3) when a sample
undergoes considerable reaction in being raised to the required temperature,
the results obtained by an isothermal method are often questionable; and
(4) only a single samplft is required. A decided disadvantage of nonisothermal
compared wilh isothennal methods is that the reaction mechanism cannot
usually be determined, and hence the meanings of the activation energy,
order of reaction, and frequency facwr are uncertain. The use of noniso
thermal kinetic methods has been seriously questioned (72) and much
criticized (43, 73 79). As a result of this criticism. and also in order to keep
within the scope of this book, the discussion of kinetic methods given here
will only be superficial in nature. For more comprehensive treatments, the
reader should consult other sources [71, 80-82, 121, 141, 146).

Bagchi and Sen (154) state the following as explicit advantages of non
isothermal methods over isothermal methods:

where m is the initial mass of the sample and \\I" is the maximum mass-loss.
By integ~a tion of the left-hand side of equation ("1.10) rrom ~o to X a~d b~
integration of the right-hand side from zero to 11". the ,oHowmg IS obtamed.

By suhstitution of equations (2.l11 and (2.9) in:o equation 12.8), and by
differentiating the logarithmic form. an eX'pre~sion is obtamcd whIch IS one
of :he diITerent:al methods: the Freema.n und Carroll (831 method.

Integral meth od, use the iOlegrated form of equation (2.81 after the

l. It is possible to determine the reaction Onset temperature ("[3) very
precisely by nonisothermal methods, which is almost impossible to
do by the isothermal method. The zero-time error is therefore absent.

2. A considerable portion of the sample is likely to undergo some reac
tion during initial heat-up of an isothermal experiment. parLicularly
when the temperature ofonset of reaction is lower than the isothermal
temperature. In these cases. the values of x will not be zero at [~O
for an isothermal experiment. This is likely to bnng in another
correction for such errors under con~iderations that also tend :0 he
arbitrary.

J. For a nonisothermal experiment, a single ,~amplc is 5ufiicient to scan
the entire temperature range, whereas for the isothermal mode, a new
sample is needed for each experiment. l:1 the latter case. it would be
almost impossible to ensure identical sample charac~eristics for ertch

Il'lf)
- dX = -dw

11'",

(2.£0)

(2.11)



Table 2.1. Compounds Studied by lhe Self-generated atmo
sphere Tec:hnique (57)

Mn(CH 3C0 2h-4H 20(s) --+ \i!n(CH3CO zl:!lsl -;- 4H1 0(yf

Mn(CH3C01 h(s) --+ MnO(s) + (CH3hCO(g) - CO 2(g)

technique, the a~rnosphere produced by the first reaction r:J8Y have a ber.e
tidal or detrimental effect on the following reaction; for example. water can
acccle:ate the decomposition of anhydrous CaC 204-'

1be thermal decomposition of manga.,esctII) acetate 4-hydrate :s dis
cussed (57), to illustrate the use of the self-g.enerated at:nosphere. A ~w(}

step decomposition sequence has bee:J. proposed. similar to the following:

49S£LF·GE:o."ERATED AHIOSPHERE DiER-'vlOGRAVl~F.TRY
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The mass-loss curves of :vIn(CH 3C01 l2-4HzO are illustrated in Figure
2,34 (57). In curve A, the sample loses mass immediately at room temperature
whieh is water containing some acetic acid- the latter being detected by its
odor. The two major stages of mass-loss on heating correspond approxi
mately to the 1055 of hydrate-bound water and the decomposition of the
anhydrous salt to manganese{JI) oxide. Both stages of mass-joss show curve
inflections.

The effect of the self~generated atmosphere, curve B, is to inc:ease the
initial mass-loss temperature, 7;, and to decrease the reaction interval.
Tf - 7;. The increase in 7; has the benefi(.ial effect of eliminating the initial
mass-loss at room temperature with its resulting uncertainty about the
starting point of the cur....e. The inflection point during loss of water is located
at about U5 e C and a mass fraction of D.t,!. The second stage of mass-loss

Compound

Ammonium carbonate mO:JDhydralc
Anthrac::e
Brucite [Mg(OH),1
n-Butylammonium tetrachJorobora!e
r-Butylammonium tetrachloroborate
i-Buty:ammonium tetraphenylborate
s-Bulylammonium tet:aphenylboratc
Cadmium ~arbonate

Cadmium(1I) 51.1iphale IS!}) hydrate
Caleitej(aCO,)
Cerussite (rbCO,!
Charcoallwoodl
Chrysotilc
Coal
Coball{ll) acelale letrahydrale
Cobaltl1Jl oxalate dihydrate
Coba;' oxalate hydra:e
CuSO.·3Cu(OH),·H!O
('uSO,,:1Cu(OIlj,
Copper 5u:fate pentahydrate
E:hyill;l1monium telrachloroborate
Gypsum ICaSO.·2!I,OI
[ronlll) carbonale
Lead(ttj carbonate
LCl"ld( III carbonate
Leadlllloxide
Lignite
Magnesite (MgCO,)
Magnesium sulfale heptahydrate
Manganesel1ll acetate tetrahydrate
Manganeseil/) carbona Ie
n-Octylammonium tetrachiomborate
ll-l'ropylammonrum letradllorobora!e
~.Propylammoniumtetraph~nylbornle

Rhodochrosite (MnCO l )

Siderite (FeCO l )

Silve: carbnnale
Sodium oxalatc
Talc
T!1oriuml tV) nitr31" penlahydra:~

'fhorium(lVi oxalate hexllhydralc
l;ranyl sulfate hydrate
Zinc sulfale !1eptahydrale

Crucible' Type

P
MR
r
C
C
C
C
P
BV
P
BY
/viR
P
MR
BY
CC
p

BY
BV
r. Bv
C
BV
DC
r
C (powrle:l. p. CC
ce.c
MR
P
CC
ceel>
DC. P
C
C
C
DC
DC
p
p
p
['

['

P
DC. BY

'Key ~c er"cibi.s: BV, baU ..lve: c:. "overed: IT. ca'pil.Jr~ crucIb,e;
DC, deep ,,~uclbl': MR. mlc,o.,..lorl. P. ~islon.

Figu,e :.34. ,G Cl-nes ~(:v1ntCH,CQ'l'IH:O 'r, I ,h~,1"w dish c"r.lllln'~g 15.'.3 'ng or.
dynan::c:-i: ar.d B piston eruc:hle co~talOln~ 10: 6 tr.g 'n "ir. He311r:[! ~ .. le was 150 C h :57 ).

48
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AdtJafltages

3. in dehydration of hydrates.. the chances of melting and the appearanc~

of pseudo-plateaus may be enhanced. \

4. Poorer resolution may rC$u:t if the first reaction is delayed to a tempei
ature at which a subsequent reaction begins.

5. Secondary reactions with the evolv~d gas may make intcrprclatior.
difficult.

Figure 1.35. TO curve of 1';; (~H j).Cl, in ~elr.gcneralcd samp:e holder a~d quasi.'la;::
healing (2:).

2. Buoyancy corrections vary depending on the molecular weighr of the
gas filling the crucible.

2, Large, heavy crucibles will cause a greater uncertainty in sample
temperature.

Limitations

oCCr.lrs in two approximately equal parts, a very rapid and uniform initial
mass-loss followed by a less rapid but still fairly uniform sC{;ond loss. The
nearly horizontal mass plateaus had to be corrected for a buoyancy elTecr
which is observed for all self-generated atmosphere sample holders.

The cwo curves are ,,>ompared in a quantitative manner in Table 2.2.
An advantage of a closc-fittlng piston crucible is that a determination Can
be stopped at any point, the crucible cooled and removed, and the gas
analyzed. The disadvantage of this type of crucible is that if the piston is in
contact with the molten sample. it will sticK, and then subsequently be
expelled from the cylinder.

A rather dramatic effect of the use of the self-generated atmosphere
teChnique plus the quasistatic heating-rate mode is shown in Figure 2.35.
Paulik and Paulik (2/) found that the thermal decomposition Of;SI'(~H3)5a2
dissociated in three separate steps, at 180, 320, and 360~C. respectively.
The slight overshoot of the curve during the first dissociation reaction was
said to be due to an induction period caused by delayed nucleus formation.
The sample holder employed is described in Chapter 3.

The advantages and the limitations of the self-generated atmosphere
technique have been described by 1\,'ewkirk (57); they are the following.

Tabte 2.2. Comparison of Self-gen~Mlted and Dynamh: :'112 ~as5-"loss Curves
for Mn(ClI3COzh .4] (zO (57)

Dyrlamic :"] Serf-generated Atmo~phcre

ReactiDIT

Ii. 11:'sc stage. "C
"0. first stage. 'C
Los~ [0 :\iIr~ICHJCD3)z'%
7i, secon~ stage. C
T[. second stage. C
Loss to MnD, %

'Correc:ed for buoyancy effect.
"t:ncorrecled for buoya~cy eITeel.

Obs_

25
130
30.6

260

350
71.8

Calc.

29.40

7: .06

Dbs,

r12
:'.05

29,0"
340
367

70,6'

(3003)'

1. The reaction interval will be narrower, Qverlappinl;l reactions will ~'

more clearly resolved, and incermediates will be more accurate'
identified.

2, ~ew phases will be rev.:aled. ,

3. Reactions will proceed. for the most part, at a fixed ~ressurc at th~

gaseous products equal co atmospheric pressure. 1hc ,co:Jrse .0

reactions, except at the start. will not be atTected by varytng purt.a
pressure.

4. The observed initial decomposition :emperature will be more dose!'
related to an equilibrium decomposition temperature.

5. Experiments can be performed on materials sub~ect .to ~xidacion a
elevated temperatures with iiWe interference from OXidation.

6. Very fast reactions can be studied without loss of solid product.

7, Better results will be obtained on materials with an appreciable vapo'
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Recommended Uses

f:. DI!.."'RIVATfVE TIIEaMOGRAVf.\1ETRY (DTG)

Thermogravimetry in self-generated atmospheres may be useful for studies
of the follOWing:

[2.6)

dm
dI

(b)
07G

dm
- -,J(T ur t)

dT

(a)

In other cases, the derivative of the mass-change with respect to :cmperatare.
dm/dt, is recorded as a function of time (t) or temperature IT),

TG

In either case, the resulting curve is the first derivative of the mass..change
curve. A series of peaks are obtained, instead of the step\lt1se eurve, in which
the areas under the peaks are proportional to the total mass-change of the
sample. A horizontal plateau in the TG curve gives a corresponding borizon
tal plateau in the DTG curve because dm/dt = O. A maximum in the DTG
curve is obtained when the TG Cllrve has an inftection point where mass is
being lost the most rapidly.

De Keyser (59, 60) first suggested DTG in 1953, followed by Erdey et al.
(61) fUld Waters (62). Further work in this area has been by Erdey (63.64).
Paulik et al. (65), Waddams and Gray (66), Waters (67), Cambell et al. (68).
and Erdey et al. (69).

A eompari!>on between a conventional (a) and a derivative (b\ mass-loss
CUrve is given in Figure 2_36. The derivative curve may be obtained either
from the TG curve by manual differentiation methods or by electronic
differentiation of the TG signal. Accessory equipment is availahle for most

(2.4)m ~f(Tor r)

1. Consecutive reactions, and particularly for hydroxides, hydrates,
ammoniates, carbonates, acetates, oxalates, and sulfates.

2. Inhomogeneous materials.

3. Compounds that decrepitate or explode.

4. Air-sensitive materials.

5. Volatile materials.

6. Materials that decompose to yield several gaseous products.

7. Destructive distillation.

pressure at room temperature. The sample can be weighed rr::ore
accurately and will yield a horizontal baseline on the TG curve.

8. The effects of parti(;je size difference will be reduced and the effects
of crucible geometry standardized. This is particularly important with
inhomogeneous materials such as rocks and minerals.

9. The recrystallizations of new phases from hydrates or hydroxides will
be facilita ted.

10. It has been claimed that irreversible decompositions will show better
resolution and a smaller reaction interval in some instances, although
it is not known why.

In conventional thermogravimetry, the mass of a sample, m. is continuously
recorded as a function of temperature, T, or time. t,

Quantitative measurements of the mass-changes are possible by determina
tion of the distance. on the curve mass axis. between the two points of interest
or between the two horizontal mass levels. In derivative thermogravimetry.
the derivative of the mass-change wilh respect to I:me. dm/dr. is recorded as a
function of time It) or temperature (T). or

dm
-I =f(Torl)
It·

(2,5)

:"mo/:,me _

Figure :.36. Co".pamc,. be:ween :tll lr.:egrul (IG) 'Inc lh) de:1\a~,\e .OTGI mll.\s-I~;$

curves.
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thermobalances so that the DTG curve can be easily recorded along with the
TG curve. The DTG curve, whether derived mathematically or recorded
directly, contains no more information than does an integral TG curve
obtained under the same experimental conditions; it simply dispiays the
data dilTercntly (70).

Information obtainable from the DTG curve has been summarized by
Dunn (116):

1. The DTG curve presents this information in a form that is more
visually accessible. whereas the DTG curve contains no more informa-
tion than does the TG curve. >-

2. The DTG curve allows the '~cady determination of the temperature at
which the rate of mass-change is a maximum, Trna.. and this provides
additional information to the extrapolated onset temperature 'l~ and
the extrapolated final temperature Tj. All three temperatures. how
ever, respond to changes in experimental conditions, and -("TIOJ< values
are no more characteristic of a material than is r; or T,.

3. The area under the DTG curve is directly proportional to the mass
change.

4. The height of the DTG peak at any temperature gives the rate of mass
change at that temperature. These values can be used to obtain
kinetic information since equations can be written of the form (117)

dm _ I (-tIRTlj'( )---II! m
dt

(2.7)

......
""..

Figure 2.37. Comparison ofTG ar.d DTG curves. three ofwhich exhibit overlappir.g reac:ions
(l :6).

2. "Fingerprinting" Materials

Because the subtleties of the TG eurve are visually emphasized in the DTG
curve, the latter arc frequently recorded as part of the characteristic informa
tion collected on new, unknown, or standard materiaL

Dunn (116) has discussed the application of DTG curves to thermogravi·
metry; these applications include:

1. Separation of Overlapping Reactio~s

Reactions that occur within the same temperature range give TG curves
that appear to consist of one continuous mass-loss. DTG curves. however,
are discontinuous lines. and hence subtle mass-changes arc emphasized.
Four dilTerent TG curves and their corresponding DTG curves are shown in
Figure 2.37. Curve (a) is a single reaction that occurs Over a small temperature
range; curve (6) consists of two reactions that are partially overlapping;
curve (c) consists of two reactions, the first of which occurs slOWly. followed
by 11 fast reaction; and curve (d) is one in which minor reactions occur
during Of near a major reaction.

3. Calculation of :\'tass Changes in Overlapping Reactions

When overlapping reactions occur, it is sometimes difficult to ,ocate on the
TO curve an unambiguous point where one reaction ends and the other
starts. By use of the minima in the DTG curve, an extrapolation procedure
such as that shown in Figure 2.3& can be used to determine approximately
where th{' second reaction begins,

4. Quantitative Analysis by Peak Height :\'teasuremenr

DTG curve peak heights may be used :or quantitatIve purposes since when no
mass-loss is occurring. <lm/dt "'- O. During a IlHlSS-!oss ~eact;on. :1m/lit c> D.
hence the DTG peak is [lropor:iona: to the mass-;oss of the sample. This
approao.:h has been used to analyze natural rubber ltnd butudier.e rubber in a
,Ic:ld (1\8) ur.d ~llso the degree of c,)nve~siLJ:l Df I~igh :.tlumina cement I: 19).
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6. The DTG method can be used for the investigation of materials which
for some reason or another cannot be analyzed by DTA. For example.
some organic compounds mdt during heating, but even so the DTG
method yields fairly good results.

1 he DTG technique has been criticized by T'\ewkirk (58, 70), who claimed
that the technique has not been subjected to extensive critical analysis.
Some claims and comments of DTG compared to TG are given as follows
(58):

TEMPERATUR.E

Fig'Jre 2.38. Idealized TG and DTG curves in which the minimum in the DTG curve is used
to define :he end of the first mass-loss and the onset of the sel:ond (1 t6).

The advantages of derivative thermogravimetry have been summarized
by Erdey et aI. (61);

Claim
J. DTG is more precise in showing

on~et of reaction liccompanied
by a small loss in mass.

2. DTG shows overlapping changes
. better.

3. DTG permits reaction tempera
tures to be defined :nore exactly.

4. Comparison of DTG and DTA
enables distinction between DTA
peaks due to mass-loss and those
due to other thennal changes.

Commem
1. Not unless a more sensitive

balance is used.

2. This seems to be a real
advantage to most people.

3. Only the temperature of the
maximum rate.

4. No advantage over TG.

1. The curves may be obtained ill conjunction with TO and DTA
measurements.

2. The curves for OTA and derivative thermogravimetry (OTG) are
comparable, but the results of the former method indicate even those
changes of state that are not accompanied by loss in mass. The curves
by the latter method are more reproducible.

3. Although the curves for OTA extend over a wider temperature inter
val. due to suosequent warming of the material after reaction, the
DTG measurements indicate exactly the temperatures of the begin
ning, the maximum rate, and the end of the change.

4. On the TG curves, changes following each other very closely cannot
be distinguished, as the corresponding stages coincide. The DTG
curves or the same change indicate by sharp maxima that the thermo
gravimetric stages can be divided into twO parts.

5. The DTG curves are exactly proportional to the derivatives Df the
TG curves; therefore. the area under the curves gives the change in
mass precisely. Accordingly, DTG can give exact quantitative
analyses.

The practice of designating the peak temperature of a DTG CUi ve as the
~decomposition temperature" should not be used. The peak temperature
represents the tem perature at which the rate ofmass-change is at a maximum.
and it clearly is not the temperature at which the sample begins to lose mass
or 1; (70).

F. REAcno:\ KIM:TICS

1. ~onisothennal \1etbods

Dynamic :hermog~avimetry has been widely used during the past lO Clf

so years 10 study the kinetics of thermi\1 decomposition reactiom. As pOlntcd
out bv Doyle (71). onc mass-~os5 curve is equivalent to II large number of
isoth;rmal mass-loss (;',lrVes: also. this large arr:Otlllt of informa!ion 1S

gained without sample-tD-sample .:rror, since the same sample is used
throughout the determination. It :should be poir.ted out. however. :h3.t
thermogravimetric data lire onjy nar~owly defjniti~·c. and consequC'll!y.
merely going through the motions of kinetiC analysis can lead only to tri\ ial
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transposition of the mass-loss, W, in equations (2.1 0) and (2.11),

(
m ): -n I"w ' A rTI

W ~ (w", - w)"n dw ~ - I. e-E!ll.u tit
:c ",0 ¢JolT,

(2.12)

nonisothermal conditions yielded straight lines that were approximately
parallel.

b. Freeman and CarroJi Method

The right-hand side of thi~ equation can be solved by various methods, and
the final solution to the equation is an infmite series of which the first two
terms are of interest generalfy. These methods are used by Doyle (84) and
coats and Redfem (85) as well as by others (86, 87).

In the approximation methods, the right-hand side of equation (2.12) is
solved by an approximation using the temperature, 1;, corresponding to the
maximum rate of decomposition. This method was used by Horowitz and
Metzger (88) and others (87, 89 91).

a. Newkirk Method

Perhaps the most widely used kinetics method is that developed by Freeman
and Carroll (83) in 1958. The advantage of this method is that considerably
fewer experimental data are required than in the isothermal method and that
the kinetics can be obtained over an entire temperature range in a continuous
manner without any missing regions. In addition, Where a sample undergoes
considerable reaction in being raised to the temperature of interest, the
results obtained by an isothermal method are often questionable, The order
of reaction, n, and the activation energy of the reaction are calculated from
the equation

From a single TG curve, Newkirk (12) obtained rate constants for the
decomposition reaction, as illustrated in Figure 2.39. For a series of tempera

. tures, '/i and T2, the sample mass remaining, a - Xl and a - X2' and the
reaction rates, (dx/dt), and (dx!dth. were obtained by tangents to the curve
at points 1 and 2. If the reaction is of first order, then the logarithm of the
reaction rate constant k, dXjd! = k(a - xl, when plotted against 1f1: should
yield a straight line. The results of measurements under isothermal and

(2.l3)

where w. = We - w, in which We is the maximum mass-loss, and w is the
total loss in mass up to time I. .~

c. Horowitz and Metzger Method

For the example in which the ratc constant involves concentrations expres
sible as mole fractions and the total number of moles is constant, the expres
sion (88)

d. Coats and Redfan Method

for a reaction in which the order is llnknown, Coats and Redfcr:l (85)
derived the following expr~ssion;

{
l - (i - ;£)1 -nj AR f' "RT'I E

log - " --~ = log --: LI _::. - - - -, 12.15)
7"; 1 - 111 j liE E. l.3RT

(2.i4)(
Wo - ~ EOInln - -, ~ 2
W - l-f, RT,

may be used, in which W is the mass remaining at a given temperature,
vtQ and ltv, are the initial and flnal masses, respectively. and 0 is a reference
tem peratu reo

L

Il £2

T:me (temp.) _

F:gure 2.39, Detenninallon of reacl~on rule ur;d extent of rC3ction I'rom a TG c'crve (I:::),
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where:1. is the fraction of the sample decomposed at time t, and a is d::e
heating rate. A plot of either 10g[1 - (1 - :X)] 1- "/1'2,; .. n) against liT.
or. where n -" 1, log[ ·1n(1 - !X)1j1'2 against 1fT, should resul~ :n a st:a:ght
line of slope I:./2.3R for the correc;t value or n. The quantity log (AR.'ClF:) I
- (2RTiE) appears to be reasonably constant ror most values or E and ill tl:e
temperature .::.ange ov~r .which :nOSt reactions occur, j.

e. Doyle Method

where r is tr.e emptrical rate constant rOT ml:H:;izatior. ar.d the specific
form of 1(h) depends on the reaction orecL The constar.t r must be treated
as empirical because its value for a particular substance is not always uniquely
determined by temperature. but :nay depend on the nat:J.re atld geometry of
the sample holder. the nature of the environmental at;nosphere, and other
factors. The potentia: triviality of r was constantly e:nphasized by Doyle
(84) by use of the symbol r instead or the specifc rate constant, k. Using this
terminology, the Arrhenius equation ror the volatilization process is

The apparent volatilization rate is round by multiplying the TG curve slope.
- dw/dT, by the constant heating rate, B;

For a particular volatilization step, however, the appropriate residual
mass fraction is the true one, II, calculated on the total rraction vo1at::ized
during the step, r:Jther than on the total initial mass

(2.21)

(2.22)

and taking the logarithm, he obtained

The constant b. at h~ast over part or the experimental temperature range,
h.ad the same value as (he activation enenzv.

....-1)When evaluating the constants in equatlon (2.17), one usually employs
only a small portion of the TG curve. the region where the slope is neither

:¥.too shallow nor too steep to be measured with sullicient prec::sion. In fact, in
the range of volatilization rates that are small compared to the heating rate,
the slopes found rrom the TG curve are not only :mprecise. but they are also
inherently inaccurate. being consistently greater (,'Jan those found by an
isothermal method. This e:rect ~s due to the fact that. in :her:n'ogravimetry.
the dwell time at each temperature is so brief that 0:0 evidcr.ce of volatilization
c;an accumulate in :he range of small volatilization rates.

Zsako (94) has also atte;nptcd to simpiiI"~ Doyle's trial-and-error method
and to find new applications to TG curves. Starting with the basic equation
previously described ~y Doyle (84),

(2.16)

(2.17)

(2.18)
w-G

h=-
H

v =--(1 - w)

d~' dw
-= -B
dt dT

The kinetics of volatilization of polymers have been discussed in detail
by Doyle (71. 84). If w is the apparent residual mass :raction calculated on
the initial mass, the apparcnt mass fraction volatilized. lI, is

where H is the total apparent mass fraction volatilized during the step'and
G is the apparent weight fraction remaining arter the step has been completed.
From equations (2.16) and (2.17),

dv
dr

dh
-H

dt
12.1:))

AI:.'
!og Rq "-' log g(:1) - log plx) = B (2.23)

It should be noted that Hand G are seldom clearly def.r:ec: their estimat:on.
in many cases, constiwtes one of the ma.jor difficulties ofk:ir.el:cs ca:cula:ions.

Another difEculty arises rrom the need to take into accour;t t:le nature
of the kinetic process. In generaL

<ih .
- .,.... 1'/ (illdr . (2.:!OI

where B depends only on the nature or the compou:ld studied and on. the
heating tate, but not on the tempe~atllre. The value of Yl~1 ror a gwen
temperature can be cak:ulated fro;n the TG c:.:rve ir /(:1) is known.

The method cor.sisTs of the ro:lowing: Presuming the validitr of the
function 1(:1) and using TG data. tr.e author calcuiated q(?:l values for different
temperatures, By means ofa triai-and·cr~ormethot!. the apparent act!vatlOn
energy can be es:ima:ed by ~ind:ng. the E q.lue w~lc!1 wsures the maximum
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constancy of equation is

B = log g(l:() -- log P(X)

f. Illgraham and Marier Method

(2.24)
In (:I.-) = In k -I- n:n (1 ~ :t) _ _E

~ RT
(2.29)

For a reaction such as the thermal decomposition of calcium carbonate,
which obeys linear kinetics, the rate constant may be expressed as

Considering that ~ and T are functions of time and differentiating with
respect to time,

dw
k =.

dt
(2.25)

(2.30)

where a is the heating rate and b the initial temperature. From this relation
ship, Ingraham and Marier (95) showed that if dt is replaced by dT/a, the
following equation can be written:

in which dw represents the loss in mass from unit area in period of time, dt.
When the temperature of the sample is increased at a linear rate, the tempera
ture at any time, t, is

1. Miscl!lumeOlls Methods

by means o[ which the reaction order, n, can be calculated from the slope
and the intercept gives the activation energy.

(2.31)
W':t/dt 2)T2 da/dt T 2 E
-----.= - n------
(d«jdt)(dTjdt) 1 - C( dT/dt ' R

By rearrangement, a linear equation is obtained

(2.26)T -= b + at

g. f1J.chusk«. and Voboril Method

where ~ is the degree of transformation, one finds t~at the logarithm of this

The activation energy is calculable from the slope of a plot of [log (dwldT} 
log T -r- log a] versus ljT. The logarithm of the heating rate, although
constant for any particular experiment. was retained in the equation to permit
correlation ofTG curves carried out at different heating rates.

(2.44)

(2.45)

k _ (Ajmo)n-l(dxjdt)
--fA -a-r-

Simplified methods for the calculation of specific rate constants from TG
curves have been described. by various investigators. Dave and Chopra
(97) calculated the specific rate constant by use of the equation

where A is the tolal area under the derivative TG curve (DTG); a is the
area for the reaction up to time t; dXldt is the height of the curve at time t;
mo is the lnitial mole fraction of the reactant; and n is the order of reaction.

A similar approach was employed by Papazian et at (98) and Adoniji (I DO}
in which the specific rate conStant was calculated from a DTG curve by use
of the expression

where (a.- x) is the mass of reactant not decomposed. This simple method
was said to yield kinetic results which were similar to those obtained from
isothermal measurements.

(2.27)

i228)~~ = k( I - ~). exp ( - R~.)

dw E
log -- = log T - log a + log C - -.-

dT 2.303R

In this method (96), the kinetic constants are calculated from the TG curve
by a differential method. It takes into account also the thermal effects of
reactions which result in a deviation of the sample temperature from the
programmed values of the linear heating. Starting with the differential
equation for the thermal decomposition of a solid,



66 THER.'dOGRAVL\fi!TRY

Fanner (99) used the expression

REACTlON KINETICS

h. Master Data Method

67

where -dW/dt is the rate at which sample mass is decreasing, kp is the
procedural rate constant, and W is the sample mass. .

The method derived by Achar et al. (l02) is a differential one and apphes
to all reaction mechanisms, provided that the correct mechanism is known
(76). It is based on the use of the expression

where w is the reactant mass fraction. calculating E and A from the slope
and intercept of a parametric plot of log (- ww -oJ versus liT.

~agnuson(101) discussed in detail the individual steps needed to calcu.late
the kinetics of the thermal decomposition of a high molecular weIght
dimethylsiloxane polymer. Cse was made of the simple first-order rate
equation

where Y is the number of initial molecules not yet decomposed. Thus, a
plot of In In (IIY) versus (l/T) should yield a straight line from which E
and Z can be calculated from the slope.

where IX is tile fraction of sample reacted in time t, and B is the heating
rate. When the left-hand side of the equation is plotted against rtf, a straight
line is obtained from which E and A can be determined. The form of f(:"1.)
depends on the nature of the' reaction; for example, for the parabolic law.
C(2 = kt, which applies to many diffusion controlled reactions, f(o:) ..." 10:-

The method developed by Broido (103), which was applied to the pyrolysis
of cellulose, is based on the equation

.,
I

-E (1)log ( - ww 0) = - - - - - T log A
R In 10 T

dW
---= k W

dt l'

In In ~ = -(~X~) ~ constant

(2.46)

(2.47)

(2.48)

(2,49}

Jones et al. (122) used the reduced-time method of Sharp et al. (123) in
which the experimental kinetics data are plotted against the master data in
such a way as to produce a linear plot. The experimemal data are first
eKpresscd in the form ':I.. as a function of(t/to.s)•• where e refers to the experi
mental data. Three equivalent plotting procedures are then possible:

1. The experimental value "'. at which (t/to.s). has the same value as that
in the master data (t/to.s)"" is plotted against the master value of::t
(designated ",..}. If:.:. = :.:"" the resulting plot will be a straight line
through the origin with slope ::t./a.", equal to unity.

2. The experimental value (tIro.s). may be plotted against (tjt o.:5)", for
common values of CI:. and .'X",. The resulting plot should be a straight
line through the origin with slope (t!tO•5 )."'(rjto.s),,. equal to unity

, for absolute correlation.

3. The experimental time t. may be plotted against le/to.s)", for common
values of ::t. and ~. For complete correlation the plot should be a
straight line through the origin with slope equal to (to.5 )•.

Any of the three methods will indicate the value of A in the generai expres
sion, k = A/fto..»., thus allowing k to be evaluated directly. Master values
of tjtrJ.S as a function of:x for common solid-state reaction expressions arc
presented (122).

i. Steady-state Parameter J"lmlP Method

Flynn and Dickens (124) described a TG method in which the magnitude ofa
rate-forcitlg variable such as temperature. pressure. gaseous flow rate,
gaseous composition, and so on is jumped by discrete steps. This method
can be used to determine kinetic relationships between the rate of mass-loss
and the~llmpcdxaollh1;. The method avoids the disparate effects of separate
experimental histories in methods in which two or more experiments are
compared and also the necessity for guessing the complex rate versus the
extent of reaction relationship.

The technique is illustrated schematically for temperature jump in Figure
2.40 (124), in which the rate of mass-loss, IV. is plotted as a function of rime.
The rate, at a constant temperature. r;, proceeds along a smooth curve until
time, t., when the temperature is jumped to a new value.. "Fl' At T2, the ma.~s

loss adjusts to the new temperature and as ~emporallags dissipate, it follows
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k. Ozawa Method

(2.33)

(2.34)

(2.36)

(2.35)W = fix)

-dx (E)-- - - .,.., A exp - - g\x)
dl RT

[
I - (I -- ~JI-"] EInK=ln ---- - +_

y 2 RT

where

considered to be ofgeneral utiliry. The frequency facror, A, can be calculated
from

RH is the constant rate of heating. Various values of K (and hence of A) can
be evaluated from values of IX and corresponding values of T. From these
values of K, an average value of A may be estimated.

Reich and Stivala (126) used the preceding method (R-S) and a double-log
(D~L) method to distinguish one reaction mechanism from among 15
theor~tical possibilities for heterogeneous solid-state reactions using
theoretical TG data. Witb a certain degree of accuracy of TG data and for
large EjRT values (718), the R-S method was shown to be superior to the
D-L method and a good indicator of a most probable mechanism.

An iteration method for calculation of E and n using computer data reduc
tion techniques was also described by Reich and Stivala (127) as well as
various other algorithms (128 133, 137-139) and graphical methods to
determine the reaction mechanism (134-136).

Criado and Ortega (140) concluded that Reich and Stivala's method makes
possible the assignment of an "n order" to a reaction that follows quite a
different mechanism. In such a case, the method gives erroneous values of E.

where x changes according to the kinetic equation

This is an approximate integral method similar to, but simpler than, that
of Doyle (142). It is more widely applicable than some of the other methods
and can be used for the random degradation of high polymers.

In this method (92), the fraCtional weight, W, of a reacting material is
expressed as a function of the fraction of a structural quantity, such as a
group, a constituent, a broken bond, and So on, which is represented by x:

(2.32)

Figure 2.40. Schematic temperature jump experiment (124).

In this method (125), values ofE corresponding to various arbitrarily selected
values of n are calculated for each two given pairs of values of ~ and T. The
resulting arbitrary values of E may be plotted against cor~esponding n
values, and the region bounded by intersecting curves used simultaneously
to estimate actual values of E and n.

For two pairs of values of 0: and T,

j. Reich aml Savala Method

a new steady-state curve. At time, r2, the temperature is jumped from Y2
back to the original value, Tj. The rates of mass-loss before and after (by
extrapolation) the jump are Wz.z and W2.1> respectively.

The method was applied to the kinetics of the oxidation of polystyrene.

values of E/R can be calculated for various arbitrarily selected values of n.
Assuming uniqueness, only one pair of E, n values will be pertinent. By using
other pairs of:x and Yvalues. one will obtain other sets of values of E and
corresponding n. 10 all these sets, there should only be one pair of E, n values
in common. This pair can be ascertained by plotting the various sets of E, n
values. The region bounded by the intersecting curves will be common to
all (or most) of the curves and from this region can be determined values of
E and n simultaneously. The equation does not apply when n = I; it is rare in
practice for reactions to be exactly first order, and hence this equation is
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where Xo is the value of x at t = 10 ,

When the temperature of the sample is increased at a constant rate, a,
the change in x is given by

By integralion,

(Ox d' '" ( E)- I -"-:. '= A I exp - --; dl
~x. gp:) "'. R r

(2.37)

the slope of which gives E. If the TO curves are given as plots of W versus
liT for various heating rates, the curves can be superimposed upon each
other by shifting them along the abscissa. The length of the lateral shift is
proportional to the logarithm of the heating rate of the curve.

Ozawa has applied this method to DTO curves (93, and has also studied
the effect of the heating rate on TA curves in greater detail (143).

2. Compari~n of Different Methods

From equation (2.47" the linear equation is derived:

Thus. p!,IIS of log a versus IITfor a giver. value of W mus: be a slraight Ene.

Jf the weight decreases to a given fraction at temperature, Tl , for a heating
rate of G17 at Tz for G2, and so on, the equation obtained is

Sestak (43, compared the kinetic results calculated by live different methods
for a system corresponding to the dehydration of <x-CaSO-l-·O.5H~O.The
five methods evaluated mathematically were: (1) Freeman and Carroll (83);
(2) Doyle (84); (3) Coats and Redfern (85); (4) Horowitz and Met7.ger (88);
and (5) Van Krevelen et al. (81). From these calculations it was found that the
deviations of computed values of E did not differ by mOre than 10% Thus,
all the methods appear to be satisfactory for the calculation of E within the
limits of accuracy required. The errors of each method due to the inaccuracy
of visual deduction of values from the TO curves were also calculated. These
errors, Se and e" (errors in calculation of E or n. respectively), were as follows:
(1) Freeman and Carroll method, Se = 4% and G. = 12%; (2) Horowitz and
Metzger method, SE = 2% (when the correct value of n is assumed); (3)
Doyle method, GE = 4%. However, the magnitude of this error depends
primarily on the position of the point on the TO curve on which the calcula
tions are being performed. In the case of differential methods, :i.e most
accurate data are calculated from the medium-steep pans of the curve. For
the approximation method, the accuracy depends on the determination ofthe
curve inflection point temperature.

From the viewpoint of ease of computation, Doyle's method seems to
be very simple because the kinetic data are obtained from a single point on the
curve. The necessity of knowing the reaction order ahead of time appears to
be a disadvantage which finds a partial remedy in the Coats and Redfern
method.

Three kinetic methods were evaluated by Sharp and Wentworth (76)
using the thermal decomposition of calcium carbonate under VariOllS con
ditions. The physical state of the sample was as a pellet, a powder, or as
1: 1 molar ratios with ::t-aluminum oxide or cx.-iron(III) ox.ide. The three
methods used were: Method I, Freeman and Carroll; Method II., Coats
and Redfern; and Method III, Aehar et al. (102). The kinetic data calculated
by ~ethods II and III are presented graphically in Figure 2.41 and in Table
2.3. In every case a linear plot was obtained over a wide range of :L with
n = 1. When these methods were applied with n = t, the range of:r was less,
especially in the ease of Method III, which led to noticeable curvature at

\2.38)

(2.39)

(2.40)

(2.41 )

(2,42)

">: d A (OT ( E)- I -~ = - I exp - -- dr
""0 y(x) U .J T• RT

~ p ( ~) = r exp ( _ _F:-) dT
R RT Jo RT

( E) . Elogp - = -2315 - 04.:l67--RT . . RT

"T (E) fT ( E)- JT. exp - RT de = Jo exp - RT dT

where To is the value of T at t =- to' Ordinarily, the rate of the reaction is
very low at low temperatures. thus

E E
-!Og(lI-O.4567. --= -!Ogt/,-0.4567 - =... /2.43)

R7; - - RT!

If EjRT is larger than 20. p(E/RT) can be approximated by

The value of the right-hand side is expressed and tabulated by Doyle (41) as
the function, p:
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Temp., 'c
800 70C

~~gure :<.4;' Data calculated from Me:hods II and !II (76). 0 Caeo, (pellet); 6 CaCOJ

powder): " CaCO,' AllO,; '7 CaCO,' FelO,.

.1igh values of:;t. With n = 1, this curvature bec;ame more marked for both
:nethods. Activation energies with n = t averaged about 44 ~xa1/mole. Tbe
lddition of iron or aluminum oxide~ did not affect the activation energy.

Thc results obtained by means of Method I, from a combination of data
or the pellct and powder. arc given in Figure 2.42 and Table 2.4-

The points are more scattered than those given in Figure 2.41, leading to
nuch uncertainty in the value of E. The line shown is a theoretical line drawn
'Q pass through the ordinate axis at ~O.5 with a slope which Leads to the
'alues of 44 kcal/mole for the activation energy. Although this line seems
~atisfactory, other lines reading to different values for /l and £ cou'd be easily
lrawn.

Methods II and III lead to substantiaLly the same results; the latter has
.he advantages of leading directly to values for A from the intercept and
Jeing equally applicable to both diffusion-controlled and order-of-reaction
'inctics, The disadvantage of this method is the necessity of determining
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"'igu:e 2.42. Dala calculated frolll Method 1(93). 0 CaCO, (pellet); I:::. CaCO, (powder).

Table 2.4. Kinetic Parameters from Method I (76)

state reaction is a very comple;t process. They argued that in Our present
state of knowledge, constancy of :<inetic pa~ameters in general, fo:- reactions
in the solid state, is an unwarranted assumption. The Freeman and Carroll
method ean be '..lsed if the ra:ldom errors in the slope measurements are
smoothed out, particularly for the initial and final stages of the process.
Precision of the method (;ao be enhanced considerabiy by this simple pro
cedure.

Johnson and Gallagher (145) compared the same three kinetic methods
that Sharp and Wentworth (76) employed. Using the thermal decomposition
of BeS04 '4H l O, they tabulated the kinetic results as shown in Table 2.5.
Plots for Method I1I generally showed a greater degree of nonlinearity for a
poor fitting mOdel than do those of equations of Method rI. An attempt was
made to adapt the Erofeev and power law modc!s to the Method II analysis
but it was found that this method was compietcly insensitive to these models.
The CffCl1. of heating rate and sample size was also determined for these
methods. It was found that [or variation in sample size. the kine!icparameters
were reasonably consta:Jt (for E), whereas the apparent A showed a general
downward trend with increasing sample size. In general. the same effects
were noted for the change in heating rates. Method III was found to be the
most useful nonisothermal kinet:cs method. Results from this method most

~umber of Points
Csed Range n E kcal/mole '1'lIble 2.5. Comparison of Standard Deviation for Several Kinetic :\1odels for

II.Z mg of Reagent BeryJlitlIll Sulfate Heated at 4.9°/min; tL·oO.I··O.9 (145).
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Order
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~(J./dT, the tangents to the TG CLU"ve, at a .'Ieries of values for T. Method Ii is
:lightly less tedious to calculate than Method IiI and avoids the determina
Jon of langents.

- 7 The greater scattet in the data obtained by Method 1 is due largely to the
determination of three difference functions over short temperature intervals,
One of these involves the tangents dwjdt: therefore, any inaccuracy in deter
mining a single value affects the position of two points in the plot used to
determine the activation energy. As a result of these analyses. Method 1
was considered less satisfactory than the other two methods and was not
recommended for lise.

Carroll and Ma.nche (I (4) cri ticized the use of trial-and-error methods of
calculations. such as those previously described in Methods II and ill.
The question arises whether the criterion of constancy of kinetic parameters
is appropriate even for the caSe of a simple chemical reaction, since a solid-
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consistentlY matched the isother:nal results in terms of kinetic model, E
and A.

In another invest[gation, GaHaghcr and Johnson (147) compared iso
thermal and nonisothermal methods to study the reaction kinetics of the
thermal decomposition of CaC0 3• According to isothermal kinetics studies,
the reaction

Table 2.6. Comparisoa of KinetiC'i Data Obtained on CaCD] In Oxygen by
Differmt :"Jonisotbennal ;\Iethods (!47)

ABS' CR" FCC
Temp. Rale Weighr - - - _.- - - -- -

1°C/min) Img51 )J-lioD log A nH·d log ,1 tJJI,.d log A n<

- -- - -- - -- -
CaCOJ (5) -> CaO (s) ...,- CO 2 (g) r 53A 908 55.5 9..54 58.4 10.04 0.63

2.08 50.9 836 54.5 9.11 52.6 8.66 0.56
73.6 4..07 +1-.2 6.58 48.3 7.42 47.5 7.18 0.6i

fits the contracting geometry rate law as well as the Erofeev equation with g.7:! -1-5.7 6.65 45.5 6.62 45.7 6.66 [),47
n = 2. The former, however, is conceptually simpler and has the added 16.-05 +1-~ 6.11 37.5 4.81 45.0 6.26 0.52
advantage of being more compatible with nonisothcrmal techniques. A r" 56.6 10.18 61.6 11.30 59.9 10.83 0.58
comparison study using the various nonisothermal techniques at different 2.15 55.0 9.36 55.9 9.53 44.3 7.11 0,21
heating rates and sample sizes for this reaction is illustrated in Table 2.6. In ~ 18.2 4.39 51.2 820 51.4 823 48.5 7.65 0.40
general, the E values at any given heating rate decrease with a decrease in t 7.79 50,g 7.89 48.6 7.43 52.4 8.15 0.58
sample mass. The same trend is observed fcn log A values. i 16.n -1-5.7 6.54 42.7 5.92 47.4 6$4 9.55

Gadalla (146) compared the methods of Kissinger (148), Reich (149), {094 60.5 11.32 66.5 l2.75 70.6 13.42 0.79
Carroll and Manche (81), Coats and Redfern (85), and Satava and Skvara 2.30 59., 10.59 61.5 t 1.11 52.8 9.15 0.35
(150) to study the thermal decomposition kinetics ofCaCz0 4 'HzO, CaCZ0 4, 4.45 .J...::a 59.0 10.28 58.1 10.04- 501 8.32 0.25
MgC20~'HzO, and MgCZ04' Methods based on the maximum rate tem- 8.U 54.8 8.99 55.1 9.04 50.4 8.04 OJ8
perature such as Ihose of Kissinger, Reich, and Carroll. and Manche were 16.16 52.5 8.20 50.8 7.82 47.6 7.18 0.38
not suitable because they could not distinguish between overlapping reac-

r 63.-1- 11.80 62.0 11.46 62.5 1l.58 0.48
lions or mechanisms. Satava and Skvara's method is recommended since it ' " 605 10.81 60.2 10.73 46.9 7.69 0.14
gives the least number of possible operating mel;hanisms. The dehydration j,~6 ./.8l 58.3 10.04 56.3 9.66 53.4 8.95 0.38
mechanisms are as follows: CaCzO ... ·H20, three-dimensional phase boun- 8.18 61-9 10.53 56.3 9.20 58.6 9.76 0.46
dary movement; MgC1,04,H20. Avrami-Erofcyev nuc:ci growth; CaC1 O..., 16.2-1- 56.1 9.04 52.3 8.18 44.5 6.51 0.17
Avrami-Erofeyev nuclei growth A 2 : and \1gC20 .... three-dimensional j)hase j0." 5.J..8 -}.74 55,J. 9.89 34.3 4.69 -0.i8
boundary migration mechanism. :.1 ! 602 10.82 56.9 to.OO 67.3 12,45 069

Barbooti (1St) compared the CoalS and Redfern (85\ and Horowitz and 029 3:~6 59.-1- 10.45 556 9.46 55.2 9.45 0.42
\letzger (88) methods for the kinetics of the decomposition of M Mal·3H 2 O 781 55.3 10.04 51..J. 9.08 42.5 7.00 0.11
complexes (M = Mn, Co, NL and Cu and \10.1 -= !':'lalonale).It wasconc:uded 1'.86 56.7 9.36 5:.5 8.11 46.0 7.88 0.18

that multistep reactions may be investigated empluyir.g these methods and - -"- - -- --
accurate isolation of the overlapping reaclions can be obtair..ed. 'DilTerential n;ethod of Acb.3.r. Brindley and Sharp ilO2), n ~ 0.5.

"Integratmg method of ("(),11S and Redfem ,Sj, n = 0.5
Rajeshwar (152) determined the kinetics of the thermal decomposition of 'DJlTerellcc-dH!erenlj"l r.Jerhod of Freeman and Ca'Co,l(83).

Green River oil shale kerogen by using direct Arrhe:-,ius. Freeman and dIn kcal/:r:ole.
Carroll. and Coats and Redfern :nethods. The E. A. and" vaiues ure given in <'I ~ orde~ of ,eaClIon.
Table 2.7. Rajeshwarconc1uded that the !J.bit:ty to ~esoive mulliple processes
hinges on the efficacy of the particul!J.r kinet:c aml.iys;s employed and is .10t conversions where e:nratlion of difference differentials from the raw TG
an inherent difficulty with non ISO thermal TG techniqlles in general. The data is prone to increasing error. Application of the latter on the TG data of
direct Arrhemus and Coats and Redfern methods clearly indicate tl:.<: pres- oil shales would ~ave led to incomplete information an the pyrolysis mech-
ence of two reactions with disttnctly different kinetic pa~:lmeters. On the anism. The Coa!s and Redfem method yields somewhal lower values for
other hand, the Freeman and Curoll method is handicapped allow r~actional E relative to the orher rnelhods employed.
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Table 2.7. Kinetic Parameters for the :'Iionisothennal Decomposition of Green
River Oil Shale Kerogen (152)

3. :vtechanism of Reaction ffom l'onisothermal Kinetics

where:x is the fraction decomposed in time t, and, I(rt) depends on the mech
anism of the process. With II constant temperature jnc~ease, dT/dt = q,
integration of equation (2.50) leads to

where 1./ -= E/RT, x = E/RT, and T is the lemperaturc at which the fraction
a of the sample has reacted.

From the logarithmic form of equation (2.50),

Deduction of the mechanism of the reaction by use of nonisothermal kinetic
methods has been discussed by Sestak and Berggren 173) and Satava (105).
The procedure used by Satava is based on the assumption that the noniso
thermal reaction proceeds in an inf.nitesimal time interval isothermally,
where the rate may he expressed as

(2.50}

(2.51 )

(2.52}

12.53)

r"" e'" e :<
.- du =- - j. Ei( -x}

J -x II X

fiE
log gIrt) - log pIx) = log

Rq

e';<
pix) =_.

),;

where pix) is defined as

it can he seen that the right-hand side is independent of :emperature. While
the left-hand side is temperature-dependc!Jt. To a first appro;r.imation. the
funct:on. log pIx} is a linear function of liT, if x is sufficiently large. and thus
log y(:r::) must also be a linear function of 1, T" For the COrrect mechanism.
log PIX) versus liT. should be a stra:gh: line. For other incorrect mechanisms.
this will not he true. The sensitivity of this procecure for mechanism deter
mination is not high. but still il yields useful information.

The types of mechanisms most frcqul':m:y ei\countered arc shown in
Tabie ::'.8, while the procedurc used to evalulite the reaction mechanism
from 3 TG curve is given in Figure 2.43. As can be see:I, only the r.:urve cor
responding to the F: mechanism gives a st:-a,g!-lt<ine l:urvc.

- -- - - - - --- --- -- --
Heating Kinel:c Paranlc,ers'

Rate - - - - -- - -
Melhod I'Cimin ') f: 1 E2 A, A2

nO

-- -- - - - -_. - --
[)i~ect Arrhenius 5 &2.96 187.7! 5 ;>C IO~ 5.9 xc 10'2

Ceq. (6) and 13.44) (3.231" ( 1.421 (1.181
F:g.3J :0 74.75 i62.57 2.:9 x 10· 9.7 x 10'0

(2.85) [2:'.2) (Ll8) {G.S2)

20 108.10 209.50 9,78 xc 10" ::'.,88 x 10
'
•

iJ.06) [2.98) 1:.181 (:.061
Freeman Carrol! 5, 20 1J8.27

:cg.l: 2) and 10,42)
Fig. 41

Coats -Redre~:1 5 4:.9 [17.32
[ego (B) and 10.92\ (2.18)
Fig,5J :0 27.40 i 16.4B

:1.05) 11.59)
20 37.21 lJJ.24

(:.76) (2.31)
- ---- - - - - - -
"t, n;ls of [.: a"ct .4 arc :0 kJ rr.ole : and min I, respectively.
'A kinetic order 0: un,lS \\las assumed ror t~e direr;:: Acel10ni"s anc Coats .:>nd Redfern
meLhods (see texli.
'!"umbers In parent;,eses represent slancnrd deviat!on ~y least.squares ,nalyses.

Ozawa (153) round that the Freeman and Carroll. (oats and Redfern.
and Sharp and Wentworth methods cannot be applied :0 a second-order
reaction, random scission in main chains of pOlymers, and a system of two
parallel competitive flrst-order reactions. These lhree methods. r.onet!-leless,
yielded straight-line relationships and false unreal kinetic parameter~ were
clllcula:cd. For the random scission reaction. Ozawa's method gives COrrect
kinetic parameters. For the two parallel competitive :irst-order reaction~,

none of the earlier methods can be applied. One of the methods of avold.ng
false parameters is to observe a process at dilTeren [ hCLlting faLes. If 1!-Ie kineti\:
parameters estima:ed by analyzing the cllrvc~ at dilTen:1H ~.calJng r~ltes coin
cide with each other. the kinetic parameters are not i'i.l:se. Another :cchniljue
is to utilize two or more methods and if the ki:1~ti(; parameters coi:1cide with
each other, the Kinetic parameters Me not false. A third i.lnu mos: desirable
way is to use 1.1 method based on a more fundarr:entJI kir.etlt: cqui.ltil,ln. such
us ~hat of Ozawa (92),
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Table 2.8. Commonly Used Reaction Mecbllnisms (105)

-19
I

·-l

.",
~

".!:.

0

2.6 X 10-3

-T(·Ki

~'O

rj'!C'I-
~O-; 2.5 x 10- 2

430

2.3 X 10- 3 2.4;(

-21

.l.

i -20

~
Q,.

=

'"

Rate-controlling Process

One-dimensional diffusion
Two-dimensional diffusion, cylindr:cal

symmetry
Three-dimensional diffusion, spherical

symmetry; Jander equation
Three-dimensional diffusion, sphe~ical

symmetry; Ginstling-Brounshtein
equation

Random nucleation, one nudet:.s on
each particle

Random nucleation; Avrami equation I
Random nucleation; Avrami equation

II
Phase boundary reaction, cylindrical

symmetry
Phase boundary reaction, spherical

symmetry

Equation'

1 - (I ~ ('()l/2 = kr

1 - (1 - (1)'13 = kr

X" = k.l
(I - ~) In (1 - 0:) + 0: .~ kr

-In(l-:l)=kr

[-In (I - 0:)]1 12,,, kl
[-In (I - :>:)]1/3 = kt

(1 - 10:) - (I - :l)1Il = kr

Function

D~

Many oilier mathematical methods have been proposed to analyze non
isothennal kinetic data to detennine unequivocally the exact kinetic model
using functional fonns of g(ex) or f(ex) of the rate-controlling step (154).
Criado (155) found that it was impossible in the Coats and Redfern method to
distinguish between an interface chemical reaction-eontrolled mechanism
(R J ) and the Jander diffusion mechanism (D 3). Bagchi and Sen (156) also
demonstratcd the inadequacy of ilie Coats and Redfern method in identifying
unambiguously the rate-controlling mechanism of the dehydroxylation of
Mg(OHh-

4. Critique

a

t

380 390 JOO 410
TfI<I_

Since the kinetics of homogeneous and heterogeneous ~eactions are funda
mentally different, Arnold et aL (157) have shown that the nonisothermaJ TG
CUrve provides insufficient information for the purpose of reaction kinetic
calculations. Mathematical considerations prove also tha: the parameters of
the Arrhenius model cannot be calculated correctly from the TG curvc by
curve-fitting methods and that there is no unique correlation between the
estimated parameters and the measured curves. A~so, the correlation hetween
A and D described as a "compensation effect" is certainly a mathematlcal

Figure 2.43. Procedure :or obtaining ill.: mechanism from a TG curve (105). Lower curv'
co~p,ie~ wi:h b:etic equ3!ion F, (s<."e Table :.6): E = 30 Kcal:mo;e: Z "" : 0' H - '. moie - ,
and q "" I C :n:n - I. Upper curv"~ are plolS Qf log ,q(~) versus I :T,) ca:cuialcd :rom TG curv'
for various ~inelic equa:,ons. The s:raighl ;ine for k;~etlc equul,on F, cOlr.c,dcs wilh the plo
of - log pIx) versus IiTf or f. ~ 30 kcal Tnole.

8
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17.
iB.
19.
20.
21,

5.
6.
7.

8.
9.

to.
11.
12.

13.
14,
IS.
16.

compensation effect, which is a trivial consequence of the badly conditioned
parameter estimation.

On the basis of many experiments and theoretical considerations, Arnold
ct al. (158) showed that TG curves are strongly influenced by the experimental
conditions, and hence the kinetic parameters calculated from these curves are
fictitious and their determination is uncertain. The Arrhenius equation.
taken from homogeneous kinetics. cannot be applied to nonisothermal
heterogeneous reactions since the conditions of the equation are !lot fulfilled.
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CHAPTER

3

THERMOBALAl"CES AlXD ACCESSORY EQUIPMENT

A. l:-'IRODCCTI01\

The thermo balance is an instrument that permits the conlinuous weighing
of a sample as a function of temperature. The sample may be heated or
cooled at some selected rate or it may be isothermally maintained at a fixed
temperature. Perhaps the most common mode of operation is heating the
sample; at furnace healing rates from 5-l0°Cjmin. Almost all modern
thl':rmobalanees are automatically recording instruments, although manual
recording is still Llsed occasionally for long-term isothermal measurements
(e.g., with helix-Iype Ihermobalances).

The modern thermobalance is illustrated schematically in Figure 3.1.
It consists. generally, of the following component parts: (1) recording
balance; (2) furnace; (3) furnace temperature programmer Or controller;
and (4) recorder, either of the strip-chart or X - Y function type. The specific
details of each component depend on the particular application that is
required oi the instrument. For example, furnaces can be obtained :hat
operate up to 2400"C or more, and employ air, inert gases, :Jydrogen,
nitrogen, vacuum. and other atmospheres. Likewise, for the recording
balance, sensitivities from as low as 0.02 mg full-scale deflection to 100 g
or more are available.

Some factors that must be considered in the construction or purc~ase of
an automatic thermobalance have been given by Lukaszewski and Redfern
(I ) ~

I. The instrument should be capable of recording the mass-loss or -gain
of the sample as a function of temperature and time.

2. The thermobalance furnace should have a wide range or operation.
such as from ambient lemperature to 1000, 1600, or 2400-C.

3. The mass-loss of the sample should be recorded to an accarilcy of
better than =0.0 I %, while the temperature should be recorded to an
accuracy of =;%.

4. The physical effects due to the normal functior.ing 0; the ir.srt:Jm:.:nl.

87



Obviously, all these requirements cannot be met in eve,::, ther:nobalance.
However, a number of commercially available inst,umc:1ts do :ncorporate
these features.
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1. Recording Balances

Figure 3.1. Schematic diagram of a modem lhenl'.obalance.

such as radiation and convection currents and the magnetic effects
due to the furnace heaters, should not affect the accuracy of lhe
balance. Thc latter effect docs not interact with any conduCcing or
magnetic materials that may be studied.

5. The position of the crucible within the furnace of the thermobaiance
should always be the same, so that the temperature recorded cor
responds to the sample temperature.

6. The furnace should be equipped to allow for the heating of samples
in various atmospheres.

7. The instrument should be as versatile as possible, pro\'iding for easy
changes in heating rates together with autornatlc control of tc:npera
ture programming.

8. The balance should be adequately protected from the furnace. and
care should also be take:'! to keep the wear of lhe knife edges and
other moving parts to a minimum to ensure acc~rncy or weighmg.

9. The balance should be capable of simple periodic calibratio:1 to
ensure accuracy of operation.

10. The chart used to record mass-loss a:ld temperature rise should be
capable of various speeds. and the,e should be provision ror accurate
recording or a suitable time interval. f,gure 3.:'.. :'-<cllAype ba,ance (:?oj.

1'1eslC:'ng 'cree

.'1
"Iecharlcal

I e.:ettr'cal

Perhaps the most important c;omponent ofthe thermobalance is the recording
balance. The requirements for a suitable recording balance are essentially
those for a good analytical balance, namely, accuracy. reproducibiiity,
sensitivity, capacity, rugged construction. and inse::Jsitivity to ambient
temperature changes. In addition (2), the balance should have an adjustable
range of mass~change and a high degree of electronic and mechanicai
stability, be able to respond rapidly to changes in mass. be relatively un
affected by vibration. and be of sufficiently simple construction to minimize
the initial cost and need for maintenance. From a practical viewpoint, the
balan~e should be simplc to operate and versatile in that it can be used for
varied applications.

Recording balances can be divided basically into two general classifica
tions, based on their mode of operation: (1) deftection~type instruments and
(2) null-type lnstruments (2).

The automatic null-type instrument is based on the principle given :n
Figure 3.2. The balance incorporales a sensing elt:mt':nt w!1ich detects a
deviation of the balance beam from its null position: horizonral for beam
balances and vertical for electromagnetic-suspension type:;. A restoring
force, of either electrical or mechanical mass loading, is tben applied to the
beam through the appropriate electronic or mechanical linkages, restoring
it to the null position. This restoring force. proportior:al to the change in
mass, :s recorded directly or through. an electromechanical transducer of
some type.

The varioL:S dellection-type balances are shown in Figure 3.3. These
insttume:lls involve the conversion of the balance-beam J.eikctions abeut
the fulcrum into the appropriate mass-change curves by III photographic

Recorder

l~ geCOr~ I~
balance :

---CS-Ba;aece
control

I J

Terrperature
sensor

r---
Fwnace

remccrature
programmer
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Hel'~ sOflng

Gordon and Campbell (2) have summarized the various methods that
have been employed to detect the deviallon of a balance beam from its
horizontal or vertical position in the null-poir:.t balances. They are the
following:

Optical

1. L:ght SOL:rce -mirror-phoLographic paper.

2. Light source-shutler-photocell.

Electronic

ji

Beam

Figu;e 3.3. Deflectior.-lype baLance (21.

recording. (2) recording electrical signals generated by an appropr:ate
displacement measurement transducer, and (3l using an electromechanical
device. The types of deflection balances arc the foHowing:

1. The helical spring, in wh:ch changes of mass are detected by contrac
:ion or elongation of the spring and which may be recorded by suitabie
transducers.

2. The cantilevered beam. constructed so that one end is fi~ed and the
other end, from which the sample is suspended, is free to undergo
deflection.

3. The suspension of a sample by an appropriately mounted STrain
gauge that stretches and contracts in proportion Lo mass-changes.

4. The attachment ofa beam to a taut wire which serves as the fuk:n.l;l1
and is rigidly fixed at one or both ends 50 that deflections are pro
portional to the changes in mass and the torsional characteristics of
the wire.

1. Capacitance bridge.

2. \1utual inductance; coil-plate, coil-coil.

3. Differential transformer or variable permeance transducer.

4.. Radiation detector (Geiger tube).

5. Strain gauge.

Mechanical

t. Pen electromechanically linked to balance beam or coulometer.

After the departure of the beam from its rest position has been detected.
some method of restoring the beam back to the rest position must be em
ployed. These methods are the following (2):

:vIechanical

1. Addition or removal of discrete weights; or beam rider positio:1ing.
2. Incremental or continuous application of torsional or he;ical spring

force.

3. Incremental Ot continuous chainomatic operation.

4. Incremenlal addition or withdrawal of a liquid (buoyancy).

5. Incremental increase or decrease of pressure (hydraulic).

Elcctromagneti(; interaction

L Coil-armature.

:!. Coil-magnet.

3. Coil-coil.
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Electrochemical

I. Coulometric dissolution or deposition ofmetal at electrode suspended
from balance beam or coulometer.

The manner in which the weight-changes of the balance are recorded arc
summarized as follows (2);

\'Iechanical

1. Pen Hnked to potentiometer slider.

2. Pen linked to chain-restoring drum.
3. Pen or electric arcing-point on end of beam.

4. PeniS) linked to servo-driven photoelectric beam-defiel:tion follower.

Photographic

1. Light source-mirror-photographic paper using either a drum,
time base, or flat bed; temperature base-mirror galvanometer.

Elcctronic

1. Current generated in a transducing circuit such as photocell, differ
ential transformer, strain gauge, bridge, radiation detector, capacitor,
Or inductor.

2. Current passing through the coil of an electromagnet.

In general, electronic recording is more versatlle and convenient than a
mechanically linked system because of the many transducers that ean be
used to obtain the electrical signal proportional to the change in mass as
determined by either the deflection-type or the null-type balance. The
continuously recorded analog data from the primary curve can be simul
taneously translated into other useful forms such as derivatives., integrals,
logarithms, or any desired function, many of which lend themselves to the
digital operations associated with automatic computation and automatic
processes (2).

Ewing (57) has reviewed electronic laboratory balances. The various types
of null detectors, such as optical, inductive, ap.d capacitar.ce types. as well
as the electronic readouts are discussed.

2. Cahn Eleetrobalanees

The Cahn electrobaJance is a sensitive, accurate, reliable, and easily operated
balance which is based on a D'Arsonval galvanometer. with ~he sample

~w:,cal

Recorder ,ao,ge~. ~~W,J, range
,". - ) - , + --Cervo amphfie'
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I
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Sa"'l1;Jle

F:gure 3.4. s.:hemalic diagram of the Cahn e1ectrobalance,

suspended from the indicating needle (beam). Changes in sample mass cause
the beam to deflect, changing the photocell current, w!Jich is then amplified
and applied to the coil attached to the beam. This coil is in a magnetic fieid
so that current Bowing through it exert<; a moment on the beam restoring i:
to a null position. The coil current is thus an exact measure of sample mass.
Aschematic diagram of the balance is shown in flgure 3.4. The entire balance
can be placed in a glass enclosure which can be used to pressures dow[J ~o

~10-6 Torr or lower. Various models are available, each differing in sensi
tivity, mass capacity. and other features.

The lalest versions of the Cahn recording microbalance are the Models
1000 and 2000. The former has a mass capacily Df 100 g with a sensitivity of
0.1 p.g and is capable of operation at pressures of 10- 7 Torr to 50 atm. The
Model 2000 is similar. except that :he mass capacity is 1.0 or 2.5 g with a
mass sensitivity of 0.1 or 1.01tg for the 1.0 or 2.5 g load, respectively. This
microbalance is used in the Cahn 113 TG system. The furnace on this $ysrem
has a maximum temperature of IlOO'C with heating rates of 1-25 C min.

3_ Sample Holders

One of the most important components of a thermo balance is the ~ample

holder. The geometry, size. and material of construction have a ratner
important effect on the mass-Joss curve obtained. A large variety of sample
hDlders have been described, a representative number of Which are shown
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may be investigated. The sample holder in (b) is used in horizor.tal thermo
balances such as are available from Linseis or r-:etzsch and come in variou'
sizes and materials of construction. A large number of sample holders ar
available for use in the Mettler thermobalance system (3), as shown by tb'
examples in (d) (f). Tn (e), the open-type crucible, various sizes are available
from 0.1-5 ml in volume; they are constructed from a platinum-rhodiu.rr
alloy, alumina, quartz, and graphite. The flat-plate-type holder, (d), is usee
for high-vacuum studies. Thin layers of sample are used to prevent decrepit!?·
tion during dissociation. Use of the polyplate sample holder, (e), provides L

large surface an:a for the sample. Similar holders have been described b:
Erdcy ct al. (4, 5) for use in the Dcrivatograph; one holder consisted o'
10-20 plates spaced at 2-mm intervals, permitting the use of samples frorr

n D 9
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?
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in Figure 3.5. As in the case of DTA sample holders (Chapter 6), the type of
holder used depends on the size and nature of the sample and the maximum
temperature range to be employed. Materials of construction include glass,
quartz, alumina, graphite, aluminum, stainless steel, platinum, and many
others. Sample size may vary from I mg to hundreds of grams, but the most
commonly used sample mass is from 5-100 mg.

A sample holder which is widely used with Cahn Electrobalance is shown
in (a). It is 5-9 mm in diameter and is constructed of platinum or quartz
with the geometrical shape of a hemisphere. Sample sizes from 1-20 mg

fl1) :a)

fig~re J,5. Represen:ative ,.ample holden for Ihe:'Jl1Dgravi:netry. Figure J.6. Sampie holders for vapor-pres>ure rr.eusurcme"lS (Ill.
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1.2-1 g in mass. EITervescent samp1ts can be studied conveniently in the
10lder shown in (g), while strips of sample (e.g., metal foil strips) can be
'uspended on the sample holde~ illustrated in (f). For simultaneous TG"Dl'A
neasurements, the sample holders discussed in Chapter 6, Figure 3.2, may
JC employed.

For vapor-pressure measurements, the sample holders iIlustratcd in
~igure 3.6 may be used. The holder in (a) is a schematic cross section of a
:Cnudsen cell described by Wiedemann and Vaughan (6). The main body
)f the cell. A, is constructed of aluminum and suspended on the thermo
Jalance by a ceramic tube, G. A copper-constantan thermocouple. E,
Jrought into the cell through a vacuum-tight connection. detects the sample
empcrature, F, or the temperature of t1~e vapor' phase. A second tnermo

;ouple, D, scrves to control the furnace temperature. The orifice, B, is
.nadc from O.OI-rom-thick :-.Iichromc foil and contains a small hole. A
;crew fitting on the cell permits rapid removal or exchange of orifices of
lifferent hole diameters (1-3 rom in diameter). The other end plate, C. is
lSed to load the sample into the cell. Both end plates are sealed to the body
Jy Teflon O-rings. Sample volume is :( 1.5 ml and the cell can be used in the
emperamre range from -lOO-200°C. A simpler version of a vapor pressure
~11, which contains a removable lid, is ~howu in (b).

For studies involving dissociation reactior.s in "self-generated" atmo
spheres (7). the sample holders in Figure 3.7 may be used. 1n Ir.e piston and
cylindcr arrangement, shown in (a), the clearance between the two provides
a long diffusion path and cITecttvely prevents con~aminatjon from the atmo
sphere. The Forkel crucible (8), as shown in (b), has a lid containing a ball
valve to ensure separation of the sample atmosphere and the atmosphere
in the furnace. Various other glass and quartz sample holde,s have been
disc~ssed by ;...'ewkirk (9). Perhaps the most elaborate sampie holder is the
one shown in (e). which was described by Paulik and Paulik (I O}. The sample
crucible is covered with six close-fitting lids or covers in which the gaseous

(el

~ifji/J'~I'-.~
~

"

(al

fbi

1 em

;:,g"re ,.7. Samp;e hOlders for "se:f-genc:rated" u:r.lOspheres (7-101.

I';gure J s. S"J:1pie.loadin~ accessories. la) Vibrator WI:~ ,paw:a for :oau'ng ;rnall samples;
lh) ...c;.c:h,c ",~r5:Oc :oc :;ntfocm ;Ja...kir.g of samp,es. ',-1 ,"mpie pre'Ss for compres.,,~.g :ow·
der.sily,.",ples n;a :he ,,,"ple hCider (J).



·ur. 3.9. E"c:o~u.e ror sample :oading in cor.lrolled J:'''o,phere (3)

decomposition products are forced to escape through a long and narrow
labyrinth. ,

Aids to ensure uniform sample packing are illustrated in Figure 3.8 (3). 1\
vibrator with spatula attached, as shown in (a), is used to load sma~l samples
into the sample holder. In order to paek the samples in a uniform manner,
one may employ the vibrator and sample holder device in (b). The packing
of voluminous, low-density samples inra the appropriate sample holder is
accomplished by the small press iilustrated in (e).

The loading of moisture- or oxygen-sensitive samples into the ~ett!er

thermobalanc; sample hoider is conveniently carried out by use of the
controlled atmosphere enclosure shown in Figure 3.9 (3). The sample 1S

introduced, via an enclosed sample holder, into the enclosure and l~aded

into the furnace chamber after the controlled atmosphen: has been mtro
duced. !\fter loading, the furnace chamber is closed and the enclosure i..,
removed.

5. Temperature Detection and Recording Systems

99l~TRODt.:CT!O:-;

4. Furnaces and Furnace Temperature Programmers

The :ypes of furnaces employed in TG measurements are similar to those
discussed in Chapter 6.A.4. The choice of furnace heating element and type
of furnace depends on the temperature range desired_ Furnaces have been
dcscr:bed which operate in the temperature range from ambient room
tempe~atl.:re to 1000. 1600, or <:ven 2400"C. The ;urnace may be mounted
vertically or !1ori:zontally ar.d positioned either above or below the balance
mechanism. Ylounting above the balance is generally recommended because
of a number of factors, most of them due to thermal gradiems :n the furnace
cbamber and temperature changes of the balance. Resistance heater element
furnaces are the most widely :Jsed, the temperature li:nits of which arc given
in Chaptcr 6 [Tabie 6.2). Very few TG studies require low temperature
furnaces, although low-temperature TG-magnetic susceptibility measure
ments may employ a low-temperature cryostat of some type.

The furnace thermal symmetry requirements are perhaps less stringent
than those required with DTA measurements. It is desirable to know the
temperature distribution curves of the furnace, such as are illustrated in
Figure 6.6 in Chapter 6. There should be a lOne of homogeneous temperature
flux :n the sample holder area.

The temperature rise of the furnace is controlled by a temperature pro
grammer. the requirements of which are similar to thosc used in DTA (see
Chapter 6). The heating rates should be linear and reproducible, since a
nonlinear heating rate will :nfluence the resulting TG curve. especially if a
time-based recording system is used. The linearity requirements are not so
important as in D1'A. however. The heating rates used are generally from
5-10"C/min, althoug.h some measurements have been made at 160cC/min.
An average value whic!'! is widely used is 5°C/min, but :his car. vary depending
on the size of sample and the TG information desired.

As previously mentioned, in thermogravimetry t!1e mass-change of the
sample is continuously ,ecorded as a function of temperature, The tempera
~ure. In this definition, may be that of the iurnace chamber, the temperature
r.ea, the sample (i.e.. in close contact with the sa;npie container), or the
ter.tpe,ature of t!1e sample. These three sources of temflerature detection
ure sb.own in Figure 3.10. In (al. the thermocouple is ncar the sample con
tair.cr but not i:1 contac! with it. There is a corn:iation be:wcen the tempera
ture of the container and that detected by the thermocoupl~.but :h~ :hermo
couple wi,l either lead or lag behind the sample temperature. dcpending on
the thermochemistry of the reaction. Most thermobalu:1ces ~se this type of

THER~OBALA~CESA~D ACCESSORY EQUtPME!'lT98
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Figure 3,10. Location of Icmperature detection thermocouple in a Ihennobalance (12),

Stewart (12) discussed three approaches to temperature calibration:

1. The usc of standard materials wirh reproducible mass-loss poir.ts that
could be referred to the temperature.

2. The use of materials having known reproducible (and reversible)
temperature transitions and direct measurement of temperature.

3. The use of materials with magnetic transitions which could be dis
played on a mass-loss curve and referred to the temperature.

I. The trar!sition must be sharp: that is, its natural ur true width should
extend over a small temperature range.

2. The energy ~equired to effect the transition should be small (under
the dynamicscanning conditions ofTG. the "sharpness" ofa transition
is inversely proportional to transition energy).

3. The transition temperature should be unaffected by the chemical
nature of the atmosphere and independent of pressure.

4, The transition should be reversible so that the sample can be run
repetitively to optimlle or check the calibration.

5. The transition should be unaffet:ted by the presence; of other standards
so that several samples Gan he rl:n simultaneously to obtain a "1I.:[ti
point calibration in a single exper~ment.

The first approach is the most appealing, but the evolution of a volatile
product is dependent not only on the temperature and rate of temperature
change, but al:;o on the type and nature of the furnace atmosphere. The
second method was used by Stewart (12) in his temperature calibration
scheme but required that the thennocouple be in contact with the sample
or thS sample container during the calibration procedure. Compounds
chosen for standards were those containing solid 1 ~ solid;l or solid ~ liquid
type transitions. which were not atmosphere-dependent. The standards used
and their transition temperatures were potassium nitrate (129.5 and 333'C).
potassium chromate (665 C), and tin (:!31.9°C).

:-.lorem et al. (14.15) used the third m<:thod. as previously discussed, to
calibrate the temperature of their type of ~urnace and/or sample container.
A ferromagnetic material was placed in the sample container and suspended
within a magnetic field. At the material's Curie point temperature, its equiva
lent magnetic mass diminishes to zero and the thermobalance indicates
an apparent mass-loss. For calibratron over the temperature range from
ambient temperature to lOOO'C, it is obvious that a number offerromagnetic
materials must be used. The criteria which were considered characteristic
of an ideal standard were the foil O'n ing (15):

(b)(oj

thennocouple arrangement even though it is a poor one. It is even worse
when low-pressure atmospheres are employed, as in high-vacuum thermo
gravimetry; in this case, heat transfer is by radiation alone rather than by
convection and conduction.

The thermocouple is in close proximity to the sample in (h) and is po
sitioned inside, hut not in contact with, the sample holder. This arrangement
is better than (a) because the thermocouple will respond to small changes of
sample temperature. The best method of sample temperature detection is
to have the thermocouple either in contact with the sample or with the
sample container, as shown in (e). In the lalter, the temperature detected
will be the integrated temperature. However, the main problem is that with
sensitive recording balances the thermocouple leads can cause weighing
errors. or at least interference with the balance mechanism. One way to
detect the actual sample temperature and yet not interfere with the balance
mechanism is to suspend an electronic device near the sample holder which
will transmit the sample temperature to a fixed receiver located near th<:
sample container. Manche and Carroll (131 described a unijunclion transistor
relaxation oscillator which used a thermistor as the temperature detector.
The frequency of oscillation. which is a function of sample temperature, was
transmitted via a mutual inductance between two suspended coils to a
receiver and counter. The device was :imited. however, to a maximum
temperature of about 150"C.

The calibration of the temperature of the furnace and/or sample chamher
has been discussed by Stewart (12) and 1'0rem et aI. (1 4 . ;5). Stewart (12)
used a conventional thermobalance which contained a thennocouple
mounted <:x tern al :0 the sample. while :-iorem et at. (14. l5) calibrated a
furnace which used a resistance element for temperature detection.

SBD - INS~i;~TO Q~ CUi~,1!C,~." ~;;! ..:::~-:::Ar
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and t. is the heating rate. The parameter Re, is the instrumental time con
stant, a most important parameter characterizing the performance of the
instrument (or any thennal analysis instrument).

[[der (11) discussed the use ofmagnetic temperature calibration standards
at high heating rates, 50 150a C/min. At these heating rates, the dynamic
compensating factor. or ratc parameter of the controiIer, must be employed.
Using the four magnetic standards. alume! 1163DC), nickel (354c C), Perkalloy
(596°C), and iron (780°C), Elder obtained the effective magnetic transition
effective mass-loss curves as shown in Figure 3,12. Two different heating
rates, 20 and lOO·C/min. were employed as well as fixed and variable rate
procedures. It was found that the 7; values for the magnetic materials were
accurate to ± :zoe. According to Elder (11), the internal calibration procedure
of the Perkin-Elmer System 4 controller appears to be of little value.

McGhie et aL (53. 54) proposed a new temperature calibnuion technique
in which a small inert platinum weight is suspended within the thcnno
balance sample container by a fusible link composed of a temperature
calibration material. When the temperature exceeds the fusible link melting
point. the platinum weight is released. The weight is either caught in the
sample container. producing an "actionireaction" response on the TG curve,
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mental results in Table 3.2 were corrected. using a :inear calibration curve,
co produce the new estimates of the magnetic transil:on temperatures
presented in Table 3.3, The precision oftr.ese values varies with the traosltion
temperature range of each particular material but has a pOOled standard
deviation of =2' C.

Generally. three types of recording systems are used ~o record the output
signals of mass and temperature from the the:mobalance. They are: II)
strip-chart potentiometric recorders. (2) X- Y or X- Y1 Y2 recorders, and 13)
mUltipoint potentiometric recorders. These recording systems are sche-

Table 3.1. Fusible Link Temperature Calibration Data. Dropping Weight :vtethod (53)

Obsd. Corrected Lil, Devia:ion from
Ylaterial Temp. ('C) Temp. (T) Temp.fT) Lit. Value ('C)

Indium t59.90 ± 0.97 \54.20 156.63 -2.43
Lead 333.02 ± 0.91 331.05 327.50 3.55
Zinc 418.78 :!.. 1.08 419,68 4;9.58 0.:0
Aluminum 652.23 + 1.32 659,09 660.37 -1.28
Silver 945.90 -'- 0.52 96[),25 96:.93 1.68
Gold :048.70 ± O.!l7 !065.67 :064,.1] 114

----

Figure 3.14. TYP'cal fusible link weigh:-drop curve (54),
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or dropped through a hole in the bottom of the sample container, producing
a discontinuous weight-loss. The fusible links are constructed from wires of
0.25 mm or smaller diameter of indium, tin;-lead, zinc, aluminum silver, or
gold.

The sample container for the Du Pont Model 951 thermobalance was
modified as illustrated in Figure 3.13. Holes were pierced in the sides of the
container to hold the quartz rod or platinum wire support for the fusible
link and weight. A rectangular hole was cut in the bottom of Ihe sample
container to permit the weight to fall when the fusible link wire melts. A
typical weight-drop calibration curve, using a zinc fusible link, is shown in
Figure 3.14. The corrected thermo balance temperature found was 419.68~C

as compared to a literature temperature of 419.58°C. The calibration data
for aU metals using the weight-drop method is given in Table 3.1. Tempera
ture calibration is claimed to be accurate to within = 2"C over the range
25 -1200°C, with an individual measurement precision of :: 1.1"C.

Blaine and Fair (55) determined. new estimates for the "true" magnetic
transition temperatures of the leTA Certified Magnetic Reference Materials
G:\1761, using a Six-point calibration method. The results of the magnetic
transition temperatures obtained are presented in Table 3.2. Experimental
measurement precision varied from ±0.81 c C for nickel to =3.2°C for
Permanorm 3. The narrowest magnetic transition temperature was 3.DoC
for nickel, whereas the widest was 13.\"C for Permanorm 3. A pooled stan
dard deviation of ± 2.0"C could be calculated from these data. The experi-

Figure ), I), Fusib:e :ink lemperature calibralion. Modificullon Jf ':Imp.e con:a:;:er IHl
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Table 3.2. Observed Magnetic Transition Temperatures (or
Magne~c Standards GM 761 (55)

No. of ~ean

Material Detcnninatiol1s Temp. re) SD(°C)
- - -- - -- -

Permanorm 3 4 262,6 =3.2
Nickel 3 361.73 ±O.S:
Mumetal 3 402.5 ±2.3
Permanonn 5 3 430.1 ±:.:
Trafoperm 4 746.9 :;-1,2
- -- --- --.-- - -

Y __ (Mass)
faJ

FijU1re ~.[5. Types of recordir.g syslems used in
t3=obaJances.ial Slrip-charl,JO:e~liome:ri(;recorder:
101 X-~'or X-~, Y, recorders:
,.-1 multipolnl polenllomctr:c recorder.

x :temperaturel -
(p)

Yl. Y2. YJ, eTC.

(c)

i3
I-

inO I
~ 15 I

- >-
:= 11 I

~I'-----------

matically illustrated in Figure 3.t5. If the strip-chart potentiometric recorder
is employed, two of them are required; one for mass versus time, the other
for temperature versus time. The temperature recording will also serve as a
visual cherk on the linearity of the temperature program (should be a straight
line) or the progress of a temperature cyciing experiment (heat, isothermal,
or cool). The use of a X -Y or X - Y1 Y2 recorder is more convenient since mass
is plotted directly against temperature. L'sing 1';, the DTG or DTA, DSC
curve may also be plotted simultaneously. If more than three parameters
need to be recorded, the multipoint potentiometric recorder is useful. Thus,
the TG, DTG, DTA, DSC, T, and gas pressure curves may all be .~imul

taneously plotted. Different colored dots on the printout permit easy
identification of the curve.

The effects ofa temperature program perturbation on the mass-loss curves
using both types of recording systems are shown in Figure 3.16. In (a), using
a time-base recorder, the temperature perturbation occ:Jrred at A, resulting
in the recording of the solid-line curve. The normal curve, if no change in the
heating rate took place, is shown by the dashed-line curve. Similarly, for the

Table 3.3. :'Iiew Estimates of :\111gnetic TrlWlttion Temperatures for
:\1agnetic Sta.ndards G:\1 761 (55)

Transition Temp, lOCI

Maleriai

Permanorm 3
:-lickd
Mumetal
Permanorm 5
Trafopenn

Experimental

259.6 +: 3.7
361.2 j- 1.3
403.0 -: 2.5
43t.3 = 1.6
756.2 = 1.9

Lit.

266.4.± 6,]'

354.4.:: 5.4
385.9.:.. 72
459.3 -= 7.3
754.3 :: [1.0

Deviation I'CI

-6.8
6.8

t7.1
28.0
2.1

x- Y recorder, (b), the temperature perturbation occurred at A, resu!ling in the
change to the dashed-line cun·e. The r!ortnal curve is indicated by the solid
curve. However, in the time-b~ recorder. 3. curve of the system temperature
was also recorded so that the change in heating rate could be immediately
detected. With the X- Y record~r. this change in heating rate would probably
not be detectable unless the curve was duplicated several times.

Another type of recorder that IS a wmbination data acquisition and plot
ting system is the data center recorder. These recorders convert up to eight
low-Jevct analog signals to digitaL store :hem on magnetic media such as a
floppy disk. and then repiot the data at the convenience of the operator.
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Most of the commercial thermobalances now available use computer data
reduction techniques to process the raw TG data (see Chapter 12). A dedicated
microcomputer system plots the resultant data using a plotter or dot-matrix
printer. Scaling and offset of the curve can be carried out as well as other
mathematical operations such as differentiation, curve peak integration,
and so on.

Figure 3.l7. TG curves of cac10. -H 20 as replotted an a data cc:lter recorder (59). Heating
rate of lO"C min' I in ~2' Data sampiing raIl: was l.0 sec. A, MaSS-lime. scaled and offset:
B. mass-temperature, scaled and offset; C. mass-Lime: D, mass-temperature: /:", lint derivative
temperature; F. temperature-time.

CaO

-~~-- '"'Ieatirg rille

slowl!d down

~ I 'I A I

I_----=-------__~
TeMpetalure

-- \or'Tla. cu.rve

::ac_o•. 1-'20 1----
Hio'

"igure 3.16. EffeCI or tempe~ature pe::arbalion on ~as5-loss curve. la} Time base recorder:
1eating ra:e s:owed down .:H A: (b)X - Y re<:order.

)ne such data center recording system, the Bascom-Turner instrumenl.
las been described by Kapian et al. (58) and Wendlandt (59). The :alter
-eference ~iseusses the use of thls recorder in thermal analysis. An example
)fthe appltcatlon of the recorder to TG is shown In Fil1:ure 3.17. The TG data
of CaC20 2 ' H 20) was recorded from a thermobala;ce and lhen replottcd
as: A, mass-time. scaled and offset; B. mass-temperature. scaled and offset;
:, mass-time; D, mass-lemperature: E. first derivative of TG curve or DTG:
.:.nd F. tcmpernture-time curve.

1. Introduction

A large number of reviews and books have been written describing various
(;ornmercial and noncommercial thermobalar.ces. Mention should be made
of the reviews by Gordon and Campbell (2), Duval (16), Lewin (17). Jacque
et al. (18), Saito (19), Vaughan (20), Wendlandt (21, 22), and others. Books
containing descriptions of thermobalances include those by Duval (23, 24),
Gam (25), Kcattch (26), Anderson (27), Wendlandt (28), Saito (29), and
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others. Due to the limited space available, only those thermobalances
containing novel or important features will be discussed here, Likewi~e,

only a few of the many commercial instruments will be mentioned since these
are adequately described elsewhere in recent reviews or books (21, 22, 28),

The first tbermobalance was probably the instrument described by Honda
(30) in 1915. This instrument, as shown in Figure 3.18, consisted of a balance
with a quartz beam. The sample was placed in a porcelain or magnesia
crucible, G, which was suspended in an electrically beated furnace, J, Attached
to the opposite end of the balance beam was a thin steel wire helix, E, which
was immersed in oil contained in a Dewar flask, H. The Dewar-flask-helix
assembly was adjusted by a screw mechanism to maintain the balance beam
in a null position. A rather low heating rate Was employed, since it took
10-14 hours to attain a temperature of l000cC. However, Honda used a
quasi-isothermal heating cycle in that during a mass-loss transition the
furnace temperature was maintained at a constant temperature until the
transition was completed. This procedure aloIle sometimes required 1-4
hours. Convection currents were evident above 300'C, as might be expected
from the furnace sample arrangement, A sample mass of about 0,6 g was
normally employed.

The work of Honda did indeed Jay the foundation for practically all of the
future work in thennogravimetry. His thermobalance enabled the investiga-

M

Figur<: 3.1~, The l~ew.,)~a:anc" a' de:icribed by Hond;; iJC),

tor to weigh the sample continuously as it was heated and also e:nployed the
feature of quasi-isothermaJ heating. The latter technique cannot be carried
out automatically by present-day thermobalanccs, He modest:y concluded
his paper by saying, "All of tbe results above given are nor altogether original;
the present investigation with the thermobalance has however revealed the
exact positions ofH:e change in structure and also the H:,locity of tbe change in
respective temperatures. The investigation also shows the great convenience
of using such a balance in similar investigations in chemistry."

:-.lumerous other Japanese workers modified the Honda thermo balance
and also developed new instruments. The results of their studies have been
summarized in a :nonograph by Saito (19).

The French school of thennogravimetry was started by Guichard (31) in
1923. He apparently was unaware of Honda's work, but then he never
claimed to be the discoverer of thermogravimetry. He improved the tech
nique, brought it to a high state of development for that time. and critically
examitlj:d each phase of iL His original thcrmobalance (23) contained a gas
fired furnace in which gas was metered to the burner via a constant-level
device consisting ofa valve with a fioat attached to iL The float ~ested on the
surface of a tank filled with water. This water drained into another container
via an adjustable valve. thus causing a slow bur gradual openir:g of the
gas metering valve and hence increasing the furnace temperature. Equally
interesting is the manner in which the mass-change of the sample was detected
by the balance. This was achieved with a hydrostatic device in which small
amounts of oil were added to a ··U" tube to compensate exady for the
mass-change. A loss of mass of 100 mg corresponded to the addition of 9 ml
of oil. Mass-loss curves recorded on this balance agreed well wi th the resul ts
obtained by Duval (23) some 40 years later.

Guichard's work was followed by the invest:gatioos of Vallet 132), DubolS
[33), and others [23). Perhaps the greatest impetus to the heach school
of thennogruvimetry was the development of the Chevenard (34) recording
thcrmobalance. This balance had been under ceye!opmcr:t since 1936 aud
became commerciaily available in 1945; it was the first automaLic (photo
graphically) recorc!ing instrument. In the hands of Duval and co-workers
(23, 24), it became the standard instrument for work in this field,

Two other important miiestones in tbe delelopmcfit of the modc;n
thermo balance occurred ;n 1958 and 1964, A :nultiiunctiona: instrument,
called the Derivatograph. was described by Pauiik 1351 et al. :0 :958, The
instrument could record ;'lot only the TG curve. but aiso its f,rst dCflv3tive
(DTG) and the differentlal thermai analysis IDT"\I CJr\t:. In !964, Weide
mann [3) described the :Y1et:lc~ system, which was perhaps tr.e :nost sophistic
ated thermobalance ever commercially ava;lable. Thi~ sys:crn :5 desc,ibed
in derail by Wiooe:nann ,H:d Hayer (8).
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The Du Pont thennobalancehas been described by Sarasobn and Tabeling
(36). The balance, ilIustrateC: schematically in Figure 3.19, contains a null
balancing, taue-band elecrric meter movement with an optically actuated
servoloop. The sample is placed in a container which is suspended directly
on the balance beam. In normal operation. the temperature-sensing thermo
CDuple is positioned within 1 rom of the sample, and hence indicates very
close to the sample temperature. ~ass-changesof the sample are plotted as a
function of temperature on an internal X-Y recorder. Balance sensitivity
is reported to be 2 J1.g. The horizontal beam-in-furnace design and the
position of the .ample container permit axial flushing of the furnace tube with
various inert gases. The sample presents minimum cross section to the
gas flow, which results in a negligible torque perpendicular to the beam.
Hence, there is a minimum of turbulence and noise in the balance. A
maximum furnace temperature of 1200"C is attainable.

An atmosphere conlrol system for the thermobalance, as described by
Williams {37), permits the rapid changing of the dynamic gas atmosphere
between oxygen, hydrogen, and argon.

Enclosure of the Du Pont thermobalance in a high-pressure chamber has
been described by Brown et al. (37) and Williams et aL {38). Pressures of
up to 20 atm and a maximum temperature of 350c C were possible with the
former, while the latter instrument could be operated up to 68 atm and a
maximum temperature of 450°C. The modification by Williams et al. (38)
also permitted simultaneous magnetic susceptibility measurements on the

sample (see Chapter 11). Chiu (39) described a modification of the Du Pont
tbermobalance in which concurrent TG, DTA, and ETA (electrothermal
analysis) curves could be recorded. This instrument is described [n Chapter II.
Other combinations. such as the coupling of the balance to a gas chromato
graph or mass spectrometer, arc described in Chapter 8.

3. Derivatograph

The Derivatograph, which was first described by Paulik et ai. (35) in 1958,
is a multifunction thermal analysis system which can record the TG. DTG,
DTA, and T curves of a sample on a single chart. By means of accessory
attachments, the TD (thermal dilation) and DID (dcriva~ive of TD) (5)
curves may be recorded as well as the evolved gas curves (sec Chapter 8).

The instrument, as shown in Figure 3.20, consists of au analytical balance,
two furnaces, a furnace-tempera lure programmer, sample and reference
crucibles, a voltage regulator, and a galvanomelric light beam-photographic
paper recorder. The balance is of the air-damped analytical type, with a
basic sensitivity of20 =0.2 mg fuil-scale deflection and a working mass rar::ge
of 10 mg to 10 g. The derivative of the TG curve is obtained by means of a
simple device consisting of a magnet and an induction coil. The former is
suspended on one arm of the balance beam, with both of its poles surrounded

Figure 3.20. Schematic diagram of :he Deriva:ograph. I. crucible for the sal::p:e: 2. er:lcible
for :he inert ma:erral: 3. porcelain ::.tbe: 4. :hermocouple:;; S, dec:ric furnace: 6. l~rs,o,,:ess

:ead; 7. baiancc: 8. coi:: 9. magnet; 10. DTG-galvanometer: II. T-gll:vanometec: 12. DTA
gaivanorne:er: 13, lamps: ~4. optical sl;l; : 5. p::olorecording cy:inder. i6, pholog~aphic .:hart.

------'

D;: Por.l Mode, liSI Iherm"bala~ee.

2. Du Pont Thennobalance

I'igucej, 19,

r--------,
J

FURNACE :
TUllE ,
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The instrument is shown schematically in Figure 3.22. The balance is of
the aluminum beam-substitution type with sapphire knife edges and plane:;..
Change in the sample mass causes a beam deflection which moves a light
shutter. interrupting a light-beam display on two photodiodes. The balance
in photo-diode current is amplified and fed back to a coil attached to !he
balance beam as a restoring force. The electrical mass indication has a dual
weighing range with three different sensitivities af. standard; a fourth. 1s
optional. Two consecutive sensitivities, in the ratio of l: 10, are always
recorded. One range is 0-1000 mg, recorded as 100 mgjin.; the second is
also 0-1000 mg but is recorded as 100 mg full-scale deflection. or 10 mg in.
A more sensitive mass range of 0-1 0 mg is recorded in an iden tical manner.
A unique design feature is the gas flow control system. Corrosive and nOd
corrosive gases may be employed, with provisions in the case of the foIlIl<.1'
to keep it from coming in contact with the balance mechanism. Two vacuum

DTA T

S I I,.;.

4. Mertler Thennobalances

by tWo induction coils. When a change of maSS occurs, movement of the
magnet induces a voltage in the coils which is proportional to the rate of
mass-change. This induced coil voltage is recorded on the chart as one of the
Curves. Maximum temperature of the furnace is ll00a C; ~z, CO2• Ar. Oz.
and so on may be used as the furnace atmosphere at atmospheric pressure
only.

Various sample holders, several Df which are illustrated in Figure 3.21.
have been described (40) and their applications to specific problems discussed.
The labyrinth, self-generated atmosphere type of sample holder has pre
viously been examined (Chapter 2.)

s

S !

(d; ~--~~ r~ S I IfJ
re)

TG I ~G'" . TG A

DTA DTA ~TA

Figure 3.21. Sample holders for Derivatography (60). (a) Sample ho:der of DTA appara:u5;
(h) crucible of derivative \hermobalance; (c) monoplate sampl,,~oldcrof the derivati,e :hermo
balance; (til crucible of the D-graph: (e> monopiate holder of the D-graph; (j) po!yplatc holder
of the D-graph.

The Mettler TAl thermoanalyzer, as developed by Wiedemann (3, 60), was
perhaps the most elaborate and versatile of any thermobalance ever CDn
structed. It is no longer available commercially, having been superseded by
the ~ettlerTA2000 and TA 3000 systems, However, because of its unique
ness, the Mettler TAl is described here.
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TA37 TA36

Another gas stream, which is brought through the balance mechanism, H.
and the baffle, R, is used to prevent vapors from condensing on the sample'
!:loIdersL;pport rod or the balance chamber. Containers Band C are reservoir:
for adding liquid to A. A water-cooled conde:Jser at I condenses :he vapor:r
a liquid which is then returned to boiler A.

The coupling of the \1ettler thermobala.'1ce :0 a gas chromatograph O'

mass spectrometer is discussed in Chapter 8.
The Mettler TA 2000 C thermoanaiyzer system perl':1its simultaneou:

TG-DSC measurementS from 25-1200°C at pressures from atmospheric tr
10-5 mbar. With a special furnace, a cor:-osive gas atl':1osphere can also be
used. A schematic diagram of the lhennoanalyzer is shown in Figure 3.2

f---...,g

Figure 3.2."\. Vapor a:mosphere :~rnace for :he Mell:er sys:ern.

and diffusion pumps are employed to evacuate the furnace chamber to pres
sures of the order 5 x 10- 6 Torr.

Three furnaces are availabie: a low-temperature unit with a maximum
temperature of.IOOO'C. a higIHempe:-ature unil for use up to l600··C.
and ~ super hIgh-temperature model with a maximum temperature of
2400'C. These fur.naces ar~ illustrated in Chapter 6 (Figure 6.5). The sample
holders are also dIscussed m Chapter 6 because of their simultaneous use for
DTA and thermogravimetry.

Although a large number of different types of inert and oxidizing furnace
atmospheres can be used with this system, a controlled vapor furnace system
may also be employed, as shown in Figure 3.23. It replaces the standard
~ettler 25 ·1<XXl°C quartz tube furnace. In operation, the sample is placed
10 the sample ho~d~r, P, after which the furnace unit is put in place and sealed
b~ ground.g1assJolnt, G. The sample chamber is heated by heater element, K,
~ith the aId of ~~fiector shield, S. A liquid (water or an organic compound)
lS heated ~o bOlhn~ ~t A by means of a small cartridge heater. Carrier gas
(usually nJtfogen) lS mtroduced at D to transfer the vapor through inlet F.
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6. Stanton Redcroft Thermobalances

Fig;lre 3.:05. Perkin-Elmer TGS-~ servo.operate{! balance sysler::.

Tbe :'vIodel TG-7S0 thermobalance ;s iIlus~rated :n Figure 3.27. This instru·
ment features a miniature water-cooied furnace in conjunction with ;![]

dectronic microbalance. with mass sensitivies of l-250 mg full-scale de
l1ection on a potentiometric recorder. Beati:1g r:lt.:s of l .. 10()"C/min an:
availuble with a maximum furnace temperature or roOD c. The furnat.'l:
wi:1 cool from LOOO-50 C in about ~ min.
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5. Perkin-Elmer Thermobalance

One unique feature of the balance is the ability to use samples up to 6 g;
however, the electrical weighing range is only - 2- ~ 2 g. Reproducibility
oflhe mass-measuring system is 10 /lg with a linearity of 10-". Alumina cups,
of 50 JJ.L capacity, are used to contain the sample and reference materials.
Calorimetric sensitivity of the DSC measurements is - 2.5 J.l VimW, with an
accuracy of ±5% and a reproducibility of ±2%.

The Mettler TA 3000 is a modular TG, DSC, and TMA system in which
the basic unit is the TelO TA processor. All control and data processing are
handled by the TC10 processor with software computer programs to calculate
various functions (see Chapter 12). The Model TG50 therrnobalance con
tains a 25 IOOO<C furnace with heating and cooling rates from O-l.OOO°C/
min. Electrical weighing range is 0 150 mg, with a readability of I JJ.g and a
reproducibility of .': I JJ.g, Dilly gases at atmospheric pressure may be passed
through the furnace area.

The Perkin-Elmer Model TGS-2 thermobalance has been described by
Cassel and Gray (56) and elsewhere. This instrument has been superseded by
the Model TGA7, which is essentially the same thermo balance cx.cept for the
external cabinetry and computer control capability (sec Chapter l2). The
thermo balance uses a servo-operated balance system, such as that illustrated
schematically in Figure 3.25, in which an electrical signal from an optical
null-detector (57) is applied directly to control the current in a torque motor.
The balance has prOVisions for digital mass readout using four-digit thumb
wheel.s and a two digit vernier with three fuU-scale ranges of 10, 100. and
1000 mg.

The furnace and sample holder arc shown in Figure 3.26. A unique feature
of this instrument is the small thermal mass furnace, which consists of an
aluminum oxide cylinder 0.5 in. in diameter by 0.75 in. in length, wound with
platinum wire. The platinum wire functions as both a heater and a tempera
ture sensor in a novel electrical design which ""time shares" the wire at high
frequency. Resistance (temperature) of the wire is sensed during one half of a
cycle and compared with the desired program temperature, Power is then
applied during the second halfofthe cycle to null the difference between actual
and desired temperature. Thermal (ags between heater and senSor are elim
inated since they are the same clement and coupling between ~he wire and
furnace body is via a highly conductive roaterial. Maximum temperature
of the furnace is lOOO"C. An automatic temperature calibration program
is built lniO the system 4 microprocessor controller; the system can be
calibrated in about 20 min.
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Figure 3.26. Perkin-Elmer TGS-2 furnace and sample ho:der (56).

Simultaneous TG and DTA may be performed on the Model STA-780
series of thennobalances. A cross section of the 1500cC furnace is shown in
Figure 3.28. The sample and reference containers are flat-bottomed 6 mm in
diameter platinum crucibles. O. supponed on plate-type platinum-platinum
13%rhodium thennocouples, P. For use above loo0"C, alumina disks 0.1 mm
thick are inserted between the crucibles and thermocouples to prevent high
temperature welding. The furnace is noninductiveiy wound with platinum
rhodium alloy, W, wire permitting maximum temperatures of 15OO'·C.
Cooling time for 1500-600"( is said to be approximately 10 min, ifthefurnace
is lowered from around the sample container; programmed cooling at a
IO"Cjmin rate can be maintained down to 120°C.

Figure 3.~7. Schematic diagram ofStan:on Redcroft ~ode! TG-750 thennobalance.

7. Rigaku Thennobalances

Several models of thennobalanccs arc available from Rigaku, the two of
interest here are the OM TGjDTA system and the rapid heating thenno
balance. The latter uses an infrared imaging furnace capable of heating rates
of 18oo°Cmin. A schematic diagram of the OM TG/OTA system [s shown in
Figure 3.29. This system is based on a newly designed double beam balance
which is said effectively to cancel buoyancy. convectIon, and therrno
molecular flow effects. common to single beam balances. The balance has a
maximum mass capacity of 200 mg with weighting ranges 0.5-200 mg full
scale. Two furnaces are available with maximum temperatures of 1000 and
15OO"C, rcstlcctively. Heating rates are I 999°Cjmin or h.

The rapid heating thermobalance employs a conventional single ~ea~
microbalance of the taunt-band suspension type. Maximum mass capacity \s
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~igure 3.28. Cross sec~ion of StallIon Rc<lcroft TG·DTA IS()()"C [u:r.ace.
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Figure 3.29, Schematic c1agra:TI of lhe Rigaku DM TGjDTA system.

8. SETARAM TbermobalaDces

Perhaps the :nstrument manufacturer with the most models of thermo
balances and other JA instruments is SETARAM. Thermobalances for
simultaneous TG-DTG-DTAftEGA measurements in the temperature range
from - 196 -2400°C are available, using either the L-ginc-Eyraud B.70
balance or the MTH microbalance. These two balances are illustrated in
Figure 3.30. The L"gine-Eyraud balance is a knife-edge beam type in which the
sample is suspended on one end and a weight compensation system on the
other. Max::num mass-load is 100 g with sensitivity of 10- 5 _10- 6 gig of
load. Ten mass ranges may be recorded, 75-3200 mg full scale. The balance
may be used at pressures from 5 x 10- 6 Torr to 0,2 bar.

The MTB microbalance is cylindrical in shape a:1d is :nounted on a metal
base that serves as a "pumping block." It has a symmetrical beam type
suspended on a :aunt-band. Depending on the :nodel, maximum mass
capacity is 10,50, or 100 g, with mass sensitivity of 0.4 10 Ilg. The balance
may be LIsee. at pressures from I atm to 10- 6 Torr.

5 g, with a sensit:vity of 10 J1.g. Full-scale mass :-anges that can be employed is
! -500 mg. The maximum operational furnace temperature is 1200°C, using
the infrared imaging principle, or heatIng or cooling rates of 1 999"C/min
or h, using the temperature programmer.
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The conversion of Cahn eiectrooaJances to thermobaJances has been dp·
scribed by a :lumber of investigators. For the Model RG baJance, mentior.
should be made of the instruments described by Gulbransen ct at (41,.
Feldman and Ramachandran (42), Pedersen (43), Etter and Smith (4"7,.
and numerous others (5~1; the Model R:vI is described by Scott and Harrisor
(44); and the Model RTL is described by Bradley and Wendlandt (45) anc
others (46).

The hangdown :ube and furnace assembly used by Etter and Smith (47
is illustrated in Figure 3.31. A smail platinum resistance heater locater
inside a relatively short quartz sample rube is used as the furnace. Th
temperatur~sensingthennocouple is located inside the furnace chamber witr
entry into the chamber from the bottom. This design is similar to that of th.
Perkin·Elmer thennobaJance.
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Figure J.JD. Scbema[:c diagram of SETA RAM balances. (aJ t..:!tine·Eyr.l~d B.70 ha:nnce:
(hl MTB microbalance.
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1. Quartz Balances 2. Automated Thennobalances
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Figure 3.32. An all[oma:ea :hermoba.ance. (I'I Balance. furnace. J:1I1 ,ample i:ha:1ge'
:nechanis::l:- (/)1 furnace and sa~ple bo;der :50). luI A. gas !i,w.-mc:er: B. ;':Hr.Uc-e: C. "Imp.'
bolder di,k: D. cnolir,g ~an. E, Cahn \lOllei RTI. recording bu.am:e: f. balance piaLfor",.
(h \ A. gas i:\lel '.\.:oe: B. ·.he:~cc·Ju?les. C. furnace bealer w:ndi~g' ac.d :nsuIDLlC'n: O. ,amp!
con:air.er: E. ,ample·holder d:,k: F. ".r"mic s:lmpk I',ooe.

Tbe modern thermobalance is an automatic instrument in that the mas!'
change of a sample can be ~ccordcd over a wide temperature range. Litt!
attention has been given to the introduct~on of a new sample automatic-dll'
into the furnace chamber or of studying multiple samples in a scquentia.
manner. The automated instrument (45, 50) is capable of automatic samp!.
changing and temperature programming. Eight samples, contained in th~

rotatable sample holder disk, can be studied in an individual manner. 1'.

schematic diagram of the balance, furnace, and sample changer mechanisrr::
is shown in Figure 3.32a, While a diagram of the furnace and sample holde:
configuration is given in Figure 3.32b.

The thennobalance is conventional in design in that it consists of a tor
loading recording balance (Cahn Model RTL balance), a Leeds and Northrur
four-channel multipoint potentiometric recorder (0-5 mY full scale), <
smail tube furnace, a sample-changer mechanism, and an automatic furnace
temperature programmer. Perhaps the most novel feature oftbe instrumen:
is the automatic sample-changing mechanism, which opera:es in the follow
ing manner: The samples to be investigated are placed into small cylindrica.
platinum comainers, Figure 3.32b lDl. 5.0 mm in diameter bv 2.00 mm 1

(3.2)
m

I\mN
f

The use of resonating quartz crystals for mass-change determinations is
very attractive because a sensitivity of about 10-: 2 g/cm 2 is feasible. Mass
determinations with resonating quartz crystals have been di'icuss.ed by Plant
(48) and Van Empel et al. (49). Tbe principle (49) of the determination is
based on the relationship between the variation,l\J, of the resonant frequency,
f, and the mass added, ~m, or

where m is the effective mass of the quartz between two electrodes. Measure
ment must be made at a fixed temperature due to the variation of the fre
quency with temperature. At relatively high temperatures, a variation of
tOC corresponds to a relative frequency change of 2 x 10- 6, which results
in an apparent mass-change of 8 x 10- 9 g. However, by use of a dual
electrode system in which one electrode is used for temperature sensing and
the other for mass-changes, a resonating quartz balance Can be construr.;ted
(49).

Another approach is to use a thin quartz fiber. 5 . 20 J1 in diameter and
about 1 em long, covered with a thin coating of evaporated gold (48). The
fiber is held rigidly at one end and rests between two parallel metal plates to
which a de potential is applied. When an audio frequency signal is applied
to the fiber, it displays vibrating reed resonances whose frequency depends
on the physical parameters of the fiber. If mass is added to the free end of the
fiber, the resonant frequencies shift downward, being dependent On the
amount of mass.

Other types of balances using quartz crystals have been described also
(48).

The first application of a quartz crystal for use as a nonisothermal thermo
balance was reported by Henderson et al. (66). This was accomplished
through the use ofa minicomputer to characterize the temperature-frequency
relationship for the crystal and to correct numerically tbe frequency-tempera
ture-mass relationship to obtain the TG curve of the sampIe. One advan tage
of such a system is that very fast heating rates may be employed due to small
sample size (1-40 J1g typical) and high sensitivity. Thin films of sample exhibit
rapid gas diffusion and thus permit thermal equilibrium to be maintained
at heating rates of l00'C;min or greater. Applications of this t~ermobalancc

include the evaluation of thin films and coatings as well as various polymer
studies of pyrolysis, flammability, and so on.
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Figure 3.33. \1ultisample ....i~ing. baiance of Ferguson e: a:. 15;), (al Sa~plc car,;e,: (h1
5chemalic diagram of ha:ance.

flat !Jorizontai heads by spot welding. The sample weighing is carried Ollt by
lifting a sample ofT the carousel beam by engaging the car~ier with the grab.
The carousel mechanism is mounted so that tr.e sample carriers. which rcst
in V-blocks ncar tbe e:Jds of the radial arms. pass through the grab at the
appropriate stage of the weighing cycle. When six -,umples have passed
through the grab the rotation of the carousel stops with the seventh sample
in position for weighing. The radiai unns are lowered so that the head of the

~b)

Grab

(aJ

Hold.r

height. Eight such containers are placed in the circular indentations cut in
the periphery of the O.25-in.-thick by S.O-in.-diameter aluminum sample
holder disk, Figure 3.32b (E). The sample t:ontaincrs are positioned directly
below the opening of the tube furnace, Figure 3.32h (e), by the rotation
of a small electric motor comtccted to a microswitch which is tripped by an
indentation in the circumference of the disk. The positioned sample is picked
up by the ceramic sample probe, Figure J.J2h (F), which is attached to the
beam of the balance. Morement of the entire balance and the balance plat
form, Figure 3J2a (E and F), is controlled by a motor-driven screw in the
base of the platform. The motor is reversible so that the platform can be
raised or lowered, with limits of movement in both directions controlled by
microswitches. After the sample is positioned in the central part of the
furnace, the furnace is flooded with nitrogen Or some other gas and the
furnace temperature programmer is activated. Once a preselected furnace
maximum temperature limit is attained, the balance is lowered and the
s~mplecontainer is retained by the sample-holder disk. The disk then rotates
to position a new sample at the base of the furnace. A cooling fan, Figure
3.32a (D), is activated, which cools the furnace to a preselected lower tempera
ture limit, at which point the entire cycle is repeated, using a new sample.
The heating and cooling cycles are performed on eight successive samples.
Each sample is preweighed into the sample containers using a Mettlcr
semi-microprinting balance. The individual sample containers are tared
to within :L 1 mg (empty weight \s about 130 mg); each sample is kept under
10.0 mg so that the recorded pen deflection remains on the recorder scale. The
recorder mass range is 0-10 mg at 1.00 mgJin. on a IO-in.-wide chart; a
chart speed of h or t in./min was normally used.

The obvious advantage of the automated thermobalance system over
existing instruments (s the ability to determine the mass-loss carves of eight
successive samples. Operation of the instrument is completely automatic,
and once the cycle is begun the instrument does not require the attention
of the operator until the eighth sample curve is completed. The instrument
should find use for the routine TG examination ofa large number of samples.
each to be studied under identical thermal conditions. Because the system is
completely automated, data reduction or control by a small digital computer
could easily be accomplished (see Chapter 14,)

A somewhat different approach was taken by Fe~guson et al. f51\ in which
they described a mUltispecimen weigbing device which was capable ofstudy
ing samples over long periods of time. The samples were heated in flowing
CO rCO-Oz atmospheres in the temperature range 620-770' K. The sample
carrier, which is attached to the "carousel"' beam of the balance and the
carousel mechanism, are shown in Figure 3.33. '

The carriers were constructed of punched ;1ickei sheet and were :itted with
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3. High-pressure Thennobalances

Figure 3.34. Scheclllltic cillgra:n of the !::gh-pre-;sure \!:em:l1balance enc!osu,e. A. end pia:e
w,th threaded opening for gas :n!et St~ing: B. Buna-S O-r:ng: C. pressure cel:. D. high-pressure
connector for controi cable: E. balance movonwnt: F. furnace chamber: G. ~'lJr:lace thermo
couple: l/. furnace heater wire in :'v1arinite insulation; J. helldrive bolts: K. end plate with
threaded opening for ga$ outlet SUing (6g).

ar.c

4. Thennomolecular Beam Analysis

free movement of the sample beam and container from the taunt-bane
movement balance mechanism, Several procedures were described fo
correcting the change of buoyancy of the system as the pressure was changec.
within the chamber.

A high-pressure enclosure for the Cahn 1000 clectrobalance, for use a
pressures up to 1500 psi, is available from Cahn Instrum~nts_The enc~o~ure

is machined from two pieces of stainless steel and contams no weld JOint::.
Optional accessories include a reactor and counterweight chambers ane
a-ring sealed couplings.

Combining a high-temperature X-ray camera with a thermobalance I.

difficult due to geometrical and focus problems..However, Wiedemann anc
Bayer (61) have described such a technique in which high-temperature X-ra'
diffraction patterns and information about its mass-loss can be obtamed or.
a single sample. This new technique, which they called thermomolecula:
beam analysis (TMBA), is illustrated schematically in Figure 3.35. ~

Figure 3.35. Thermoletu:ar beam unaiysis apparatus. ;]s described by Wetdemann
Bayer (61).
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sample carrier is completely supported by the grab. This position is held
for 90 sec while the balance settles and the sample mass is recorded. The
radial arms are then raised to reengage with the sample holder and lift it
clear of the grab before the carousel rotates once again to bring another
sample to the weighing position. Twenty samples may be heated at one time
in which each sample is weighed once in a complete cycle lasting 1.5 hours.

Ghodsi and Neumann-Tilte (63, 64) constructed an isothermal balance with
two symmetrical pans for usc in the hydrogenation of coal chars to pressures
of5 MPa. Provision waS made for the trapping ofcoal tar and other pyrolysis
products that could be analyzed by gas chromatography. .

Asimilar symmetrical two-pan balance for use up to 3000 bar was descnbed
by Sabrowsky and Deckert (65).

Williams and Wendlandt (68) have described a high-pressure thermo
balance based on the Du Pont :\'lodel 950 balance and capable of operation
at temperatures of 500a C and 500 atm pressure. A schematic diagram of the
balance enclosure is shown in Figure 3.34. The balance chamber was
machined in the fonn of a cylinder from stainless steel. The furnace was
insulated with Marinite which was machined to fit inside the pressure vessel
and extent from the inner plato to the front of the balance housing. Provision
was made for fitting the furnace within the insulated chamber and permitling
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5. Vapor-pressure :'\]edJods Using a Thennobalance

The apparatus used by Wiedemann 1601 to obtain the Knudsc:J effusion vapo'
pressures of various inorganic and organic substances is shown in Figur
3.36. The KDu~s;n effusto~ method is useful for the measurement of vapo·
pressures 1 10 Torr. Usmg a thermobalance, one can obtain the efTusior
rate, 11m!l1e, directly from the change :n mass of the sample. while the furnac~

is maintained at some isothermal temperature. The choice of effusion ceil usel.
(see Section A.3) depends on the temperature range :0 be studied, glass O'

aluminum cells at low temperatures and noble metals or ceramics at highe:
temperature. The system in Figure 3.36 uses a thermostated reaction ehambe~

employing a heated liquid. For higher temperatures. this is replaced by Eo

furnace that can be isothermal!.. controlled
Ferro ct aL (67) used a coupled torsion~Knudscn effusion apparatus t(

measure the vapor pressures of 0-. 111-. and p-chlorobiphenyls. The apparatu:..
as sh9wn in Figure 3.37. consists of a conventior.al torsion-Knudsen cffusior

I . !

~
Vacuum----.,,,

F,~ ~ -
rF ~ .~_c
i I ·.~L ,
E~ .!L [I

I .. J j
_I • ._•••__

F:gur. 1..17. Coupled lnr';,on-Kr,ut.:""~ df",IL,n ilpparalu< "' ~erro .1 .Il. l~;' 1\. c,ce:rL
bal;!nce: B. '''''gslen lOrsi"n wIre: C. re~o!\:l"'o< 'f;':TI'r: I). ~r;lklnl( d''''': E. 1\'r'1<1". cell: F. IWI:,
cell: G. Ihcrnt1Sw;;c sand b:\;h . -

powdered sample is mounted on a platinum wire mesh sample holder in the
X-ray camera. On heating, the thermal decomposition gaseous products
pass from the camera to the thermo balance via a vacuum-tight tube. The
evolved gases form a moiccular beam, which is direc~ed at the empty sample
container of the balance. Due to the special flat shape of the inlet orifice and
of the balance pan, the arriving molecular bounce back and forth several
times before they are removed through the vacuum system. The force of the
impacting molecules is proportional to the first derivative of the mass change
with time. Thus, the peak area of the recorded curves is directly proportional
to the total mass-change of the sample. A mass spectrometer, connected to
the system, is used to identify the gaseous molecules evolved from the sample.

"'gure -:::'0. "ppa:atus csed by Wiedemann 1601 for Knud,.n cffuSicr. 'dpor-prc"'Jrc
;easur,,:.•ents. A, Knud.len cell: S, cold lrap: C. :omza::on ga"ge: D. balance .md housing.
-. diffUSiOn pumps: F. lhe~oslal,cally cor.lrol:ee reac:ion charr.ber.
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apparalus, suspended under vacuum from one pan of a Cahn RH electro
balance. A thermostatic fluidized sand bath, controlled to --!- O.2"C, :s used to
heat the reaction chamber. The temperature of the cell was measured by a
calibrated iron-copper thermocouple inserted in a cell similar to Ihe effusion
one and placed at the same position. The mass-Joss. determined by using the
eiectrobalance, corresponded to vapor pressures of about 10-' kPa.

6, ;\IJjscelJaneous

Bart et al. (62) have described the enclosure ofa Mettler T A·l thennoanalyzer
in a sealed system in order to permit the examination of samples containing
alpha and beta/gamma emissions. Samples containing plutonium and uran
ium may be studied by TG wilh no radiation hazard to the operator. All
balance components could be reached through glove ports.

REFERE~CES

1. Ll.Ikaszewski, G. M .. and J. P. Redfem. Lab. Pract., 10.469 (1961).
1. Gordon, S., and C Campbell, Anal. Chern., 32. 2.71 R 11960).
3. Wk-dcmann. H. G., Acherna Congress, r,ankfun, Gem:any Iune 26. ('164.
4. Erdey, L., F. Paulik, lind J. PaUlik, Mikrochim. Aaa. 1966.699.
5. Paulik, F., J. Paulik., and L Erdey, 1i.llanta.. 13, 1405 \19661.
6. Wiedemann, H. G.. and H. P. Vaughan, Thennochim. Acta. 3, 355 (:9721.
7. Gam. P. D., and J. E. Kessler, AnaL (hem., 32, 1563 ([960).
8. Forkel. W~ ,vaturwissenschaften, 47. to (19601.
9. ~ewkirk, A. E., Thermochim. Acta.. 2,1 (:971).

to. Paulik, F., and I. PaUlik, Thmnochim.."era, 4, 189 (1972~.

I!. Elder, J. P., Thermochim. Aaa. 52. 235 (1982).
12. Stewart. L- ~" Proceedings of the TIIird Toronto Symposium on Thermal .-illuh·si.~.

H.~G: McAdie, ed.. l:hemical ):Jstilute of Canada, Toronto. February 25 26. 1969'.
p. ~O~.

13. Mar-cite. E. P., and B- Carroll. Rei'. Sci. Instr., 35. 1486 11964).
14. !'Iorem. S. D.. M. J. O'Neill, and A. P. Gray. ProceeJin<)s '~f the Tllird '1oronlo

Symposium I)n Thermal Allallsi.>, H. G. ~cAdie. ed.. Cr.emical [nst:tulc olCanada,
Toronlo. February 25 ·26, 1969. p. 221.

15. "orem. S. D.. \-1. J. O'Neill. and A. P. Gray. TJumllodllltl ..·kla. 1. 29: :970J.
In. Duval. C. -tIll/I. C;,,'m., 23. l27lI195l}.
17. Lew:n. S. Z.. J. Chern. EJur.. 39. A575 ;: 9621.
IK Jacque. L., G. Guiochon. Jnd P. Gendrd. 81dl. S(lL Oeml. r""'I'·'·, 1961. Ill6:.
I'). Saito. H., in TI"'rma} AII(/I.I.~i"\. R. F. Schwenker ,md P. D. Garn. ~J~.. Al'auem:-:.

:-';ew Yark. 1960), p. : i.

20, Yaughan. H. I'. Am. Lrrh.. Iar... IOi1970l,
21. Wendlandt, W W.. I..<.1I'. ,~lww!jl·""'I1/. O~: .. :611%51

22. Wendlandt, W. W., J. Chern. Educ., 49. A57!, 1\62.3 1:971).
23. Duwl, C, Inorganic Thermogravimetric Analysis. Elsevie'. Amsrerda:n. 1953.
24. Duval. C, lrrorganie Tltermogravimerric An.aiysi.s, 2nd ed" r.;sevier, Amsterdam,

1963-
15. Gam, P. D., Thermoanalytical Methods of IIIl,estlgatio/l., Academic, New York.

1965. Chap. 10.
26. Keal!cb, C, An lnrroduction to Thermogracimetry, Heyden, London, 1969.
27. Anderson. H. C, in Technique Illld Mechods of Polymer Era/untioll, P. L Slade und

L. T. Jenkins, eds., Marcel-Dekker, ~ew York. 1966, Chap. 3.
28. Wendlandt, W. W" in Handbook oj Commercial Scierrri/ic Instrumenls, C. Vci;Jon

and W. W. Wendlandl. eds.. Marcel-Dekker, :-Jew York, VO;.1 i ~973).
19. Salta, H., Thermobalance Analysis, Gijitsll Shain, Tokyo, 1962.
30. Honda, K.• Sci. Repls. Tohoku Univ., 4, 97 (1915).
31. Guichard, M., Bull. Soc'. Chirn. France. 33,258 (19231.
32. Vaile!, P.. Bull. Soc. Chim. France, 3, \03 (1936).
33. Dubois. P., Bull. Soc_ Chim. France, 3, : 178 (l936),
34. C;:hevcnard, P.. X. Wache, and R. de ia TuHayc. Bull. Soc. Chim. Frallce, 10,41 {19441.
35. Paulik, F., J. Paulik., and L. Erdey, Z. Anal. Chern.. 160, 241 (l95S1.
36. Sarasohn.1. M., and R. W. Tabe1ing, Pittsburgh Conference ofAllall·tiCal Chemistry

and Applied Specrroscopy, March 5, 1964.
37. Williams. H. W. Thermochim. Acta, 1, 253 :19701.
38. Wii1:ams. I. R., E. L. Simmons. and W. W. Wendlllr.cr. Tilermocj,im. Aela.. 5, ] 01

f19721-
39. Chill, I., ,1/1<1/. Chern., 39. 861 (1967).
40. Paulik. L F. Paulik, and I.. Erdey, Anal. Chml" Acta. 34, 4] 9 11966l.
41. Gulbransen. E. A.• K_ F. Andrew. and F. A_ Brassart, in Vacuum .\licroba/a'lce

Techniques, P!enum, New York, 1965. Yol. 4, p. 127.
42. Feldman. R. F.• and V. S. Ramacha.ndran. Thermochim. Acta.. 2, 393: 1971).
43. Pedersen. E.. J. Sci. Insrr., 1, 1013 119681.
44. Scott. K. T,. :Lnd K. T. Harrison. J. Nud. ,'Y[ater.. 8. 307 (:9631.
45. Bradley. W. S.. and W. W. Wendlandt "1 lIa I. Chern.. 43.2:] (197;1.
46. Cahn E!~irobalance Model RTL. Instructions ~o. 2006, Cahr. InSUur:1enL Co.
47, Et~er. D. and W. H. Smith. J. Chem, J:'due .. 49. 14J t197::'.l,
48. Plant..-\. F., Industrial Res., Iuly, 3611971 ).
49. Van Empel. F. J .• E. C. Bailegooyc:l. F. Boers:na and J. A. 1'01.:1:,. Tltermochim.

.-ina. 5. I~9 i 19n).
50. Wendiandt. W, W .• Cilimill. 26. I [197J1.
51. Fe~guson. J. ~., p, M. Livesey. and D. Mortimer. lr.ternallonaJ Con:'ederation "1

T~ermal Analysis Ill, Davos, Switzerli.!.nd. A',lg. :971. P~pt:r l.
52. Wendlar.dt. W. W.. Anal. Citim. Acru. 49. :85 i 19701
53. \1l'Gilie, A. R., ,4/1(11- nem., 55. 987 (:9831.
5.:1. \ikGhit:. A. R.. J. Chil!o f>. G. Fair, and R. L Bl:Ji:1e. Thl.'.'1!Ilxhim. .~r!tf. 67. J4!

(19831.
55. Blai:1c, R. L., tlnd P. G. Fa'r. Thermodrim. ..krl~ &7.2)1 (,983,.
56. Ca~ser. R. B.. and 4.. p. G,ay, TilermoliJlr>l. .-let,l, 36. ~6j (:980:
57. Ew:ng. G, W., J, Chem. £dllt·.• 53, A:!52 (;9761.



136 THER."'OBALA:-;CES A;'I.lJ ACCESSORY EQl.:JPME:-;T

61.
62.
63.
64.
65.
66.

58. Kaplan. J, J. M.ar~ton, and D. Wei~e, Amer. Lab.. Sept. 1980, 107.
59. Wendlandt, W. W, Thertl'!ochim. Acra, 50,7 (1981).
60. Wiedemann, H. G~ and G. Bayer. Topics in Currenr Chemislry, Voi. 77. Springer

Verlag, Ber:in, (1978),

Wiedemann, H. G., and G. Bayer, Z. Anal. Chern" 266, 97 -109 (1973).
Bart, G., F. Petrik, E. Sprunger, and P. Gritsch, Thel7l1ochim. Acta., 52, 169 (1982),
Ghods~ M., and C. ~eumann-Tilte, Thermochim. Acta, 62, I (983),
Ghods~ M., R. Dcrie, and J. P. Lempereur. Thermochim. Acta, 28. 259 (1979).
Sabrowsky, H.. and H. G. Deckert, Chern. / ng. Tech, 50, 217 (1978).
HenderSOEl, D. E., M. B. DiTaranto, W. G. Tonkin, D. 1. Ahlgren. D. A. Gatcnby,
and T. W. Shym, Anal. Chern., 54, 2067 (1982).

67. ferro, D., V. Piacente, and P. Scardala, Thermochlrn. Acta 68 329 (1983).
68. Williams, J. R., and W. W. Wendlandt, Thermochirn. Acrd, 7.'253 (1973).

-''1'.
CHAPTER

4

APPLICAHO-"lS
OF THERMOGIUYl~IETRY

1\. Il\TRODCC--nO~

Th~ method of thermogravimetry is basically quantitative in nature in
that the mass-change can be accurately determined.. However, the tempera
ture ranges in which the mass-changes occur are qualitative in that they
dep<:od on the instrumental and sample cbaraf..1:cristics. With the wide use
of c~mmercial thermobalances, TG data of a sample can be correlated from
laboratory to laboratory if similar conditions of pyrolysis are employed.

Thermogravimetry is widely used in almost all of the areas of chemistry
and allied fields. In the early 1950s it caused a revolution in inorganic
gravimetric analysis, and if a similar analogy can be used in thc 1960s, the
revolution occurred in the Held of polymer chcrnistry. Equally important
has been the application ofTG techniques to applied science problems such
as the characterization of various materials used in road construction,
determination of moisture contents in a wide variety of materials, and
numerous others. As will be seen, TG is almost universaily applied to a
large ;lumber of analytical problems in the fields of metallurgy, paint and
ink science, ceramics, mineralogy, food technology. inorganic and organic
chemistry, polymer chemistry, biochemistry. geochemistry, and others.

The application of thermogravimetry to a particular problem is possible
if a mass-change is observed on the application of heat. If no mass"change
is observed, then other tbermal techniques such as DTA, DSC. TMA, and
so on, may have to be employed. If the mass-change :s very small l < 1%),
then perhaps other techniques such as evolved-gas :malysis (~GA) may be
more usefuL Mass~changes (generally mass-losses) which can be detected
by TO lechniques are summarized in Figure -t, I.

Some of the many application of thermogru\imt::try ~re listed as follows:

f
I.

2.

r 3.

:-i

~

Thermal del:omposition of inorganic. organic. and polymeric sub
stances.

Corrosion of metals in various atmospheres at elevated temperatures.

Solid-state reactions.

137



APPLICAT10"lS OF THERMOGRAVIMETRY APPLlCATlOSS TO CLAYS A"ID Mt~"ERALS

'J.
""EIGHT

LO$S

~EHYDIiATIO"

OF METAL $ALT

~CO""FOSlTIOh
OF METAL $ALT

REDlJCl"O~

OF METAL OlCIDE

~-
o

- AI~ ATt.40SPHEIIE --~ HVDtlO<lEN An.t05l'HE~'-

~ ~ ~ 0 ~ ~ W
TE.... PERATl.'lE 'c TIME (MINUlB)

Figur.e 4.2. TG curve of [he fl>rmaLion of a "'i1AI,O, catalyst by direct reduction or
~i(NO,hiAll03 a1600'C (130),

Solid - Gas
Solid, - Solid, + Gas

Gas + Sollo, - SOlid,

Solid, f Solid, - Soiid, • Ga.

Kn~,"T1nu ~nn CalClnlnQ' O( nunerals.

, lOgeS detectable by TO.

.-nd. evaporation of liquids.

coal, petroleum, and wood.

In ot mOIsture. volatiles. and ash COntents.
DOratiOn and sublimation.

1 ne many applications 01 rnermogravimetry have been reviewed or
umerous reviews and books. Mention should be made of the

,,-,,,,, '"Y''''' aaicles by Gordon and Campbell (I), Duval (2), Coats and
.edfern (3), Lukaszewski and Redfern (4) and biennial reviews by Ylurphy
5. 6), Toursei (7), and Wendlandt (88, 138, 139). Relevant books or book
:hapters include those by Duval (8, 9), Wendlandt and Smith (10), Wend-

. . jerson (12), Doyle (13), Barrall (14), Liptay (15), Reich and
.iedemann and Bayer (72), Daniels (140), Kcattch and Dolli

lptay \ IJ}, I:aul ik and Paulik (142), and many others.

B. APPLlCATIO:'i TO CATAlYSIS

,as described how TA techniques can be used to optimize the
penormance of various catalysts. The ability to study the eiTect of variables
such as catalyst composition. temperature, and gas flow rates on ~he ~eaction

ratcs can be obtained quickly and cheaply prior to large-scale studies. TG.
for example, may be used to study the optimum methods for the preparation
of ,he cataiyst, as shown in Frgure 4,2 (130). The catalyst is prepared by

impregnating the support material with a solution of the metal salt. Mte"
dehydration and calcination of the metal salt, the atmosphere of the furnace L
changed to hydrogen to form the finely divided metal. Conditions of heating
rate, gas flow rate, and temperature range associated with each step can ~~

easily varied and the effect on the surface area determined.
The mass-gain of a catalyst as it absorbs a gas can be continuousl

monitored by 1'G. The gain in mass at any temperature is related to th.
number of occupied active sites. 1'G can also be used to determine thc surfac~

area of supported catalysts from the mass-gain at a temperature that give,
monolayer surface coverage (130). Catalyst poisoning can also be :nonitorec
from the mass-gains of the catalyst. Reactions involving organic material~

frequently deposit coke and sometimes sulfur on the catalyst surface. Wher
deactivation has occurred by water adsorption, TG can be used to determine
the mass-loss associated with reactivation.

Gallagher et al. (131) used TG and other TA techniques to study :he pre
paration and performance of pcrovskite oxidation catalysts, La: _.<MxM nOJ'
where \1 is Pb, Ca, Sr, or Ba and LaMn1-xCuxOJ+y are catalysts (132.
Pati! et al. (133) studied the thermal decomposition and cataJj'tic llctivity 0

BaxLni-xCoOJ, where Ln is La, ]\;d, Sm, and Dy.

C. APPLlCATIO:'llS TO CLAYS A:\D MI:\ERALS

Dunn (109) has summarized the major areas of application ofTG and othc~

TA techniques to clays and accessary minerals. These applications indud::
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Figure 4.3. TG c~rve of bolir.ile 5landard (II: 1.

1. Assessment of raw material deposits through characterization, classi
fication, and analysis.

2. Investigation of the changes in the raw materials resulting from
industrial processing.

3. General problem-solving techniques used when difficulties are
encountered through changes in raw material, new technology, or :'lew
specifications.

The TG and DTG Curves ofa kaolinite standard. as determined by Earnest
(111), is shown in Figure 4.3. Sorbed water is evolved at tempcrarures up to
200'C; in tbis case, the amount is Q.2% of the total sample mass.. The dehy
droxylation reaction occurs in the temperature range of 400-700T. resu:ting
in a mass-loss of 13.8%. The DTG curve is similar in symmetry to .he DTA
curve peak. Experimental factors, such as hea}ing ~ate.larger sample-particle
size, and so on, can shift the peak minima temperatures.

Other kaolinite clays studied by Earnest (111) include hydritc L"F, Dixie
clay, and Peerless kaol:n. ~ontmori1lonite clay minerals han: also bee::!
ch aracterized by Earnest (112).

The application of the Derivatograph technique (TG, DTG. DTA. and T)
to numerous minerals has been described by Selmeczi (1 D'l.. P;lulik. et al.
applied the same technique to the determination of carbonate.. sulfate,
pyrite, and organic material in minerals, soils, and rocks (114\. h) drargillites
(115,116).

Mackenzie and Caillere (117) described the use of TG and oilier TA tech
niques to the qualitative and quantitative determination of clay minerals in
soils.

HofTman et a1. (28, 29) studied the thermogravimetry of soils.. relatively
pure clays, crystalline carbonates, and soils to Which kn09.11 :mlounts of
clays and carbonates were added. Sharp breaks were obsery.:d in the de
composition curves of relatively pure clay minerals at elevated remperatures.
which suggested the usc of thermogravimetry for the detennination of pure
clays and simple clay mixtures. The quantities that could be ciet.ermined by
this technique were water content, organic matter content, and inorganic
carbonates.

The decomposition curves of most soils showed horizont3l mass levels
starting at 150-180°C and extending to :n 0-240'C, indicaci..e of .either
hygroscopic moisture or hygroscopic moisture plus easily volalile organic
compounds. In general, the mass~loss values fell between those: obtained by
the Karl Fischer method and oven drying at 105'C. The organic matter
started to burn ofT between 210 and 240°C and was usually .;omp!ctely
burned off at SOO"c. In organic soils and those containing less Ihan 15%
clay, a relatively close estim;te of the organic matter could be made from the
mass-loss curve. When the clay content varied from 15-40~;" the loss in
mass at S{)lYC u5ually gave an estimate of the organic matter. which was in
satisfactory agreement with dry-combustion and wet-oxidatioo data. When
the clays contained more than 40% clay, it was not possible 10 distinguish
betwccn mass-losses due to decomposition of organic matter and those due to
the elimination of the lattice water of clays. This work also su~gests that
the lattice water in the pure clay samples can be quantitati\el~' d.:te;mined.
Because the lattice water came off at diiTere:1t temperatures wilh different
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TG and DTG has the capability of providing accurate quantitative deter
minations, provided that a single stoichiometric reaction of the clay or
mineral occurs in the temperature range of interest. Thus. the mass-loss due
to the dehydroxlation of clays (see Figure 4.3) can be used to determine the
clay content of a mixture. When overlapping mass-losses occur, isothermal
intervals can be employed to resolve the separate reactions, as in the deter
mination of alunite and kaolinite in alunitic clays (l10) and MgCOJ and
CaCOJ content in dolomites.

Kaolinite is one of the most important days in industry. It is used as a
filler in paper and is also extensively used in the rubber and ceramic indus-'
tries. The clay is found as a secondary mineral formed by the weathering or
hydrothermal alteration of aluminum silicates, particUlarly feldspars.
Kaolinite occurs naturally in almost every country of the world.
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clays, it may be possible to use these tempera.tures as an additional means 01'
identification and characterization.

Mulley and Cavend\sh (30) found that TG could be used to .analyze
mi)(tures of calcium hydrogen orthophosphate 2-hydrate (brushnel and
anhydrous calcium hydrogen orthophosphate (monetite) bas~d on their loss
of water on heating. The water lo~s on the heating of brushtte cQrresponds
to 2.5 moles per mole of compound, while the monetite evolves 0.5 mole per
mole of compound. The total mass-loss on heating a mixture of the two

compounds is

mass-loss due to
CaHP04,' 2H 20 = b = 0.06620%

and

mass-loss due to

CaHP04 - a = O.2617b%

The total mass-loss is

T% = Q.0662a -;.. O.26I7b

but b -= (100 -- a); therefore the total mass-loss is

(4.1)

(4.2~

(4.3)

D. APPLICATIONS TO fl'ELS

1, Coal

Thermogravimetry is apparently less frequently used to cha.racterize coal
than are DSC/DTA (118). The former has been found to be more useful as a
rapid and convenient tool for screening and proximate analyses of coal
samples. Use of TA techniques, including TG, in the characterization and
analysis of coals, oil shales, and oil sands has been reviewed by Rajeshwar
II 19). A typical TG CUrve of an Ohio coal sample, in nitrogen and in oxygen,
is shown in Figure 4.4 {I 18). In =titrogen, volatiies and moisture are lost at
temperatures up to IDOO°C; on changing the atmosphere to oxygen, fixed
carbon is burned off leaving the ash as residue. Thus, from a single sample,
usually 10 ·30 mg. Lhe moisture and volatiles, fixed carbon, and ash can be
determined. Typical analyses for these components on two coal samples are
showl') in Table 4.1 (1I8). These data agree within limits of experimcntal
error with those determined by the ASTM method. Particle size changes
did not result in systematic changes in the mass-loss plateau corresponding
to the moisture/volatile mattcr and fixed carbon/ash contents.

The proximate analysis of coal samples has also been described by Fyans
(122), Sadek aDd Harrell {\23), Earnest and Fyans (l24), Hassel 1l2S), and
others. Csing TG, Serageldin and Pan {1261 described the reaction kinetics
or the thenna! decomposition of coal.

From a plot of T versus a, which is a straight line, the composition o~ the
mixture can be read directly off Lhe curve. By a similar series of calculanons,

the analysis of three component s~stem~ could ?e carri~ out. .
High- and low-magnesium calclte mmerals. 10 addmon to ~rago~lte and

normal calcite, were analyzed by several different methods. mclu~mg -:G
(31). The results obtained by TG compared favorably with X-ray dllTractlon

and wet chemical analyses. ,
Paulik et al. (32) developed a Derivatographic method for the determIna-

tion of pyrites content in bauxite and c1a~ minerals. This me;,hod (;~utd .be
'.1sed to analyze the samples if they contamed more than 0,2% pyn.t~. ese
was made ofthe DTG curve, rather than the TG curve. for the dete~mmatlon,
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Table 4.1. TG and DTG Analyses of Coal Samples (118)
------ -------_.---

Sample ~um:'er

• OERIVATl'fE

·ooc"r---_~_

- - - -- --
1231 12321

- --
Parameters Ab B" Reponed i\ B Reported

------ -----
Volatiles -

moisture (wt.%)< 45.5 45.4 50.4 30.0 28.5 27.9
Fixed carbon

(wt.%)< 47.0 48.5 42.4 23.0 29.5 22.1
Ash (wt.%)· 75 6.0 7.2 47.0 42.0 sO.n
DTG peak temp

(Oe) 445 445 445 460 460 , 460

'!leating rate: WCC miIl-',
·Particle size: -250 ~ 300 mesn.
<Particl~ size; - 10 - 16 mesh.

2. OU Sbafe 5.iOCO 74G.OO -eoaao

\
I

I
I
1

.J
-.:4,. I

Table ·U. Correlation of lITG
Peak Area with Oil Yield for

GreeD Rher Shales (! :l0).

Fill"re 4-5. TG ar.d DTG curves or a Green River (Colorado} 0'\ ,~ale (I ~I)\.

The TG curve peak area can be correlated 10 the oil yield of the shale in
(L/tonne); Table 4.2 shows this correlat[on, which is based on the relation
ship (120), DTG area (wt%) = 0.115 oil yield (L/tonne). II is interesting to
note that a plot of DTG peak area versus oil yield extrapolates to \\ithin

~,\}

\1.1
13.9
;9~

~·1.0

31.9

DTG Peak Area
Iwt%l

44.6
83.4

124.7
170.1
208.9
~82.7

Oil Yield
(I Torme-:)

\

Oil shale b a sedimentary rock that contains both inorganic (mineral) and
organic (kerogen and bitumen) components. The oil is derived from the oil
shale by destructive distillation. Most forms of organic matter in the shales
belong to the exinite group of macerals. These are largely algol in origin
with lesser contributIons from spores, pollen, and cuticle ofbigher land plants
(120). Since thermal retorting is one of the most common approaches to the
processing of oil shales. TA methods, especially TG, are useful techniques
for studying this process.

Earnest (120) described the TG behavior of a sample of Green River
(Colorado) oil shale. Tbe TG and DTG curves, shown in Figure 4.5, indicate a
two-step mass-loss for shales from the upper and mahogany zones of the
Green River formation. Notable exceptions to this behavior are in shales
containing significant amounts or trona., dawsonite, and other minerals,
The initial thermal decomposition in the 300-550~C ~emperature range is
caused by the major kerogen plus bitumen pyrolysis. The second mass-loss
stage. from 650-800c C, is dlle primarily 10 the evolution of carbon dioxide
from the decomposition of carbonate mineral components. These mass
losses will vary with the amounts of organic and mineral components in the
individual shales. Although the carbonate components may be calcitic.
dolomitic. or ankeritic. they are not easily distinguished by TG in a nitrogen
atmosphere.



3. :YIiscelIaneous

-he thermobalance can also be used as a microdistiliation apparatus. as
Jescribed by Cassel et aJ. (127). Three materials, crude oil, light oil. and

ASPHALT
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ATMOSPHERE' FLOWING
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Figure 4,7. :'vl:crodistillution of petroleum productS usi::g T •

APPLlCATlO!'lS TO \:-;ORGA:-lIC MATERIALS

1. Alkaline Earth Halide Hydrates

E. APPLICATIOl"S TO !i'iORGA:"JIC ~IA.TERIALS

The alkaline earth halide hydrates and related salts have been studied by TO
and other thermal techniques under a variety of atmospheric and instrU
mental conditions. Csing the quasi-isothermal and quasi-isobaric techniques
in different types of sample holders. Paulik et aL (61) found that various hy
drate stoichiometries could be obtained. As shown in Figure 4.8. the inflection
points in curve (l) indicate the presence of CaBr;"2H 10 and CaBrl,H20. In
curves {21-(4). the ~nflection points correspond to CaSr:! -3H:!0 and

asphalt, were placed in sealed sample holders containing a pinhole vem ,
cover, respectively. The TO curves obtained for these three sample:,
illustrated in Figure 4.7. As expected, the low molecular weight iie.h
distilled between 100 and 330°C; the crude oil from 3OO-600°C; and tne
asphalt in the temperature range 2oo-650°C. It was stated that by using a
series of isothermal equilibration steps, one could obtain results that would
he more reproducible and independent of experimental conditions of sam ple
size. pinhole diameter, and nitrogen now rate.
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-'gure 4.6. Correlation between TO mass-loss a~ 500"C with I?i: y:e:d. Sa;np;es are: •.
.nvil Poir.ts, Rille. CO: 0, Logan Wash, CO; :::. Rock Spri"'gs. WY; A, VCr:'.ol. UT. The
,or bar denotes maximum mean deviation in TO vat"cs(12.1).

xperirnental error of zero oil yield for zero peak area. This implies that, for
.nis set of samples, the contribution to the DTO peak area by interfering
ninerals was very minor. The variation of oil yield with the depth of oil
hale seam can also be determined by this method.

Rosenvold et al. (121) proposed a similar TO assay method for oil shales
n which the percent mass-loss at 500cC could be used to calculate potential
Ji] yields in liters per tonne. The generality of the method is shown by the
Jlot of %rnass-loss versus oil yield in Figure 4.6. The four oil shale samples
Jsed came from dtff'erent sources in utah. Colorado. and Wyoming. A single
ine correlates the relationship between the twO parameters regardless of the
Jarticular location from where the oil shale originates. This confirms the
~xpectation that, for shales from the same formation. the indigenous kerogen
_llould be characterized by comparable H/C ratios and, consequer:tly,
:omparable oil/gas yield ratios. This curve also confirms the general validity
If the proposed TO assay method,

Earnest (128) studied the oxidative profllcs of several American and
.ustralian oil shales using TG-D1"O. For American and Canadian oil sands,
.osenvold et aI.1l29) obtained TG and DSC curves of bitumen extracts. The
~xtracts were heated in an inert atmosphere. yielding curves showing t!lat
.hermal decomposition takes place in two distinct stages, The Ilrst stage
'caches a maximum at about 350=C, whereas the second shows a rate mal\i
.num at 475T.
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and decomposed en :he thermobalance. from the resulting mass-loss curves,
:he amounts of calcium. strontium, and barium can be determined.

The mass-loss wrve and its first derivative (sec Chapter 2) of a mixL.lrc of
calcium, strontium. and hariL:m oxalate hydrates arc shown in Figure 4.9 .

From the curve, it can be seen that the decomposition processes arc going
on independently of one another. Betwccn 100 and 250

ce, the water of
hydration is evolved since each ion forms a metal oxalate l-hydr:J.tc. Accord
ing to the curVes of individual compounds, the water contents are lost in the

·C100
-------.~==~==::--:

200
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Figu..~ 4.8. Quasi-Isothennai-qua.~i-isobaric dehydration of CaBr,· 6H,O :n diffcre:lL
sampie holders (61).

CaBr2 ' H 20. The inflection point for the former stoichiometry shows slight
variations from that of the theoretical stoichiometry for this compound.
This is explained as follows: Since CaBr1 ·6H 20 melts in its water of crystal
lization at 35'C, a compact crust is formed on the surface of the compound..
frequently ruptured by the escape of water vapor. Thus, it is difficult to
ascertain if a compound with the CaBr2'3H 2 0 stoichiometry :s actually
formed or if it is an intermediate composition formed from the drying of a
iiquid phase. In each crucible type, the water evaporation took place under
different conditions, and hence there is a variation in the curve inflection
points.

Paulik et a1. (62) also found that anhydrous CaBr2 decomposed completely
in an oxygen atmosphere between 5OO-1000"C with the formation of CaO
and Br2' In a nitrogen atmosphere, 3% of the compound was evolved due to
sublimation at temperatures between 700 and lOOO°C.

The dehydration of CaX2 'nH 20 and SrX2 ·rzH20. where X = Cl-,
Br- and r- were investigated by TG and DTA by Buzagh-Gere et at. (63),
whereas Paulik and Paulik 164) examined the TG behavior of BaC1 2 '2H 1 0
under quasi-isothermal and q uasi-iso baric conditions.

-I

2. Alkaline Earth Oxalates

The determination of calcium, strontium. and barium ions in the prcsence
of one anothcr has been carried out by thermogravimetry by Erdey et al.
135.36), The ions are precipitated in the form of mixed metal oxaiate hydrates

~2 --2~ t.OC--5jO-SOO---:CU-O-:200
-e~t .. ·C
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and the amount of magnesium oxide by the dilTerence

e~peralu"e-

:Yla,,-k's. curve "r a mi.x\are of magnesium and caki ..m carbona\e preclp,::llC

wtMgOj "-' W1 - w(CaO) (4.7)

E

48C'

2l0'

. 1. .:l ._

I n~g

figure J.1O.
lV.eII137).

follo'l"ing order: barium. strontium. and calcium. However, under the
condi~ions of mixed precipitates, the decomposition of strontium and
calcium oxalates hydrates take place simultaneously.

After the loss of the water of hydration, the curve exhibited a horizontal
mass level from 25G-360"C, which \:orresponded to the composition for
anbydrous metal oxalates. Decomposition of the threc oxalatcs then took
place simultaneously. the process being completed at about 500',(. The
anhydrous metal carbonates were then stable from about 500-620°C.
followed by strontium carbonate, which also began to decompose in this
range and was completely decomposed at II00a C, at which temperature
barium carbonate began to decompose.

From the mass-loss curve, theo, the following data arc obtained: D, mass
of dry precipitatc at 100'C; E, mass of water of hydration; F, mass of carbon
monoxide formed by the decomposition of the anhydrous metal oxalates; G.
mass of carbon dioxide formed by tbe decomposition of calcium carbonate;
and L. the mass of carbon dioxide formed by the decomposition ofstronrium
carbonate. From these data, the amounts of calcium, C. strontium, S, and
barium, B, can be calculated :rom

Amount of calcium, C -" 0.91068-G

Amount of strontium, S = 1.9911' L

Amount of barium, B = O.58603·D - 1.9457·G - 25788' L

Assuming that the amounts of C, S, and B are unity, the error of the deter
mination was calculated as

The simultaneous determination of calcium and magnesium by thermo
gravimetry has been descdbed by Dupuis and Duval (37). Lsing the mass
loss curve of a typical dolomite sample. as illustrated in Figure 4.10, the
amounts of calCIUm and magnesium can be calculated. Lsing the principles
previously discussed under automalic thermogravimetric analysis, one tinds
that EF corresponds to a mixture of MgO and CaCD J and GH corresponds
to a mixture of ~gO and CaO. The difference, WI - \V 2 , is equai to the mass
of carbon dioxide evolved between 500 and 900"C by the decomposition ot
calcium carbonate. The amount of calcium oxide is then given by

~~=6E=f,F =f,G .,..,AL =0.1%
D E F G I. 0

(4.5)

14.61

3. Aluminum Oxide Precipitates

Although in 1949 Dupuis and Duval (24) studied the j)yrolysis of hydrous
alumina. All0J·'1H~O, prepared by using some 25 precipitaling agents,
more recent works by Erdey and Paulik {25) and :vlilncr and Gordon {26)

have raised questions concerning the low ignition temperatures obtained.
The minimum temperatures for ignition to AI 2 ()J. as found by Dupius and
Duval (24). were 180 (for bromine)· 1031 'C (for aqueous ammonia). L:t:le
agreement was found with these results by Erdey and Paulik (251 in thal
;05: of the samples were still losing mass at IOOO'C the maximum tempera
lure of the Derivarograph. Milner and Gordon (16) recommended that a
mir.lmum temperature of 1100' C be used for aluminum oxide precipitates
~hat are to be igniled and wcighed by conventional let:h~iques. The lalter
l:ondusion is based partiaily on the results in Table·U. The re~ulls show t~al

lhe minimum CO/H't'nfiomd Ignition lemperature is I hour at 1100 C. follo\Vi~g
charring of the filter paper. If [~e sulfale ion is prese:lt. as in the basic sulfate
method. an even higher temperllture is :ndicated.

Duval (27) maintains that ift~.:~ample is to bt.: heoled. ~ooled. und weighed
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Table 4.3_ Effect of Ignition Temperatures 011 the Weights of Aluminum Oxide Pre
cipitates Obtaineil by Different Methods (:'6)

-- -- -- --_.
Percent Excess ~ass over Final Reference Value

-- --
Melhod A Method B Me:hod D

, l; rea-Basic I1.: rca-Basic ;AmOloni!:J:1
Sulfate Succi:1a:e ~lelhod C Hydroxide

Temp.' Method) Methodl It.:rea .'v!ethodl" Method)
'C 1.%) (%) (%) 1%)

--- ----
650 19.2 1.9 J.l 45
800 98 :U 1,7 2.4
950 3.4 1.0 I.D 1.2

lIDO 0.6 0.0 0.0 0.2
l2DO 0,2 0.0 0.0 D.;

12nd hour) Ret. vallie Ref. value Ref. vallJe Ref. value

t;

t.

a ::i'c.: c w15kers

1

I
I
I' em

'A.fter cbarring of the filter paper, the precipita:es wete ignited at 500·C ior S ~ ~e:"ore being
ignited (or I b at each of lhe slllled temperlllures.
·Cbloride. but :l01 sulfate or SUCC;:I3te. was preSent.

outside the thcrmobalance, it is necessary to ignite the aluminum oxide to a
higher temperature such that it will not be hygroscopic while it is being cooled
and weighed on an anaiytical balance. It was stated that, using automatic
thermogravimetric anaiysis, this SlJl1rce of error was elimina.ted, and that the
lower temperatures can be employed. Duval (27}, however. does nol com
ment on th~ different curves presented by Erdey and Paulik (25). The latter
concluded that the internal structure of the hydrous aluminum oxide is
determined by such variables as the ratc and temperature of precipitation.
and only to a small extent by the natllre of the precipitant. They also stated
that the lower temperatures reported by Dupuis and Duval (24) were due
to the variable precipitation conditions employed since these are diffiCUlt to
reproduce, Even small variations would have a marked effect on the ignition
temperatures.

4. Alumina Whiskers

Wiedemann et at. (71) employed a thermobalance to grow alumina (Af~OJJ
whiskers, using the volatilization and oxidation ofaluminum in a wet argonf
hydrogen atmosphere. A schcmalic view of the sample holder, showing the
formation of the ll- and c-alumina whiskers, b given in Figure 4.1 1 (71).

Starting material containing the aluminum was an iron-aluminum alloy,

.j
I

,.
I

f\jZure 4.11. Cr,'" '~CL;"" ,h;"Ug.b ~11 "Ium;::" c;"cible w.tb Fe,.-\: J':"~ and ,\1,0, "hj,k~r,
,'I lypic,,: orle~l~l,,,n i :1'u!,-':lr.cu1;nr: <,f whisker,; 10" I (111.

FeJAJ. whiic the total gas pressure in the thcrmobalance was 100 Torr.
Formation of~hc aluminll whiskers takes place at a growth rale of 0.04 ;ng,
min at 1550·C. as shown in Figure 4.l2 (72) Furthe.r intcrpr~tation of the
reactions involved during the formation of the wh:skers \s :llustrated In
Figure 4.; 217. The orig:nal sample weight of FcJAI is ."1 0• :l: corrcspon~s. to
the weight :ncrease resulting from oxidation and deposwon oft.he vapor:ztng
aluminum, and y is the amount of vaporized aluminum. WIth a covered
AI

1
0

3
crucible, about 90% of the vaporized aluminum was oxidized to

alumina and deposited within :he: crucible :n the: form of whlske~s. The
a-whiskers grow at the lower temperature of 1450-1500'c:. ~here~s at
higher temperatures, the hex.agonal r-whisker~ arc f~vored. ~o ~h,sk~r
growth was observed in a dr) Ar/H. atmospnerc. Tne effeCt of ,..ru~lble
material was noted in that alumina and thoria crucibles produced the D~st
whiskers, a magnesia crucible gave the spinal, MgAll0-l-". tlnd a graphHe
crucible caused r.::arbunzation of the FeJAJ al~o). When A1-rlc,her a!loys were
used.. volatilization of the alumInum oGcurred ubove 1200'C WIthout the
formation of the wh:skcrs. Lsing the alloy. FC3A;. one was able to control
the growth rate and morphology of the alumina whiskers by ~ariatlo~ nf
t~mperature and time. Tho; thickness of the c-whlsker5 lI~t.:~l1Y vaned bem:en
10-40 I,m with lengths up to 500 ,urn. The longest a-whIskers were o! .he
order of the crucible diameter 18 mm) with thIcknesses from 200A to) !(ID,
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1. A -> B Transition. Reduclion of Cr(V}) to Cr(V) occurs with loss of
ammonia and nitrogen according to the equation

Te.'TIoerature 'C

Figure 4.13. TO cur....e of C"'"H.hCr,O. :nixed with :ncn AJ"O, (:;4 ra:io) at a !tealing rate
of 2°C min I (66).

the ac~ual reaction was far more complex than this. Using many TA tech
niques, including TG. as shown in Figure4.13, they found that six compounds,
labeled A to E, exist in the curve. All weights were normalized to three times
the molecular weight of (~H..hCr207 (i.e., 756 g) to facilitate visualization
of the reaction stoichiometry.

The first transition, A -> B, began at 235"C and involved a mass-loss of
20% or 153 g when normalized at the second transition, B .... C, at 26U'C; the
total mass·loss was 31 %. The third transition, C -. D, at 300"C, gave a
further mass-loss of 18 g, bringing the sum of mass-losses to 33.5% ,)f the
original amount of (NH~hCr207' Finally, at 420°C, the last transition,
D -> E, brought the total mass-loss to 40%, giving a residue that corre
sponded to the stoichiometry for Cr2 0 J . The reactions that occurred at the
various transitions are as follows:

j
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~l =-r~l~u~': _ ._ _ 1: ~:':C~~ __1_ 2-£
2AI ... 3HZO(g; .. AllO.:,! - 3H2,gi I
2A/:g; - ""20~gJ" A20<gl -r :-IZ(gJ -ra"soor~ reacrlons

AI 0 2H 0 A 0 2'-' ~ 13C:J-1600°C
__2 :g~ - ,2 ~g)" '2__3~ r'/gJ _ I

> 180C'C1AI20J:,; + '-I2,g:" A,20 ,gi t- 2rl20:gj j
10 I

Figure 4.12. (al TG curve shawir:g for;nal:on of a;umina whiske:,:n wel H, ;1",) Ar al~<r

sphere (72). (b) schematic represer,lat:on of reactions oecllIT:ng dun;:g whisk~~ :o:ma:;oJ' :7~l.

5. AmmonIum Dichromate 2. B -> C Tral1sicioll. This transition can be represented by the equation

The simplified thermal decomposition of lr-;H").lC~20, has oflen b<:t:n
represented by lhe equation .'

3. C -+ D Transition. Dehydration of Lie compound, [(CrOz)6H20],
occurs. or

In a comprehensive thermal analysis study. Mahieu Cl aJ. (661 showed that
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A;MosP"ERE: ARGON 1'IOn111rr.lnl
HEATING !lATE: 10 'elmir

Ca/LiCl - KCI, CaCrO../Fe

6. Calcium Cbromate

4. D -+ E Transilion. This last t;ansition corresponds to the reaction

Summation of all of the preceding transitions gives the overall reaction

.890 ,..

.880 _
I

.870 r
860 ,'--_---'-__..........__~_-..I___'_____'__ ~:__-,,-J,'----'l

~ ~ ~ m ~ a -
TEMPERATURE f"C1

Figure 4.14. TG curve, for :wo !a:npi~s ur CaCrO.. :n ""C (57).
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TG was used by Clark et at. (57) to analyze (aCrO,,-, which is used as the active
cathode material in thermally activated voltaic cells of the type:

Methods of analyzing this material are time-consuming and, in certain cases,
'1f uncertain accuracy. Approximately 14 hours are needed to complete the
1I1alytical procedures currently being used. TO, however, was found to be an
dfective quality control tool in screening out samples having an assay
'alue below 97.0% CaCrO...
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_ 97.5%

o98.75%

Fig",e 4.15 'vlass-Joss curve Dr Cal mk1um sil,eate ilydl111e prepa,at~on: (il) cak:um ":'calc
hydra1e prepara~;on p;:.lS added ClIOH1,: (,'J ea:cium ,:l:ea:e :'ydra'.e prepara""ns pillS added
arnou",!s 0: CaCO, (33).

'1
I
i

I
Typical TO curves of impure CaCrO.. in Ar are shown ~n Figure 4.14 (57).

The principal impuriry is Ca(OHh in a sample whose assay was about 97%
CaCrO.., When heated in air, the Ca{OHh loses water to form CaD, but some
of the CaO reacts with CO2 In the air to form CaCO.]. The use of CO 2-free
Ar prohibits this interfering reaction. A comparison of the total H 20,
Ca{OHh, and CaCO J contents by TO and chemical analysis arc given in
Table 4.4. Calcium oxide contcnt at 600"C was calc:Jlated based on the
Ca(OHh determination. CaCr04 content at 600"C was then calculated by
assuming that the only significant impurities present at room temperature
were H20, Ca(OHh, and CaCO) and that, consequently, only CaO and
CaCO] were present at 600°C. As can be seen, the agrecment with chemical
analyses is quite good. Ko values for Ca(OHh are reported since no reliable
chemical method of determining hydroxide ion in the sma~l quantities
present was found.

7. Calcium Silicate Hydrates

The free lime [Ca(OHhJ and carbonate (CaCOJ ) contents of calcium silicate
hydrates, ranging from 1.0-20%, were determined by a thermogravimetric
method by Biffen (33). The mass-loss curves for a series of calcium silicate
hydrates, calcium silicate hydrates plus varying amounts of calcium hy
droxide, and calcium silicate hydrates plus varying amounts of calcium
carbonate are given in Figure 4.15.

The curves for the calcium silicate hydrates arc all quite similar, shaw no
sharp breaks, and exhibit a gradual slope for a straight hne between 375 and
650"C. The curve breaks above 600c C are due to the decomposition of
carbonate content in the sample,

When synthetic mix.tures of calcium silicate hydrate and calcium hy
droxide were used, the series of curves obtained all indicated curve breaks,
at about 500°C. These were caused by calcium hydroxide decomposition,
as was shown by authentic mass-loss curves for the pure compounds. By
taking the vertical distance from the point at which the straight-line curve
starts to change due to evolution of the combined water from ~he calcium
silicate hydrate to the point where it ~esumes thc calcium silicate decomposi
tion drop, and calculating the calcium hydroxide :'rom t!le lOss in :nass of
water equivalent to this vertical distance, one obtained a good estimate of the
amount of calcium hydroxide in all cases.

The decomposition of calcium siEcate hydrate samples containing added
amounts of calcium carbonate, and in some cases calcium hydroxide. is
given in Figure 4.15. The presence of calcium carbonate is indicated by the
curve break, due to the evolution ofcarbon dioxide, in the temperature range
700-900"C. If a vertical distance is measured between the points where this
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Cuz(C2H J 0 1 J4 '2H zO .... CU2(C,H,O~)4

CUz(C1H30Z)4 -+ CUz(C2H.,o2h ~ 2CH3COOH (g)

Cuz(CzHJOzh .2Cu ,. CII 3COOH (g) -I- COz (g) + H, (g) - C

;'IIaC1H 30 1 ,3H 10---> ~aC1II301 ~ 3H,O

~aCZHJ02 (5) .... 1'iaCzH,Ol (1)

~aCc H20! (l) -+ ~azCO] - (CH l}zCO (g) - traces of CO2 Ig)

The thermal decomposition react:ons of other metal acetates are:

CaCOJ -+ CaO + CO, (g)

9. Copper (II) Chloroacetates

this is probably due to the presence of some acetic acid adsorbed on the
sample. The second stage began at about 200°C, proceeded slowly un:il
290°C. when the reaction became extremely rapid, leading to a final mass-loss
of 70.0%. This value is much higher than that predicted for the formation 0:
metallic copper (59.3%). On removing the furnace it was found that metallic
copper was present on the cooler parts of the tube, indicaling that part ofthc
sample had volatilized during decomposition. The Ihermal decomposition
reaction follows the stoichiometry:

The thermal decomposition of copper (II) mono-. di-, and l~;chloroaceta;es

was studied by TG and other techniques by Judd et :11.159), \-lagr:etic moment
and CY diffuse reflectance spectra duta indicate tl:at copper :nonochloro
acetate 2-hydratt: is dimeric. copper trichloroacetate 4-hydrate is mor.omeric.
and copper dich:oroacetate 4-hydrate fonns aT'. :ntermediate s;r·,lcture. The
TO curve of copper trichloroacetate 4-hydratc :s shown in Figure 4.17 (59).
Its decomposition CUrve is not similar to tha: ;OL;nd for the other chloro-

.,
"

APPUCATIO~S OF THER.\10GRAVlMETRY

C

20
o<!
'Ji
"'.'l

~o

'"wS:
50

la)

8. Copper (II) Acetate

straight line begins to drop and then becomes horizontal, the carbon dio:(ide
content of the sample can be easily obtained.

Good agreement with other accepted methods was reported for the
determination of water, free lime. anll ca:-honate in calcium silicate hydrates
by the thermogravimetric method.

Ramachandran (34) determined the Ca(OH), content in ca:cium silicate
mixtlJrcs by the water-loss between 450 and 550'JC,

r
o
"0
C

W

Figure ~.: 6.

: 00 no 300 ~OC :;00
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Judd et al. (58) used TG and DTA to study the thermal decomposition of the
acetates of sodillffi, calcium, copper, and silver. The TG curve of
CU2(CzH30~k2H,0, shown in Figure 4-16, is essentially a two-stage
process but suggests that the process is more complicated than tbis. The first
mass-loss occurs over the temperature range lOO-180'C; the mass-loss
of 9.3% found is slightly higher than the 9.0% calculated for the loss of
2 moles of water per mole of salt. Product analysis at this stage of the reac
tion indicated that small amounts of acetic acid wefe produced, although



The thermal decomposition reactions of the other two salts are as follows:

Cu(CHzClCOOh . 2H20

Cu(CH zClCOOh·2HzO Cu(CH2 ClCOOh - 2H 20

Cu(CIlzClCOOh CuCl + CHzCICOOH "t ~Hz -t- 2CO

163APPLICATIONS TO I~ORGA~lC MATERIALS

Cu(CC1]COOlz -+ CuCl! t- CC13COCl + CO + COl

[CCl3 COO - HlO -- CC1]COOH - HCI]

CuCh -+ CuCl - iClz
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Cli(CHC12COOlz-4H;1.0 Cu(CHC12COOh'H~O + 3HzO

Cu!CHCl;1.COOh· H 2 0 Cl(CHClzCOOh + H~O

Cu(CHCl 2 COOh CuCl 7 CHOzCOOH - tCl:! + 2CO

10. Copper (In and Cobalt <Tn Tartrates

l ~' '_ -,----,-J
a 200 400 600

Temperature. ·C

Figure 4.17. TGcurve afCu(CC,COO), -411,0 in K, (59).

The Ihermal decomposition of copper (II) tartrate. Cu(C~H~06)-3H 20.
and cobalt (1I) tartrate, Co(C.j.H40fj)· 2.5H20, were investigated by use of
TG, DTG. DTA. and MS techniques by Schmid and Felsche (69). In an argon
atmosphere. the thermal dissociation reactions of both these compounds
can be described by the equations

acetates. Loss of water begins at about 65 Q C and a plateau on the curve is
reached after a mass-loss of 11.5%. This corresponds to the loss of three
moles of water per mole of salt (calculated mass-loss of 11.7%). Heating the
compound above 140"C gave a further two-step mass-ioss: 4.5% for Ibe first
stage and then rapid mass-loss to reach a final value of 70%. The final value
corresponds to that expected for the formation ofCuC1 2 (calculated value of
70.8%). Using data also obtained from DTA. one may represent the decompo.
sition reaction as

Cu(C4,Il 40 6)· 3H20 (s) ~-~ Cu(C4 H..0 6 ) (s) + 3H2 0 (g)

Cu(C.\.H..0 6) (5) - SOO-~B3~ CU (s) + [C..1I40 6 : (g) -.... fragments]

and

Co(C4,H4 0 6)' 2.5H J O (5) 313 - 383~. Co(C.\.H4 0 6 ) (sl T 2.5H zO (g)

Co(C4H..0 6 ) (5) ...:..:..~ Co (s) 7 [C..H ..0 6 : (g) ~- fragments]

Cu(CCl 3COOh'4H l O -+ CU(CCl]COOh·H10 El 20

Cu(CCl3COO)2' H2.0 ..... Cu(CC13COOh + H:O

The' existence of the very unstable C.\.H..0 6, a diradicat formed in the
course of the decomposition reaction of the anhydrous ~IC4H.. 06) com
pounds, indicales that this has a radial electron-transfer reaction mechanism.
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~o.o ~

F
o

90.0 ~

[Pt(l':Hd..JCl z ' H 20 (s) -> [Ptl:":H J J.. JCl1 (51 + II!O Ig)

rPt(~HJk;CI" (sl- [Pt(NIIJhCI2] Is) + 2\11 3 (gl

3r p t(r\H Jh C ,J (s) _ 3Pt (5) + :"llgJ + 4NH) Igi i 6HCl (gl

F'~,I:~e -1.19. TG ccorve, .,f" K,P',((~)J3r, .,n':''' K .r~IC"I. 'H,O ,:, ;1~C1,,,p:le~e JI J

h~i.l:;i1~ r:J,~ l~f:O c.n~l:: (75),

The platinum nonstoich iomctric mixed valer.ce compol/nd. K zPt{C \')"BrO.J '
nil ,0 is of great interest because Df its undimensional electrical conduc
tivity, 'It has been ~hown that part of the am biguity in published results may
arise from the variability in the number of hydrate waters. Gallagher and
Luongo 178) studied the fully oxidized analogous compDund, KzPt(Cr-;~..Rr2'
and the IJnDxidizcd K. P~(CN)"end members byTG and other TA techmques.
The TG curveS of th~se compounds are shDw:"! in Figure 4.19, CyanDgen.
IC['.;b was evolved during the decompositiDn and cor.commitant reduct'lon
in the oxidation number ofpiatinum :Dr both K2Pt(CN)4BrZ and K2Pt(C~)....
EVOlution Df(C:"J)z began at abDut 360' C for the for=ner compDu:1d. giving

TG and TGT curves, the stDichiDmetry of the thermal cecDmjJosit:on can be

represented by the equations

Fig"rc 4.:8. lei and TOT curves of
lP:{NH J )4] CI: H.. () in" 'J, l:n:,,,phcre
(77:40C~C
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II. Complexes

HO II H OH,,/ ,,/
C---C

/ "O=C C=O

" /° °

200

Existence of a six-membered ring,

and Dther ir:.termediate fragments is discussed (69).
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The thermal decDmposition of the platinum complex, [Pt(r\H 3)<l-JCI 2'H10,
was studied Dn the derivatDgraph by Paulik et al. (77). l" Dt oniy were the
TO, DTG, and DTA curves recorded, but an analysis of the eVDlved gllses
was perfDrmed using thermal gas titrimetry (TGT) (see Chapter 8). The
summation of seven curves for [Pt(~HJ)4JCI 2 · H 20 are shown in Figure
4.18. Each curve represents the analy;iis curve for a specific gaseDus decDmpD
sition product except for curve (1), which is thi: TG curve. According tD the
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an intermediate mass plateau from about 400-500'C. which corresponded
to the slOichiometry of K4PtZ(C~)6Br4c'Thus, the first stages of decomposi
tion can be represented by the equation

This was foHowed by the decomposilion reaction

Finally, the KBr vaporizes at temperatures above 700"C.
For KzPt(CN)",'8H zO, the TG curve shows that water is readily evolved

up to 200c C. The anhydrous KzPI(CN)4 began to decompose at about
450c C to evolve (CNh and form Pt metal and KC>J at around 800"C. At
still higher temperatures, KC:--l vaporizes or decomposes, leaving Pt metal
as the residue.

The TG curves of [Co(NH})5CI]Clz and [Co(;\H3)5Br]Brz, as reported by
Collins et al. (65), are shown in Figure 4.20. The [CoC....;HJ)sCIJCl z complex

began decomposing at 110-C to rrans-[Co(NH]I..Cl2JCl with the loss of
one mole of ammonia per mole of complex. This inlermediate compound
produced the small plateau in the TG curve at aboul 8% mass-loss and Was
visually observed to have a green color. Decomposition of the lrans
rCo(~H])4CI2ICI to a I: I molar mixture of COCl2:(~H.j.hCoC:4produced
an inflection point in the TG curve at about 30% mass-loss. No horizontal
mass level was observed since Ihe (1\'H4h CoCl4 decomposed to CoCl 2 and
NH4 Cl at a rate which was only slightly less than the rate of formation. The
CoCI1, which appeared as a stable intermediate compound at about 53%
mass-loss, began to sublime at about 350·C with the sublimation conlinuing
to a black residue. probably cobalt metal, at 98% mass-loss.

The dissociation reactions of [CO(~H3lsBr]Br2appear to be similar to

those for [Co(:--lH 3)sClJClz except for the first reaction step. The TG curve
shows that a mass-loss corresponding to approximately 4 moles of ammonia
per mole of complex occurs as the initial dissociation process. This can be
interpreted as the direct dissociation of the complex to a I :1 molar mixture
of CoBrz:(NH4 hCoBr4 . However, the sample was visually observed to have
a green color during the course of this process which might indicate the
presence of trans-[Co(XH3)4Br2JBr or CoBr2' The (NH4hCoBr4c decom
posed to CoBrz which sublimed at about 300"C. leaving a residue at 96%
mass-loss.

Figare 4,20. TG ~ul"'le> .....r 'Cl(:-JH,),X1X. ~1'~'ple\e5, 'I. rCI(:-'II.I,C;C:" B,
[e,'1 ~H ),Br]Br:, Pres~ure IS 2 ';:0 • T,'rr (1)5l'
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.,\ d. Miscellaneous

Hill and co-workers studied the thermal decomposition ofa large number of
metal complexes of various alkyl derivatives ofxanthic and dithiocarbamic
acids. The complexes were studied by :Jsing TG. DSC. and other TA tech
niques. Compounds investigated included NillI1 alkyl xanthates (79),
Cu(lI) dithiocarbamate complexes (80), dihalotin IIV) bbdielhyldithio
carbamatcs (81), biS{diethyldithiocarbamato) diphenyl tin (IV) (82), [etrakis
(diethyldithiocarbamato) tin(IV) (83, 84). and bistdicthyldithiocarbamato)
tin(IV) (85).

Salas-Peregrin et al. (86) studied Ihe thermal de\:omposnlon of some
xanthine complexes of Coun, Cut m. and Cd\ Ill. using TG and other TA
techniq ues.

TG and other TA techniques were employed by Yoshikuni and co-workers
to investigate the thermal properties of [rans-[C;-C:I:(cnJ 21(Hs0 1 )CI: (87);
rCr(:--lllJ)6JX], [CrX(NHJ); WJ' ar.d lrans-LCrX:I:\H 3 ).j.]Y. where X and
Yare CI- and/or Br (88); trans- and C'is-;:CrX:laal:JX·nH 20. where X is
Cl- and Br' , and aa is a diamtne :nolecule (891: and octahedral nickel (II)
complexes containing ~.:-.;- ,md :'-l,01'-dialkylethykne diamines 190J,
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CuO-q'cJurn ~ix:ure (76).

has Ihe formula, CaCu[Si,.O:oJ, and is related to the isostructura; shee'
silicates, SrCu[Si,.0Jo] and BaCu[Si,.O:oJ. These compounds can be sy·
thesized by use of the thermobalance, as shown in Figure 4.22, by heatinc
quartz, CuO, calcite, and a fluxing agent such as Na2CO J , borax, or Pb(.
Without such fluxing agents, tht: reaction proceeds very slowly. leading to ~
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12. Diamonds
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.'Ja~ura I diamonc
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13. Egyptian Blue

To simulate conditions of use in grinding and cutting tools, investigators
have used TG to study the thermal properties of natural and synthetic
diamonds (73). These studies are useful for diamond graphitization reactions
as well as to test the compatibility and reactions between the diamonds and
the binder materials. The TG curves of natural and synthetic diamonds. as
determined by Wiedemann and Bayer (73), are given in Figure 4.21. Tn
vaCuum (1 x 10- 5 Torr), graphitization occurs in natural diamond in the
temperature region, 1700-1900"C. In contrast, synthetic diamond was
graphitized between 1300-1600°C under the same conditions. The graphitiz
ation temperature is related to the formation and purity of the diamond
samples. Synthetic diamonds contain small amounts of nickel, iron, and
chromium, which may catalyze the transformation to graphite during heating.
Also, synthetic diamonds are made by shockwave synthesis so that they may
contain a larger amount of structural defe(,1s that could decrease the trans
formation temperatures.

Similar differences were found between natural and synthetic diamonds on
oxidation in air atmospheres. The lower oxidation resistance of synthetic
diamonds is probably due to the higher surface area, their polyerystalline
character, and the presence ofmetalHc ion impurities.

The blue pigment used by the ancient Egyptians in their paIntIngs and
statuary has been the subject of modem thermoanalytical investigations by
Bayer and Wiedemann (73-75), This blue pigment, called Egyptian blue.
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~'ig~re 4.21. 1'G curves of graphil'zulion. vaporizallon. and oJxidalion of na:ural and ,,\n{h~l:c

C:a:1~ond (73). •
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finely crystallized, impure product which does not have the intense blue
color of the pigment With borax, the reaction mixture forms CaCu[Si4 0 lo]
at about 900°C at a heating rate of2"Cjmin and remains stable in an oxidizing
atmosphere to about IOgO"e. Above this temperature, it decomposes due to
the reduction of Cu2+ -+ CUi -, which is reversible. However, the initial
compound does not form again on cooling in spite of the reoxidation,
Cu 1 - -+CuH

. The thermal stability of the isostructural compounds,
SrCu[Si40 I oj and BaCu[Si4-0lo], is greater than the calcium compound,
decomposing at 1155 and I 170"C. respectively. It is interesting to note that
the thermal decomposition of BaCu[Si4 0: o] is completely reversible on
cooling. Single crystals of the Ca, Sr, and Ba compounds Can be grown by
using borax, PbO, or ~a2COJ flux with heating cycles of 30 hours at about
900"C. These quadratic platelets with their characteristic intergrowth were
similar to some of the original Egyptian blue samples. The latter were
exceptionally pure and well crystallized and showed identical properties
with the former synthetic samples. In inert or reducing atmospheres ofN2 or
CO, the thermal decomposition reaction of Egyptian blue began at about
950 and 800cC, respectively, with the fonnation of the red-brown colored
Cu2 0 product.

14. Mercury (I, II) Compmmds

The TG curves of yellow and red forms of mercury (II) ox.ides. as reported by
Wendlandt (52), are shown in Figure 4.23. The yellow Iorm has a lower initial
procedural dissociation temperature (7;) than the red form. Under the same
conditions, 7; = 400"C for the yellow form (Curve A) and 460cC for the
red form (curve D). Likewise. the final procedural dissociation temperature
(Tf ) is higher for the latter, 660P C compared to 600C C. The reaction interval
ITf - "II), however, is greater for the yellow (200°C) than for the red fonn
(180"C). Only slight changes were observed for T; values of the red form with
variation in the heating rate. Values of T; and 'lJ observed, were: 5°C min l

(460, 660P C) (Curve E); lOeC min -I (460. 660Q C) (Curve D); and 20°C
min - L (470, 680°C) (Curve C). The Tf values increased with an increase in
heating rate as did the reaction interval. On changing the furnace atmo
sphere from nitrogen to oxygen. the 1; value for the red form increased
slightly from 460-480°C (Curve B). whereas the Tf value remained essentially
unchanged. For both the yellow and red forms. the lower procedural dissuci
ation temperatures for the yellow form are consistent with a decrease in
particle size. It is well known that a reduction in particle size can lower the
1; values; the extent of the decrease. however, cannot be predicted.

The TG curves of some mercury (Il and (II) halides arc shown in figure
4.24. The mercury (II) chloride,. bromide, and iodide compounds, in contrast
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to the fluorides, show marked covalent character. Mercury (II) chloride
crystallizes in an essentially molecular lattice, with the two short Hg-Cl
distances being about the same length as the IIg-Cl bonds in gaseous HgCI.2'
In HgBr2> each mercury atom is surrounded by six bromide ions bUI two are
so much closer than the other four that it can be considered that perturbed
HgBr 2 molecules are present. Mercury (II) iodide has a layer structure with
Hgl4 letrahedra linked at some of the vertices. At 126- InT, the red :I-fonn
is converted to a p-yellow molecular form. Because of Iheir uses in analytical
determinations, Duval (53) recorded the TG curves of HgzClz and Hgl z•The
former compound is stable up to 130c C but sublimes at temperatures above
this. For Hgl z, it was found to sublime at temperatures above 88c C. For all
mercury (II) halides, the TG curves indicate only a one-step sublimation
process. The 1i values found were IOOcC for HgBrz, 11O~C for HgCI 2, and
135'C for HgI2· Likewise, the 1j values also increased in this order. The 7;
value :or Hgl z is somewhat higher than that reported by Duval (2).

Collins et al. (54) reported the TG curves in vacuo and the EGA of the
evolved gases of otber mercury (I) and (II) compounds. The TO curves of
HgSO<l, Hg(SC~h, Hg(C2 H 3 0 2)z, Hg(K0 3 )z, and Hg::"i0 3 are given in
Figure 4.25. The most stable compound was HgSO<l in which thermal de
composition, with the evotution of SO, SOl, and Oz. OCcurs in the tempera
ture imerval from 50Q. ·750°C. The TG curve for the HgSOa. indicates that
the mass-loss occurs in one reaction step. However, the magnitude of the
total mass·loss, combined with the evolved gas curves, suggests that more
than one process is occurring simultaneously since the final mass teve!
stabilizes with Jess than 1% of tbe original mass remaining. The anticipated
~olid-state product would be HgO, but data obtained for other compounds
In th is study indicate that HgO is unstable in the temperature range of

t1M ~\""""~:::====--- ........
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F:gLJre ~.;:5 TG curves for A. HgSO,: B. Kg(SCN),: C. Hg(C,HjO:Jo: D. flgti"Od,.
E. Hg~Oj 'HoO in ('t/('UII at a he3Ii~,g mle of6 C mm" 154).

interest. If HgO is formed at all, it immediately decomposes to elemental
mercury and oxygen. Elemental mercury, whether formed directly from
HgS04 or through an HgO intermediate, would be vaporized and removed
from the system since the vapor pressure of mcrucry is an appreciable value
at temperatures in excess of 500"C.

The TG curve for Hg(SC::\}z (Curve B) indicates tllat decomposition
occurs as a muJtfstep process over the temperature interval 150 -800~c.

Between 150 and 200cC a mass-loss of about 4% occurs, whereas at higher
temperatures the mass-loss corresponds to about 65% of the total mass.
In both reactions, CS 2 is the principal decomposition producl.

Mass-loss of Hg(C2H 3 0 2 l:z begins at about 75°C and continues to 175"C
and is prObably due to the sublimation of this compound. For Hg(:"I0 3h.
mass-loss begins at 150T, and the EGA curve indicates the evolution of
[arge quantities of ~O, ;,\\0z, and NO l . The second ;;tage of the decomposi
tion reaction consists of the dissociation of HgO to Hg and 02' In the case of
HgI';0il, EGA curves indicates that this compound dissociates in three steps.
although this is not evident from the TG curw. The first step is accompanied
by the evolution of 1\0 and :\;02, with small amounts of :\;20. This process
occurs in the 100-200cC temperature interval and is followed by a gradual
mass-loss until about 400°C. at which point the rate of :nass-loss becomes
more rapid. EGA curve peaks in the 350 -475c C temperature range are due
to the evolution of ~zO and NO. Decomposition of HgO OCI::UfS as the last
step in the decomposition reaction giving °z as the final peak in the EGA
curve.

Tariq and Hill (55) studied Ihe thermal decomposition of Hg zS04. and
HgSO+ by TG. as well as by using other techniques. M'ercury (I) sulfate was
found to disproportionate, in a :"-ll atmosphere, according to the react:on

No intermediates were detecled io the TG curvc from 335 500·'C. the tem
perature range of this reaction. Decomposition of HgSO+ occurred :hen
between 550-750=C. which compared with the decomposition range of
530- 720c C for pure HglSO+. When HgSO<l was heated in l'GeIlO. MS of the
dl;:composition gases indicated the prese:lce of 02, SO 2' and trace q'Jantities
of SOJ' There was no evidence for the presence of mercury or mercury
compounds. However. when the temperature was mised to 680 C. the mass
spectrum of the gaseous products showed the presence of IIg:. 502. and 0 1 ,

15. ~ickel (II) Sulfide

The value :!nd versatility ofTG as an analytical tecr.nique when applied :~)
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)f inorganic compounds and materials was demonstrated by
'7). TG is particularly useful when the sample of interest is in the

nQ:le crYstals that are roo small to be analyzed by conventional
uch samples are quite common as a result of various low-yield
- arc part of a low-volume multiphase product and are separated
'om the mixture. It was shown that the metal and sulfur contents
litalS could be determined using about lo-mg samples. Oxygen
re determined also by oxidation of SrCr03 to SrCr04 wbile
reduced to CrV0 3.

• Ie of the determination of sulfur, the TO curve of the oxida
o NiO is shown in Figure 4.26. The sulfur was removed in two
:egions, 390-490°C and 690- 785°C. After cooling the system
ICC. a hydrogen-argon atmosphere was introduced and the :\iO
Q nickel metal.

)xidation and decomposition of millerite, Nio.994S. was
'1g TO, DTA, \1S, and other techniques by Dunn and Kelby

If the l'iO.994S (henceforth abbreviated as NiS) with oxygen is
'nt on the experimental conditions of the T A instrument. A
. TO curve is obtained if the sample crucible is covered Ihan
'he furnace atmosphere. However, it is possible to suggest a

for the oxidation of the ::-.liS. L:nder the dynamic conditions
Ie oxidation takes olace according to the reactions (tcmpera-

400-785'C

, 1

2. ~iO + S02 -l- t0 2 -+ NiS04 500- 785°C
3. NiS + -!02 -+ NiO + S02 540-552°C and 682-692'C

4. 3NiS T 2NiS04 -+ lS"i 3Sz - 2Ni01. + 3S02 682·-692"C

5. 10 NiS -I- 202 -~ Ni 7S6 + Ni 3Sz + 2S0 z 682 -692=C

6. ::-':i , S6 +- 9¥J2 -+ 7NiO -I- 6S0 z 682-780"C
and/or
:-.ii, SS + 12t02 -+ 6NiSO<j, + NiO

7. ~i3S2 (s) -+ KiJS~'(I)

8. lS"i 3S2 (I) + 3t02 -+ 3~iO + 2S0 2

9. ~iS04 -+ NiO + SOz + t0 2

16. J'iobium ~itridc

Gallagher and Sinclair (93) studied the oxidation of niobium nitride, Nb~o.9'
in a flowing atmosphere of 0.1 %O2 in AT or air, using TG and other tech
niques. There was a pronounced tendency for thermal runaway near 600c C
because of the highly exothermic nature of the reaction

~H29a = -171 kcaljmol

The TO curves are given in Figure 4.27. Oxidation of the ::-lbN is dependent
on the heating rate and the oxygen concentration in the furnace atmosphere.
In a 0.1 %O 2 in AT atmosphere, oxidation begins at about 4OOc C; in air. at
20cC/min, the oxidation began al about 500"C but exhibited the thermal

130

10.41 mg
Sample mass: 10.41 'Ilg 01 NiS,
Atmo.ohe,e: D,/Ar
Suppre<lliion: 5.00 mg
Y-exis ,cale: 1 mg/i".
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J. TG curve of N:S, 10 t1e:e7:ni~e sulfur conle~l (57).

Figure 4.::7. TG curve, Ibrthe oXldallon "f,j-l'-obl'<.I." u. .--. \ C 1n::1 I ir, 0 \ .... 0: -'.r
h•. ··1 C mi~ ';:1 air. CO' • . ::0 C nlln I in air 193).
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runaway mentioned previously. Obviously, the self-healing nature of the
reaction can lead to errors in the evaluation of the reaction kinetics. Kinetic
analysis was attempted only on those curves ohtained at a heating rate of
1"C/min and in the 02/Ar atmosphere. Isothermal TG experimen ts were also
obtained in the temperature range 817- 897K.

17. Potassium Permanganate

stage, but the initial reaction temperatures were ;"igher, in the order of
Cs > Rb > K. The effect of atmosphere on the decomposition temperatures
:oIlowed the order: To, > T. i , > T ~z' with about 40° di[ference in decompo
sition temperature when O 2 replaced N1 as the atmosphere,

The TG-DTA curves ofKMn04 and K\1nO~/Sbmixtures have also been
reported by Beck and Brown (67).

Similar observations we:e found in the case of Rb and Cs salts for lhe first

18. Potassium Hydrogen Phthalate

"\lthoL:gh the use of the thermobalance Was supposed to eliminate the
confusion concerning drying and decomposition temperatures of analytical
precipitates and reagents, in many cases it has only contributed to this
confuslon. In comparing four different investigations concerning the drying
and decomposition temperatures of potassium hydrogen phthalate, investi
gators obtained four different results, not to mention the drying temperatures
recommended by nonthennogravimetric methods. Dupuis and Duval (38)
first reported that the decomposition ofKHCsH 40 4 began at 172°C Duval
(39), in a later study, found a decomposition temperature of 240'C at a
t50°C/h heating rate, and 236"C at a 300Q C/h heating rate. Belcher et al.
(40) reported that the compound began to decompose at 200°C and recom
mended a drying temperature of IOO-150°C. Lastly, :--lewkirk and Laware
(41) reported a procedural decomposition temperature of about 260'C. In
view of the previous discussion on the limitations of lhermogravimetry,
these conclusions are perhaps not unusual. It is believed (41) that these
studies have little value in detennining the safe, long-term drying temperature
for a primary standard substance.

The mass-loss curves of KHCsH.j.04, under various atmospheric condi
lions, are given in Figure 4.29.

There are four major decomposition reactions thal take place during the
pyroiysis: curve :, water and phthalic anhydride volatize and a residue lo
dipotassium phthalate is formed, K1CaH40 4 ; curve 2. the latter compound
decomposes to form potassium carbonate and carbonaceous material;
curve 3, the carbonaceous material loses mass slowly and finally burns giving
a residue to K:C0 3 ; and curve 4, the potassium carbo;l.ate decomposes with
the evolution of carbon dioxide, while the K 20 formed reacts with tl\c
porcelain cruci':Jie sample holder.

The various conditions under which the therm'll decomposition takes
place arc illuslrated by the curves in Figu:-c 4.29. The slight mass increase
between 425 aDd 450"C. noted on the dashed curve. was caused by the
evaporation of phthalic anhydride from the furnace wal:s with increasing
temperature and its condensation on the crucible support rod.

:"ewkirk and Lawarc (41) found that the :nitial isothermal rate of decom-

~050C~CC ~~goo'~
-e,..,...pcrilhre /: a-: i

lOO

The thennal decomposition of potassium, rubidium, and cesium perman
ganates was studied by using TG and DTA by Booth et al. (56). The TG curves
of these compounds, in air, ~2 and O 2 atmospheres, are given in Figure 4.28.
For KMnO", decomposition in air, the reaction followed the stoichiometry

In the temperature range 300-500"C, a small gradual mass-loss (1-2%) was
observed for all compounds in air, O 2, or 1':2 atmospheres. The effect of
changing the atmosphere altered the decomposition temperatures only
slightly. It was found that when heating to higher temperatures, 600°C. the
mass-loss was dependent on the atmosphere. In all cases, the total mass-loss
was found to be between 5 and 6%. The stoichiometry of this reaction was
assumed to be

Figur~ ·L:!8. A. ly~ica: TG ~:l'l .1[ <0:11" group 1 per.nanga~alc, i~ dilTe~cnt ;11rr.",pr.ere,
:0,. '-',. ~nd u~n. Hen:."g rale :1) em" - '. ,Ville: weigh: '0,5 ax;,:, 1U: ~" sea.olSO)
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Thermal dcc;onl position of the preceding 1wo basic salts finally yields foundr'
quality Al 20 3, Using TO and otht:r T1\ techniques, pysiak and Gtinka 168
studied the thermal decomposition of basic aluminur:1 potassium sulfa~

and determined the intermediate products and the reaction kinetics,
The TG curve of basic aluminur:1 potassium sulfate (BAPS) is given iL

Figure 4.30, ~o distinct curve plateaus were observed but on the basis o'
other TA techniques, three regiom of t::Iass·!oss could be observed: (1) los:
of 3 moles of watcr per mole of BAPS with retentior. of alunite structure; (~

loss of OH water and disruption of al1:nite structure giving KAI(S04-I.
Al1(SOa.h, and y-AI 20 3 ; (3) both KAI(SOah and AI 2(S04-lJ dissociat<..
evolving S03(S02- ~02) and yielding r-AI103' The intermediate product::
of the decomposition of KAI(S04h are AI~(S04-h and K 1 SO.!.. Detauec
reactions for all the steps in the TG Curve -r.ave been proposed (68).

3K1A1 2(S0414' 24H20 -. 2K[AIJ(OH)6][SO,.].1 + ~K1S0..

T 6H 1 SO.... 6Ofl zO

20. Platinum Group Oxides
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Figure 4.29. Thermal deco:nposilion of 0.1 g samples of KHCeH"O, at a heating cate of
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porce,aUl cr-,;clble. Wllbout protec:ive slee~e on crClcible suppor~ roc; .... , :1:t.ogen atmosphere.
porcelain c~ucib;e: - - - - , nitrogen atmosphere. preheated sa:n pic to 300'C {4;).
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The platinum group metais, Pt, Ir, and R;.L, form soliti ox:des wit!:! the fOmll'

las, PtO. Ir01, and Ru0 2, whicb voiatilize at elevated tcmperat'J.res i::l aL

oxygen atmosphere. Most of the gaseous oxides ilre stable only at higr

(mgJ

h!>ure ".Jr). TG cU"'" of bilsrc ,i:u~:~cm p,'la"'Jm ,u:fu,c. P,,,,~,.;:e .s) " !O '~P3 31_
l1eu .. ~1' rOJ'.e l1t' 2K I~,:n· 168).

19_ Basic Potassium AIUll1iQum SuJfate

?o~ition of KHC.sH4 0 4 in carbon dioxide at 235'C W!l5 about 15 mg/g/h.
11m compares With an extrapolated valuc of 7 mgjg!h previously reported.
Howevcr, Duval (39) found no observable m!l5s-loss from isothermal rUns
at 150, 160, and 170°C, respectively. If a sample mass of 0.5 g is assumed for
his experiments, Newkirk and Lawarc (41) calculated that tbe mass-changes
expected would be 0.004, 0.011, and 0.030, respectively. Since these changes
are too small to be detected by the Cbevenard thennobalance. it is not SUr
prisir.g that Duval observed no mass-changes.

Smalley et a1.160) proposed the use ofpotassium hydrogen phthalale as a
TG standard. Using DTG, they observed six peaks in the curve when this
(:ompound was heated in air from 25 lOOO"C at a heating rale of280TIh.
The peak minimum temperatures found were 300 = 10", 400°. 510°. 565Q ,

6~O 700~, and 850°C. respeClive-ly. Since :his compound is available in a
high pumy form as a pH standard, it is proposed for use as a TG standard as
well. The peak temperatures are said to provide convenient reference points.

In the final puri~c~tion processing of aluminum oxide by the Brets:lnajdcr
method, the pnnclpal product. basic aluminum ammonium sulfate. is
contaminated with basic aluminum potassium sulfate. The latter is formed
by the hydrolysis of aluminum potassium aium accordir.g to t!1e equation
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gives

Figure 4.32. TG am! DTA curves of RhOOIl b air. Hen:;!'g ~ale of :O'C x,n - , (9[ I.

,;
"

(0.64% mass-loss)

(6.W% mass-loss)

(18.52% mass-loss)

2RhO! 800-900
0
C. IJ:-RhzO

J
+ 10

2

Rhz0
3

' 1000-1100"C, 2Rh + ?Oz

temperatures and usually contain the metals in the highest oxidation state.
Palladium is an exception in that it dissolves oxygen in the solid state and
forms Pd~, which dissociates above 800"C.

The TG curves of the Pt group metal ox.ides are given in Figure 4.31 (70).
The curves were obtained in an atmosphere of oxygen at 100 Torr and a
heating rate of 10°C/min. Formation and dissociation of the oxides depend
on the oxygen pressure, the heating rate, and the surface area of the me:al
powders. A decrease in oxygen pressure favored the complete oxidation of the
:netal powders. A plot of dissociation temperatures versus the equilibrium
~xygen pressures permitted the calculation of the thermodynamic quantities
:>f J1H 298 , J1S298, and 'Idi..(PO, = 1 atm).

The thermal decomposition and interconversion between orthorhombic
\.hOOB and tetragonal RhO l have been investigated by Moran-\1iguelez
md Alario-Franco (91). According to theTG and DTt\ cprves in Figure 4.32,
:he decomposition of RhOOH proceeds in the following steps:

:RhOOH + tOz ' 400-
50OOc ..... 2Rh0 2 - HzO

-:'alculated values for the mass-Io.~sesare 0.73,5.93, and 18,90%. respectively.
n vacuum (-1 x 10 -4 Torr), the thermal treatment of RhOOH at 400'(;

21. 500imn Carlxmate

On increasing the temperature :0 500T. the RhO: cissociates acc:ordlng to

The experimental mass-joss of 23.90% is in good agreement witl: t;,e calcu
la:ed valu<: of 23.70%,

In :'ydrogen. RhO! is com'erred to Rh metal and water ilt 170T according
10 tile <.:quation

The drying of sodium carbonate is important :n the standardiza\ion of
acids for various types of ;l;;idimetnc ::::at:ons. Th<.: ~ccomrnendcd drying
temperature range is 250 300 C. althoug.h Duval (:!2l stated that a hor:zontal
mass level was obtained from ; 00 g..tQ c:. In a Tore ~eCeI1r study. ;\Iewkirk
and Alife:-is 1:!3) found :hal the decorr.position temperature of anhydrous

I
i
~•
~
!

.'

1200 :~ao

,~
:000800'00 600200

Weig~: ,oss

25

TG curves ofPdO, frO" u:Jd RuG, showir:g I'orrr:nl',on und l!'.",xiUl."n reac:1l1ns

_1l"' ~

Pd

"'gure ~,J I.
70).
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, Carve" Crucibie A:mo5pherc Sampi~

- - -

l Porcelain Ai~ ~a2CO.

2 Porcelain Air :-;'a2CO."

4- 3 Porcelain Dry:-;'/ :-;'a,CO~

~
4 Alumina Air Na2CO~

5 Platinum Air :'-Ia2CO ,
6 Platinum Dry ~,' :"1a , CO.
7 Platinum W.:t :-;,' :-;'a2C03
8 Platinum COl' :-;'a2(03
9 Platmum Dry 1'/ Na,CO, - 5:0,

TO Platinum DryN 2' ~alCO, ~ SiO,"
11 Gold Dry N/ :-;'a,C03 '

-- - -- -- - --

I
I
\ 475~:

t·o rrg

N, I No I No
10 I/hl 10 II>, f1C i1h.--\---+--
p.us I I jJIU5

~ r-'"
el, I) l/h I I Air

.r--..."",J--9-J-5-.C"---.........1 !·.2 I/h

i i
! 1
I
I
I
I

Table 4.5. Data for Figure 4.33

"Heating rate 300' C/h. except run~ 9 and 10,
'Cruc:ble covered.
'Gas Row rate 250 m::min.
"Heating rale 300°C,~ to 510' C. ther. JO'C h.
'Maximum tempe,ature 922-C. but slimp:e cooled and :"cle \ h
31915 C after rcac:,i'lg 92:2 Co

I

I
I

6~C I

I

"'"'--'-------'_---'-- ~___'_I,,-,-II_I
24100 300 500 700 !Joo 91, 975 BOO 600 475600

,I

sodium carbonate was dependent on the type of crucible container the
sample was heated in. The results of this study arc illustrated in Figure 4.33
and described in Table 4.5.

When the sodium carbonate was heated in platinum or gold sample
holders, the mass-loss was much less rapid and was probably due to the
decomposition of the sample to form sodium oxide and carbon dioxide. As
seen in curve 6, the presence of a nitrogen gas stream resulted in a faster
rate of mass-loss, while when water Was present (curve 7) the observed mass
loss fate was less. A sample of sodium carbonate dried at 350°C showed no
further mass change on further heating for 12 hours at 600°C and 4 hours at
650'C in a platinum crucible in air. The reaction of sudium carbonate with
coarse silica sand occurred rapidly at 800-850"C as shown .by curve 9. On
grinding the sillea mixture, the first evidence of mass-loss was at about 500°C
(curve 10) or somewhat less than the temperature in curve 9.

It was recommended that sodium carbonate for analytical use be dried by
heating in dry air or carbon dioxide using a platinum or other inert sample
container in the temperature range of 250 to at least 700°C.

T• ."p., "C

F;guTe 4 34, TO method for the deler.:1l~ul;OI1 of r a~J C i~ a n"~'ll':c~I"mel"c lil'lnl~m

carbIde: : .lJ /,
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100 ;>00 30e 400"C100 200 300 I;O~"C

Terr;l

f"G:.:re 4.35. fG curve, ~r comlnex;;L':O ~'3:ja", 'nalges:c. ,. ,1ete~;r.ed by Wendlandt

dnd Co.;;~s :97).

Aspiri!1,(I) is dreeti~'e in musculoskeletal pai~ anc headaChe but less effective
for paih such as toothache and sore throat. :-";-Acetyl-p-ammophenol (IV) has
a reasonable antipyreric effect and may ":Je used as a substitute for aspirin in
cases where feve'r 'reduction is importanr; it is second only to aspirin for use
as a nonprescription analgesic. Ace:anilidc and phe:lacctin (UI) are also
effective as analgesic and antipyretic agents. Most of the acetanilide is
metabolized to (IV), which is thought to be the act~ve agent. However,
compounds (III) and (IV) are less toxic than acetanilide so that (he latter is
no longer widely used. Sallcylamide 1m is used for its analgesic as well as its
slight sedative properties.

Tbe most commonly used analgesic is acetysalicyHc acid (I) (aspirin).
It is generally dispensed in 5-grain (325 mg) tablets which contain a small
amount of binder, such as starch, and other components. The TO and DSC
curves of aspirin preparations are, essentially, those of ;mre acetylsalicylic
acid. A small black, charred residue is usually obtained at 500=C, if heated in
a nitr~gen atmosphere, of the binding agent. The TG curves of 12 commer
cially available analgesics arc shown in Figure 4.35 (97). Although more use
[ul information can be obtained from the DSC curves. TO curves are also
valuable for the identification of the different analgesics.l"o horizontal mass
plateaus were observed in any of the TG curves, even though regions of
decreased rate of decomposition or sublimation could be observed. In the
case of acetylsalicylic acid, the first mass-loss began at an initial rcmperature

f
I

1

o
~- :-,jf-1z

rA-OH
~

II
Salicylamide

IV
r...; -A cetyi-p-uminoph en 0:

{acctaminopheT:)

22. Titanium Carbide

There are numerous nonprescnptlon preparations that possess analgesic
properties. These preparations, which relieve pain arising from organic
disorders or of psychosomatic origin, comain variOLlS analgesic ager:ts, the
most common of which are the following:

Wiedemann (143) detcrmined the titanium content of a no:lStoichiometric
titanium carbide by a multistep, variable atmosphere, variable temperature
program, TO method. The sample was first heated in a chlorine atmosphere
to 975"C. This converted the titanium to volatile titanium chioride, leaving a
residue of carbon in :he sample container. The amoum ofcarbon residue was
then determined by heating from 475-600=C in an air atmosphere, resulting
in the oXidation of carbon to carbon dioxide. These processes are ii1us[,ated
in the TG curve in Figure 4.34.

1. AnaIgcstics

F. APPIJCATIO:'\'S TO PHARMACEljTICUS

o
~-OH 0
I II

~O-t-CHJ

~
I

Acetylsalic.:ylie acid (aspirin)

lTI
Phenacetin
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l1;) of 125'C. The rate of :nass-Ioss increased greatly above 150'" C but then
decreased in the 225 -300"C temperature range. This was followed by another
region of rapid mass-loss, which terminated at 360'C. The sample container
was empty at the latter temperature. indicating complete loss of the sample.
As in the case of the DTA curves, the Bayer. Squibb, and St. Joseph aspirin
preparations all gave similar TG curves. A re~ic~e of the charred binder was
present in each of the preparations. The preparations. Empirin. Excedrin.
and Stanback, yielded similar TG curves. Buffe~;n and Vanquish also gave
similar TG curves, perhaps because of the presence of aluminum and mag
nesium hydroxy compounds, Tylenol, since it has a l:omposition tbat does
not contain acetylsalicylic acid, gave an entirely different type of TG curve.
lienee, it is probably the simplest to identify of all the analgesics studied here.

2. Antacids

Di Ge' :Wh te)

~~

I I A .a Se.:zer

11''0'" J. ,,,
I C,:ro cLnnoare,

~ Philips~

I
"'~ms '~'-~I I°epta-B.s:-rc ,~

I
I i_IT'1g - __~

• I

I

3. Determination of Composition

f"g1.:re 4.36. TG curves or llonpre;;cript;on a"cacids i9~}.

Radecki and Wesolowski (95, 96) used TG and DTA to evaluate the in~uence

01" various tablet components on the :hennal decomposition of pure pha~ma
ceuticals, The resulting features of the TA curves codd then be used to aid in
the identification of the pharmaceu;:cal and the quar.ti,ative contml of the
dosage. Thermal processes suitable ror the de:ermlr.atlon or the principal

300 400'C100 2003CO 40C'CICC 200

Temp.

7. Other effective antacids, which are used :;eparately []r with alt;minum
hydroxide or magnesium trisilicate, include dihydroxya~uminum amino
acetate, hydrated magnesium aluminate, dihydroxyaluminum sodium
carbonate, and others. Each of these compounds has been demonstrated to
be as useful as antacids but has not been so popular as calcium carbor.ate or

aluminum hydroxide.
The TG curves of the antacids are given in Figure 4..36. As expected. the

TG curves arc not so helpful for qualitative identification purposes as arc the
DSC curves. Similar features, such as the T; values. were observed for Alka
Seltzer, Bromo-Seitzer, and Citrocarbonate. Likewise. 'f; values for Pl:illips,
Tums, and Rolaids were similar. There were enougr. diff~rences :n :he TG
curves of Alkaid. Roiaids, Koiantyl, and Tr.actin to be 'Jsefui for ql~alita:ive

ident:!1cat:on purposes.

Wendlandt (98) used TG and DSC techniques to identify qualitatively 12
nonprescription antacids. These preparations are widely used to treat mild
gastrointestinal disturbances. A large number of these preparations is
commercially available, each differing in the ability to neutralize stomach
acids. The active component of most antacids consists of compound5 such
as calcium carbonate. sodium hydrogen carbonate, aluminum hydroxide,
magnesium trisilicate, dihydroxyaluminum aminoacetate, and so on. Per
haps the most popular component is calcium carbonate, mainly because it is
more effective than various brands of aluminum hydroxides and is also
:nexper;sive and rapid in ncutralizat:on action. It is not without adverse
side effects, however. in that chronic use can cause constipation and the
formation of urinary calculi. Another antacid ;requently used is sodium
hydrogen carbonate (:-JaHCO J), which is rapid in action and elTective in
inducing gastric emptying belching. Chronic use can be harmful in that the
gastric fluids are raised to high pH values, which stimulate the production of
more hydrochloric acid. Also, its high basicity can cause alkalosis while the
high sodium content can create problems for patients on a low salt diet. Still
another antacid that is widely employed is aluminum hydroxide. either by
itself or mixed with various magnesium compounds. In addit:on to its
antacid properties, it may be effective in the treatment of peptic ulcer due to

~he ability to absorb pepsin. Aluminum hydro,'(ide has more adverse side
effects than calcium carbonate if used for prolonged periods of time. A
somewhat more effective antacid than aluminum hvdroxide for treatment of
peptic ulcer is magnesium trisilicate, which has a g.~cater capacity for pepsin
adsorption. For short observation periods. however, this compound is I~ss

cffectiv~ thun the other antacids previously discussed. It w:1l not produce
alkaloSlS a~d large excesses will not raise the pH of gastric tluid,; much above
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----"- ---- ------------

I. Dehydration. Loss of:
A. Crystallization water 7 2.6
B. Constitutional water 2 6.1

2. D<:carboxylation~

A. Of sodium hydrogen carbonate 1 2.9
B. Of calcium carbonate 15 2.9

3. Weight loss due to chemical reaction
bet\liecn components of effervescent mL'(wre 3 6.9

4. Weight :05S correspor;ding to inflections in
the TG curve. Ihe composition and struclLlre
of an intermediate:
A. Were established l3 5.5
B. Could not be establi,hed [0 2.6

5. Weight loss due to complete evaporation.
'Suhlimation or combustion of tne componer:t Jl 5.0

- ..--- --- ------- ------ ---

components of a pharmaceutical include (95):

1. Dehydration. The loss of constitutional or crystaUization water ac
companied by the formation of an intermediate compound of known
composition and structure. These processes occur mainly in the
temperature range 60-300"C.

2. Decarboxylation. Loss of CO 2 from substituents such as ~aHCOJ
or CaC0 3 • The former occurs over the temperature range 60-200°C,
whereas the latter occurs at much higher temperatures. 600-800°C.

3. Weight-losses due to reactions between components of an eITer-
vescent mixture. .

4. Weight-losses resulting from the formation of reaction intermediates
that yield inflections in the TO curves.

5. Weight~losses due to total evaporation, su blimation, ar.d combustion
of a component in the pharmaceutical.

The quantization of results of the thermal decomposition of pharma
ceuticals, using TG and DIG, is rapid and simple in that no calibration is
required and time-consuming calculations are Dot necessary. Moreover, tl:e
results are less dependent on the experimental conditions. The relative errors
for the determinations are listed in Table 4.6 (95).

T.ble 4.6. Relative Erron of DetennimLtions of Components of Pharmaceutical PTe
parations. Based 011 A.ppropriate Processes of the Tbennal Dl!C{)mpositions (95)

189
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Cook and Hildebrand (99) useTG for the qualitative ~dentificll.tionof l2 sulfa

drugs in the temperature range 25 -800'C.

APPLlCATlO:-;S OF THERMOGRAVI~RY

The thermal decomposition of 14 model mixtures of d ..
"t d' db TG . rug exclplents was
~. U Ie y • Dl~, and DTA by Wesolowski (96). Qualitative determina-
:~~ ~r phar:rnaceutJcal. preparations containing various amOunts of phenyl
. ley ate, nltrofur.antom, and calcium g1uconatc was carried out b use of
~T:. WesolowskI, by the TG method, determined the quantitative inalysis
) t ese mIxtures by uSLOg the relationship .

Al'I'L1CA.TIO:-;S TO POLVM£RIC MATERtA-LS

5. Sulfa Drugs

191

,0% OO---~4!DD---laUi1J------'1;'20;------::':::6D;:-------'
200

TEMPE 8A~URE. 'C

"gure 4.J7, TG detem.ln"IIO~ or .. r r
9~1. ...,; .. r~.a.ce n;- rl.:c I'i.OI::Hure iJnc. hyd':"Ll:c ~lr bO:Jnd m,.)i'~:..::"e

Component Content =-= 6.m from TG CUrve ofmixturc x 100
_. Am from TG curve of pure component (4.8)

he results of these determinations r '. .
:'abJe 4.7 (96). or vanous pnarmaCeUtlcals are given in

j
;
I

1. Introduction

G. APPLlCATIOr-iS TO POLYMERIC \1ATERIALS

Perhaps the greatest number of applications of thermogravimetry during the
past 10 years has been in the cbaracterization of polymeric materials. These
studies have been usefui not only in tbe applied areas but also in the tht:o
rerical aspects of bigh polymers. Applications of TO indude comparisons
of the relative thermal stability, the effect of additives on the tbermal stability,
moisture' and additive contents, studies of degradation kinetics, direct
quantitative analysis of various copolymer systems, oxidation stability,
and many others. In studies of thennal oxidative degrada~ion (42), TG can
reveal tbe molecular structure and arrangement of repeating units, ex.istence
of cross-links between chains, side groups in homopolymer and copolymer
chains, and so on. Rate constants, reaction orders, freq uem:)' fll.ctor~. <U1d
activation energies of degradation can also be obtained (16).

A number of methods have been used to classify rolymers according to
their thermal stability. As discussed by Fock (42), classification :s difF.eu:r
because of the wide variety of possible tbermal reactions at elevated temper
atUres, For example, the onset of decomposition may be the degradation of
a side chain with the main polymer chain remaining intact: at some higher
temperature, further decomposition could occur. resulting :.n drastic changes
in the properties of the material. One substance may degrade completely
in a single step, while a second substam:e under identical furnace conditions
may leave a residue at tbe upper temperature limit.

Since the usual decomposition temperatures obtained from TG are highly
dependent on the experimental procedure employed. Doyle (43) has used the
expression "procedural decomposition temperature" as a precaution against
mistakenly regarding such trivial data as dennitive. Two types of procedural
decomposition temperatures were defined by Doyle (43). T~e r.rst of these
was called the "differential procedural decomposition temperalUre" (dpdtl
which was used to define the location of "knees" in norma:ized TG curves,
The second type was called "integral procedural decomposition :ernperaturc"
(ipdtl ar.d was a means of summing up the entire shape of :r.e normalized
:nass-Ioss curve.

The :;:Jdt values are determined from a mass-loss curve ;.IS f'oilows: The

,
e'

I
I

r--
I SIZE: \3,1 '"9, -

,'EATlIIIG PME: 'O'c/w!> I
l-.- ....J

'J%

4. Moisture- Determination

~G is one of the most commonly used TA meth d £ h d ..
.no~stture and other volatiles in pharmaceutical ;r:p~~:ti~nset~:~n~~~~oo~
nOIS ure can be determined' (1) " . '
'0 nd . . .surt~ce or free mOIsture and (2) hydrate or

. U :olstuhre. Tbe TG CUrve In FIgure 4.37, as determined by Daly (94)
,n?ws ow t e two types of moisture are found' from a .' '. '

'~~~~vs:l~e~:ion of 50% of the total sample mass, the sur~~~:l~r~r~e ~~:;
. mpcraturcs up to 12QoC The hyd . .
~volvcd from 120 lSQ'C A . . rate or Dound water is

. mounts of mOIstUre fo d C% r
'~ee water and 13 0% b d t " d un arc c " ,unace or

• 0 y ra e or [Joun Water.

1;
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Table 4.8. Integral Procedural Derom
positioll Temperatures of Some COIDIIlOP

Pol)"lDcrs (43)

;urve, as shown in Figure 4.38, is divided into small squares. The area under
.hecurve is integrated by weighing a paper cutout of the curve on an analytical
1alance. The mass of the crosshatched region in Figure 4.38 divided by the
:nass of the total rectangular plotting area is the total curve area. A*, nor
:nalized with respect to both residual mass and temperature. The quantity
-t" is converted to a temperature TA ., by Polymer

ipdl
('CI

:0 TAO, it is presumed that all materials volatilize below 9QO"C and do so at a
iingle temperature. Thus, TA • represents a characu:ristic end-of-volatilization
:empcralure, rather than an ipdt having practical significance. However,
.1 does serve as a measure of refractoriness, but is not very satisfactory.

To put all materials on an equal basis wirh respect to experimental
:emoerature range, as in A'", but also with respect to their individual refrac-

TA• = 875A" - 25 (4.9) Polystyrene
Maleic-hardened epoxy
Plexiglas
66 nylon
Teflon
Kcl-F
Viton A
Silicone resin

410
46()

505

I: !

700

Figure 4.38. TO curve area~, ..l- [lnd RO (43)

800 900

tory contents, consider a second curve area, K*. the ratio between :he doubly
crosshatched area and the rectangular area bounded by the characteristic
end-of-volatilization temperature, TAO, and the residual mass fraction at the
fixed end-of-test temperature of 900°C.

Doyle (43) showed that the product A* K* represemed a comprehensive
index of intrinsic thermal stability for 54 polymers of ....idely different basic
types. It was also shown that by substituting A*K* for A* in equation
(4.9) the ipdt obtained had a practical meaning as a half-volatilization tem
perature. UnIrke ordinary half-volatilization temperatures., defined as the
temperature at which half the ultimate volatilization bas occurred. the ipdt
based on the residual mass fraction of 9QO"C was appropriate whether de
composition occurred in a single step or in several consecutive steps.

As a quantity derived from curve areas, the ipdt was bighly reproducible
and its value was only slightly affected by small vagaries or systematic errors
in the data curve, especially as COnlrasted witb indices derived on the basis of
residual mass fraction end points alone. Even small variations in heating
rate do not affect it appreciably. The ipdt of several polymeric materials are
given in Table 4.8.

2. Relative Thennni Stability

A comparison of the relative thermal stability of a number of diITerent
polymers was described by ~ewkirk (44). TheTG cur....es. 3.S shown i:1 Figure
4.39. were heated rapidly in nitrogen to about 34D"C and then more slowly.
An order of stability [s readily observable: polytmethyl methacrylate) <
polystyrene < \-tylar and nylon < poiyethylene < LC.'an..
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same thermobaLance. Each polymer showed its characteristic o3ss-1oss
curve in a spcc:i.fic temperature region. This type of information can be
used as a guide for further studies on decomposition mechanisms.

I lOlL £XTf:NO£fI IU I
Be I a"El_ '''l!r-"'"\ I

'j I At liD ,::.,~. \

~ so r \POLYAlEII ~I" I
; I I

40r ""'OS""'" TO 0./ -7--1
JYrt .........E .. ~A-""'C

20I 4~ 4~ '"c;' ~ 't".1' .....E:<;i'r.' ..oss. I
FILLf:P .J.J"

0,--1_- __~_____::=_-_~;:---I
20Q - 400 BOO BOO

TEo,tPE'lATU'l"E 'c

De:er"..lna;mn "fextender. polyr::er. .1r.O f.ller;n .In ela~\ocne: 1.1001.

3. Addithe Co"tent

PLasticizers are monomeric components that are added to plastics and eLas
tomer formulations to modify the viscoelastic properties of the bler.d to make
it more flexibLe, deformabLe, and processable. These additives are generaLly
lower in ther.nal stability than the polymer components and can generallY be
separated from the polymers by heating to moderate temperatures in a :--;2
atmosphere. The determination of a plasticizer, in this case petroleum, in a
rubber shoe heel formulation, is shown by the Tei curve in Figure 4.41 (100).
The rubber formulation contains the components of ex.tender, polymer, and
filler. eac:h of which ean be determined from the curve. The temperature
progr~m is as follows: fast heating rate in an inert atmosphere with brief
dwell times at 310 and 4SGOC to allow for the oils and polymer. reS;Jectively,
to volatilize. The furnace atmosphere is then changed to air and ~he amount
of carbon black or polymer pyrolysis products is determined. The total time
elapsed during the analysis is about 20 min.

Cassel and Gray (100) have deveLoped a TG procedure for the ~etermina

tion of dioctyL phthalate (DOP) plasticizer in poLyvinyl chloride. As illu
strated in Figure 4.42, the DOP plasticizer is evolved frem the sample by
fixing the furnace temperature at 200Q C in a 1';2 atmosphere. When the

I
r
;

f

I
I

r

~

~
I

I

t

I
1
i
I
~

T

80070050C 600

\
\
)

Mylar \

\ Nylon
\ (LytelJ
\

'00 200 300 400

TerrlJ, , e C

Figure 4.40. Rcla:lve [hermal slabdi;y or po:ymers by TG ;45).
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Figure 4.39. Comparison of thermal stabilities ofvarious polymers according:o :-':ewirk:(44).

In another TG study, Chiu (45) compared the relative thermal stabilities
of five polymers, as shown in Figure 4.40. These polymers, poly(vinyL
~·hJoride) (PVC), poly(merhyl methacrylate) (P:vfMA), high-pressure poly
ethylene (HPPE), polytetrafluoroethylene (PTFE), and an aromatic poly
pyromellitimide (P1/, were all heated under identical conditiOJls in :.he
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A few inorganic fillers cae be identified and de~erminedquantitively in the
presence of other fillers through the decomposition of the filler into tts
component substances, one of them being volatile. Such is the case with a
CaCO~ tiller; the CaCO J decomposes into CaD (s) and Co! 19). Tllis is
illusrrated by the TG curve of an inorganic-compound-filled thermoset
polyester (100), as illustrated in Figure 4.43. The determination imolvcs
beating the polymer in air to 420c C, a brief dwell time to assure polymer
combustion. then rapid heating to 750'C, with a brief dwell time to allow for
CaC03 decomposition to occur, and finally, a brief heating above 750C to
ascertain the absence orany further inorganic filler mass-loss. The mass-loss
between 600· 750'C is due to the loss of CO:! from the CaC03 and is calcu
lated to be 15% of the original sample weight. From the decomposition
stoichiometry and the molecular weight, the weight of CaC03 in the polymer
is calculated to be 32%. By subtraction, the other inorganic filler is determined
to be 30%.

Occasionally, it is difficult to pyrolyze completely or oxidize other com
ponents in the poiymer matrix wtthout decomposing the :ess stable :oetal
carbonates. In order to prevent the overlapping of these reactions.. Cassel
and Gray (100) car~ied out the pyrolysis in an atmosphere of CO~ to which a
small amount of oxygen was added. The CO2 atmospbere will suppress the
metal carbonate decomposition to over 850"C. This procedure was illu
strated by the decomposition of a limestone filler. In air, the peai< :ern~ra

tures of the DTG curve occurred at 475 and 750"e: in a CO z -1"3 atmosphere.
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Figure 4.42. Determination of dioctyl phtb.aJaLe plasticizer in polyvinyl chloride (I OO}.

atmosphere is changed to 0;: and the furnace is programmed at 80°Cjmin.,
the PVC is decomposed into HCl and other pyrolysis products. The inert
filler can be obtained by noting the amount of residue or ash remaining at
600°C. In the determination of the DOP, if this procedure:5 carried ollt on a
series of identical samples at different isothermal temperatures, the half·iife
for the residency time for DOP can be obtained as a function of temperature.
Plotting the data on a semilog plot (7' versus log t), the life expectancy of the
plasticizer can be predicted at the end·use temperature (101).

In most cases, the organic material ill a formulation can be separated fn'm
the inorganic filler components by heating to 500· 600"C in N2 or oxidizing
atmospheres, Tbe total filler content Can be determined from the TG chart.
For some polymers, such as certain epoxy resins, these conditions will result
in pyrolytic reduction of the polymer to carbon, which would preclude simpl~

separation from carbon fillers. In this case, it is necessary to prepare i.ln!ilied
polymer samples and run these under the desired separation conditions to
determine the residue left by pyrolysis. The Ill!ed polymer can then '::Je
corrected for this effect. Once the organic material has been removed, Ihe
remaining filler can be further separated by either addi:Jg heat or <.:hanging
the composition of the furnace atmosphere. This has been illustrated by the
determination of MoS:/. in a poly~etrafluoroethylene polymer formulation
(100).



198 APPLICATiONS OF THERMOORAV1~ETRY

APPLLCATIO"lS TO POLYMERIC MATERIALS 19C

only a single peak was found at about 850°C. With pure CO2, a shoulder
peak was observed at about 900°C and another peak at about 925'C.

Charsley and Dunn (102) and Dunn (103) have applied TG to the char
acterization and quantitative determination of carbon black in rubber. The
analysis involves volatilization of the oil and pyrolysis of the polymer in an
inert atmosphere followed by oxidation of free carbon black in the rubber.

A typical TG curve in nitrogen and air for an oil extended ethylene
propylene terpolymer (EPDM) rubber compound is shown in Figure 4.44
(103). In ~~, the first mass-loss is due to the VOlatilization of the oil extender,
although other volatile materials such as water, stabilizers, and cure residues
may be lost as well. The second mass-loss is due to polymer decomposition,
which for nonchar-fonning polymers leaves carbon black and inorganic
fillers. The atmosphere is then changed to air at 600°C and the carbon black
is oxidized to gaseous carbon oxides. The residue is inert ino-rganic filler or
ash. Graphite may also be determined as present by cooling the furnace to
300"C, changing the atmosphere to air, and reheating. Carbon black de
composes at a lower temperature than graphite. When the inorganic ash
content is low «0.1%). the determination of carbon black can be carried
out directly in nitrogen. After loss of oil and polymer, the carbon black
-emains as a residl.le. This procedure can be carried out in 10 min, The total
lnalysis for oil, polymer, carbon black, and inorganic filler takes about
::0 min.

The variables affecting the ~~ values have been elucidated by Charsley
md Dunn (102). The T1 5 value is the temperature at which 15%of the total
~arbon black is oxidized, as determined by the TO mass-loss curve in an air

atmosphere. The TIS value variables investigated include Ihe maximurr.
temperature achieved during the pyrolysis step, hcating ratc. surface are~

of the carbon black, and 'so on.

4. Composition of Polymer Blends and Copolymers

~umerousTG studies have been made on the characterization ofcopolyme
systems. In general, the thermal stability of a copolymer falls between tho~.

of the two !1omopolymers and changes in a regular fashion with the copol'"
mer composition (45). In the case of ethylene-vinyl acetate copolymer~

acetic acid is evolved rapidly and quantitatively during the initial stage 0:
thermal decomposition. Only at higher temperatlJres (in inert atmosphere
do the residual hydrocarbon segments decompose. A typical TG curve of ar.
ethylene-vinyl acetate copolymer is shown in Figure 4.45. The copolyme~

composition can be estimated from tbe initial mass-loss. Compared t,
chemical, infrared, and nmr methods, TG is both rapid and accurate. Typica.
resLtlts for six copolymer samples with vinyl acetate contents ranging frorr
4.3-3U %are given in Table 4.9. These results are compared with a chemica
~lIponification method (45).

S. :vtiscellaneous

The detennination of the thennallife rating of a magn~t wire enamel by the
customary method, AST~ 0-2307, is very time-consuming since it require~

the heating of several wire samples at each of several temperatures and thlO
periodic testing of each sample until electrical failure occurs. David (46
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Table 4.9. CorrelatIon Between TG and Chemical Analyses of Ethylene-Vinyl
Acerate Copolymer (45)

- -~- -- --
Vinyl Acetate (~{) Mass-loss Due to Vinyl Acetate Absolute Dev:at:on

[Chct:1ical) Acetic Acid (%) 1%) (1G) (%)

---- -- --- --
4.3 3.2 4.6 0.3
8.3 5.8 8.3 0.0

11.2 7.6 1M 0.3
14.9 10.2 14.6 OJ
27.1 18.9 27.J 0.0
31.1 21.7 31.1 0.0

observed a correlation between the temperature of initial deflection (extrapo
lated to zero heating rate) of a TG curve of a magnet wire and the Tzo.ooo of
:he wire. Brown et al. (144) demonstrated correlations between TG (and
DTA) data and T~o.ooo for 15 commercial magnet wires. The wire samples
were heated in a dynamic oxygen atmosphere. and the temperature at which
5% of the enamel mass had been lost correlated well with the T20.011G value
determined by the standard method. The kinetics of the decomposilion was
also determined (145).

Application studies that include the use ofTG and other TA techniques to
polymeric materials are numerous. Several illustrative studies include the
following: applications to the electronics industry (104, lOS); automotive
industries (106); industry and research (107); and foam research and develop
:nent (l08).

H. :vllSCt:tlAl'iEOt;S APPI.ICATIOI'·S

1. Analytical Applications

Duval (::!. 8. 9j has discussed these in detail. as ha~'e Palei el al. (17); che appiicu
Lions given by the latter are as follows:

l. ~ew weighing compositions in gravimc:r:c analysis and che dcte:-.
:nination of their temperature stability ranges.

2. For weighing substances which arc unstabie at ambient temperatures.
such as those which absorb CO~ and H~O from the air.

3. Far studying the behavior ofmate.ials in atmospheres of va rio LIS gases.

4. For determining the purity a:.d thermal stabili:y of analy:ical reagents.
including primary and secondary standards.

5. For determining the composilion of complex mixtures.

6. For systematically studying the properties of materials in relation 10

the mct!lods used for their preparation.

7. For automatic gravimetric analyzing.

Duval (2) has also discussed these topics in addition to others, such as the

following:

l. Various mtralion techniques such as the ignition of filter paper.

2. Should a precipilate be dried or ignited?

3. Use of the thcrmobalance for discovery of new methods of separation

a,nd in gasometry.

4. The study of the sublimation of various substances.

5. Correction of errors in analyticai chemistry.

6. Use of thermogravimetry in functional organic analysis.

2. Automatic Gravimetric Analysis

rt was Duval (18) who envisioned the ability to determice Ihe amount of a
specific metallic ion in 15 20 min with the precision usually attainable in
gravimetric procedures and independently of the skill of an operator. He
also suggested the possibility of being able to determir.e simultaneously t""O
or three diiTerent ions without having to carry out a preliminary separation.
With thllse ideas as goals, Duval developed the technique known as automatic
gradmetric analysis, in which a determination for a given metallic ioe or
mixture of ions could be ~apidly carried OUI using the thermobalance_
Selection of the gravimetric method to be used must be based on the fo!lov.;ng

requirements;

I. Quantitative and immediate precipitation.

2. Immediate filtration with r.o :leed to age the precipttate.

3. Immediate drying,
4. Production of a TG constant weight plateau at the lowest temperatUre

possib[c.

The principle of this technique. for the single-component system shQ\\n
ill Fi!!ure 4.46, is based on the fol~owing description. Lsing a clean and dr.:-.
crUCIble. one can determine the baseline of the thermobalar.ce, as i:ldic:illld
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A synthetic mixture containing 0.1541 g of CaCl0~'Hl0 and 0.od53 g of
:\1gC.\O~·2Hl0 gave .\ - 0.0427 g, compared with :I theoretical value of
0.0422 g. A sir.1iia~ de:ermination was carried o lIt :or the determination of 11

copper-si:ver al:oy Crom u mixture ~)f the metal nitrates.

taining calcium and magnesillffi iOlls. These two ions were precipitated as
oxalates and the TG curve so obtained compared with curves for Ihe indivi
dual metal oxalates. If .'t and yare the mass of calcium and magnesimu..
respectively, and m and n are the known masses (from the TG curve) of the
mixttlres present at 500 (\1g0 - CaCO.) and 900· fMgO + CaOI. thcn

by the dashed !ine X. The crucible is removed from the balance, loaded with
the wet precipitate, and then replaced on the balance. The precipitatc is
heated and Ihe mass-loss cllrve recorded in the usual manner. From the
borizontal mass plaleall Be, Ihe mass W1 can be obtai~ed. and from DE
Ibe mass, W2 is taken, Since the mass levels indicate Ihat a definite stoichio
metry of the precipitate has been atlained, mulliplication of Wl or W:a by
the appropriate gravimetric factor gives Ihe mass of metal ion present. The
metal ion conlenl obtained by calculalion from WI will probably be Ihc mosl
accurate because of Ihe grealer accuracy in mass meaSllrement and the
smaller gravimetric factor of the precipilate.

For certain precipitales. Ihe enlire operation filtrat:on. drying. and
;ecording on the thermobalance--takes only 12 min (18).

In the case of a binary mixtllre, the procedure is similar. Take the case of
t:Je mixlllre as illustrated in Figllre d,47. The mass-loss curves for the pure
individual components, MX and NY. are given. as well as :be curve for a
mixtllre of MX -+- NY. Component MX decomposes from D to E, while
.y Y decomposes from B 10 C. In the mixture curve, horizontal mass levds are
formed at Ihesame temperatures as were present on the two initial component
curves. Thus, from the mixture curvc. the amount of NY can be obtained by
determining the vallIe of BC', the amount of M x: from :he value of DE. Thus.
in one simple operation, the analysis of certa,n binary or ~ernary mixtures
can be obtained with reasonable accuracy.

Dllval (18) used this technique for the analysis of a binary mix:un: <.:on-

hence.

Fi~u,-e 4,47. Automatic grav:me:ric analySIS of::l bi~a~y :Tlix:~re (18).

100."<: . 40.32y
. 40 - 24.32 -=- m

56:c 40.32)'
40 - 24.32 =" tl

m - 11
x=--

l.l

(4,10)

(4.1l)

(4.12)
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4. Applications to Vapor-pressure Determination

The vapor pressure or thc sublimation behavior of organic compounds ~J.!1

by determined conveniently using thermogravimetry. Ashcroft (48), usmg
the Langmuir equation

Thus. the transfer of drying or ignition temperatures from a TG curve
plateau ~o isothermal measurements appears to be questiona!:Jle. although
it is a widely us~d practice.

I. The appearance of a plateau fo~ a compound on a TG curve does
not :1ecessarily imply that the compound is isotJlermally stable, in
either a thermodynamlc or practical sense. at alI or a;ly temperatures
that lie on that plateau.

2. If the curve obtained for a multistage reaction has no intermediate
portion :n which the ~ass remains constan.t with time over a ran~c of
temperature. one can make the reasonable mference that the.reactlons
leading to the formation and to the subsequent decomposltIon of the
intermediate are not independently sequential, but overlap at least

partly.
3. In the absence ofa true plateau, one cannot determine from a curve for

successive reactions exact values for either the initial or final tempera
tures ofthe plateau (Ii or 11), or the stoichiometric mass level, although
a reasonable inference as to the latter can often be made.

(4.13)
(

.VI )l'Z
rn=~:,- P-,-rrRT

"'('

3. Drying of Analytical Precipitates

One of the f:rst modern appllcations of the thermobalam:e to problems in
analytical chemistry was the determination of the drying temperatures and
weighing forms of analytical gravimetric precipitates. Duval (19) was
impressed by the fact that authors were very specific about details concerning
the conditions of precipitation, such as concentration of the reagents, volume
of reagents. pH of the solution, time of aging precipitate, and other factors,
but very vague about drying or pyrolysis temperatures. General statements
such as "ignite to Constant weight," "heat not above a dull red," and so on,
were entirely inexcusablc when it came to gravimetric precipitates. With the
aid of 17 collaborators, Duval prepared and heated about 1200 precipitates
which had been prepared for use in inorganic gravimetric analysis. Only a
small number of these werc judged to be ~uitable for the gravimetric deter
mination of various metal ions, based on the ease of precipitation and the
drying or ignition temperatures.

One of the early TG curves which was used in the gravimetric determina
tion of calcium is that shown in Figure 4.48 (20). As is commonly known, the
curve plateau at temperatures from 25 to IoocC corresponds to the composi
tion for the initial compound; from 226 to 346c C, to CaC204,; from 420 to
660ce, to CaC03 ; and from 840 to 980"C, to CaO. Tbus, the drying and
ignition tcmperatures and the composition of the compound at any tempera
ture can be determined. The question of drying temperatures and the non
existence ofa TG curve plateau (hori7.0ntal) have been discussed hy numerous
investigators, especially Simons and Kewkirk (21). For a multistage thermal
decomposition reaction, which would include most of the analytical pre
cipitates studied, the foUowlng general conclusions can be drawn (21):

h~c,e ·H8. TG c"rve of CaC,O. H,O by I'e,:ier and Duv,I'.(20)

Cac,O•. H,Of-----~
I

:00"

CaD

I
226" 346'

I
420"

6~C~"'__---'1

840' 980"

wbere,\if;s the molar mass oftbe gaseous substance. T is the Kelvin tempera
ture and:x is thc sublimation coefficient (assumed unity), determined the
enth'alpy of sublimation of a number of organic compounds and inorga,nic
chelates. Application of the Clausius-Clapeyron equation to a subltmatton
process during which the surface area of the samplt: is contant shows tha.t a
plot orlog Lm( T)l.'~J against IOJ;T has a slope of - 0.0522 f,H,"~, from wh!ch
f,H,ub may be ca;culaLed in 'd. Rates of mass-loss of powdered 50--IOO-m.g
samples. contained in a plati:lum boat, were recorded at a senes orfiv~ or SIX

temperatures over a 20 30' range. By thoos::1g the temperature to gIve [ow
rates of mass-loss and low ( < 2%) overall loss. good straight-line plots were
obtained from which the slopes, as calculated by the least-squares method,
were reproducible LO about 5%. Entha:pies ofsubiimation obta:nc:d by thiS

method are shown in Table ~.9. There was good agreement between the
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5. .\1iscellalleous

Temp., '0(

ngure 4.49. Vapor-pressure cafVes obtained by TO using lhe Knudserr effusion melhod /49).

twO series of values for the first five compounds, although some variations
may be expected from the different temperature ranges of measurement.

The determination of the vapor pressure of various compounds was
reviewed by Wiedemann (49), He discussed the determination of vapor
pressure by TG techniques based on the Knudsen effusion method. The
sample holder that was employed is illustrated in Chapter 3 (Figun: 3..6).
For some measurements. a Pyrex glass ceil having a diameter ofabout 15 mm
was used. Four organic compounds were studied: p-chlorophenyl-,v',
N'-dimethyl urea l:\IIonuron. a herbicide), p·phe:-tacetin. anthracene, and
benzoic acid, in Ihe lemper~ture range of 250-400 K. The vapor-pr,;;ssure
curves of these compounds, in the range from 0.. 10 - ~ Torr. are shown in
F;gure 4.49, The IHI, values calculated were: \![onuron. 27.4: ,.,·phenacetin
:!7.6: anthracene, 20.1; and benzoic acid. 20.7 kcal: :nole.

Adollyi ISO) developed a method in which tho.: [)t:r\\atogruph could be
used for vapor-pressurt: determinations. The method i;,; s;milar to thllt diS·

cussed by Ashcroft (481,

Probably the most imponant characteristic of I:1iIitary and commercial
explosives and solid rocket propellants is performance as related to end USe
and safety. Performance can be described by a variety of conventional
properties such as ~hermal stability, shock sensirivity, friction sensitivity,
explosive power, burning, or detonation rate, and so on. Thermal analysis
methods, according to Maycock (51), show great promise for providing
information on both these conventional properties and other parameters
of explosive aod propellant systems, The thermal properties have been
determined mainly by TG and DTA techniques and isothermal or adiabatic
constant-volume decomposition. Physical processes in pseudostable ma-

Table 4.10. Eothalpies of Sublintation of Yariou."l COJIlpouuds in kJ mole,"l (48)
-- --

Temp, Range Literature Lit Temp.
Compound· /lH'OD (K) I~H'"bl RangelK)

An1.hraquinon~ 105.9 335-355 112.0 298
127 470 590
106.1 428

1,4..Dihydroxyanthraquir::one g4,S 324·-3Sl 103.5 408
t,8-Dihycroxyamhraquinone 96.5 335-356 105.9 405
I·Aminoanlhraquinone 90.9 361-385 1l3.8 451
Benzoic acid 89.1 299-329 91.5 343-387

100 420-480
Thymol £9.0 229-312 91.3 :m-3l:l

67,0 420 .480
Scm racac); 97.2 335-361 159 445-555

99.6 389
49.8 }77 -387

Crill (acach 85.9 335 355 125 490-'595
110.9 397
27.8 389-397

\1 n"l :acacl) i 17.3b 335-355 77.8 383-391
Felli (acac.:lj 114.9 335-355 [16 452-535

99.0 391
55.3 :)78 388
23.4 393

COlli lacac)j 85.3 335-361 74.9 378-393
eu:: :ac.:ac)! 106.1 335-361 57.3 475 560

'acac refe,S IQ ac"l! iacelana tc.
"P:obab.y a r::a~lm"m In:"e.

250300

eooH

I
350

103

T
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terials, which may be observed by DTA, Can often be interpreted only with
a knowledge ofTG or gas evolution data.

The correct interpretation of the large amount of experimental data
obtained by these techniques is a problem not to be taken lightly, since
many important decisions relative to the use of a particular material may be
based on these interpretations. It is obvious that these techniques can be
used both for quality control and as an approach to the basic science of
pseudostabie materials.

TG and other TA techniques and 1heir applications 10 cements and alloys
have been reviewed by Baker (134). Gal et a1. (135) described how the Deriva
atograph can be used to investigate the complex system of dust. The uses of
TG and other TA 1echniques to archaeometry has been discussed by Bayer
and Wiedemann (136).

Pyrotechnic compositions containing KC!03 and lactose have been
studied by TG and other TA techniques by Scanes (137). Oxidation of the
lactose by 1he KCI03 may be represented by the equation
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CHAPTER

5

DIFFERE1'\TIAL THER1\1AL
A:'lALYSIS AND DIFFERENTIAL

SCAi'i'~IKGCALORL\1ETRY

A. BASIC PRf.','(''1PLES Of DTA/DSC

1. Introduction

Differential Lhermal analysis (DTA) is a thermal technique in which the
temperature of a sample, compared with Ihe Lemperature of a thermally inert
material, is recorded as a function of the sample, inert material, or furnace
temperature as the sample is heated or cooled at a uniform rate. Tempera
ture changes in' the sample are due to endothermic or t:xother:nic cnthalpic
transitions or reactions such as those caused ',y phase changes, fusion.
crystalline structure inversions, boiling, sublimation, ar.d vaporization.
dehydration reactions, dissocia~ion or decomposition reactions, Oll-idation
and reduction reactions, destruction of crystalline lattice structure. and
other chemical reactions. Generally speaking, phase transitions, dehydra
tion. reduction, and some decomposition reactions prod:.Jce endothenr.lc
effects. whereas crystallization. oxidat:on, and some decomposition reactions
produce exothermic effects.

The temperature changes occurring during these chemical or physical
changes arc detected by a differential method, such as is illustrated in F:gure
5.1. If the sample and reference temperatures are T. and 1;.. respectiveiy.
then the difference in temperature, T. - 1;.. is the function recorded. Perhaps
a better name for this technique would be differentia/thermometry; the term
"differential thermal ana~ysis" implies :hat it has something to do with
analysis, which, l],S with ilny other analytical technique, mayor may not be
the case.' In thermal allalysis (ano,her misnomer n. the tempe~ature of the
sample T... is recorded as a function of time (see Chapter IO), and a heating
or cooling curve is recorded. Small temperature changes occurring In the
sample are generally not detected by Iris methOd. In the differential tech
nique, since the detection thermocouples are opposed to each other. smail
differences between 7; ilnd T;. can be detected with Lt'.c aprropriate voitage
amplification devices. Thus. smali salT.ples (down [0 sevc~ai Ilg in ;nass)
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Figure 5.1. Ras;c OTA system.

IV:11

S~em temperature - -~

II

may be employed and are.. as a matter of fact, more desirable.
A comparison betw= the two techniques is shown in Figure 5.2. In

parts (a) and (b), the sample temperature is recorded as a function of time as
the system temperature is increased at a linear rate. However, the difference
between the curves in luI and fb I is that no enthalpic transition takes place in
the sample in (al, while in Ibl exothennic and endothermic changes occur.
Since no other temperature changes :ake place in the sample in (al, no
deviation from the linear temperature rise is detected in the sample tempera
ture. However, in (bL de,iations occur at the procedural initial reaction
temperature, 7;, due to temperature changes caused by endothennic or
exothermic changes. These changes are essentially completed at Tf and the
temperature of the sample returns to that of the system. In the Curves 'in (el,
the difference in tempera.rurc. 1; - J;, is recorded as a function of system
temperature, T. At T;. th~ curve deviates from a horizontal position to
form a peak in either the upward or the downward directIon, depending
on the cntha/pic cbangl:. The completion of the reaction temperature,
1j, does not occur at the ma....imum or minimum of its curve but rather at the
high-temperature side of the peak. Its exact position depends on the instru
mental arrangement. Thus.. in the differential method, sm.all temperature
changes can be easil:.. detected while the peak area is proportional to the
en thalpic change (== ill] I and sample mass.

A typical DTA curyc is illustrated in Figure 5.3. Four types of transitions
are illustrated: (I) second-Qrder transition in which a change in the horizontal
baseline is detected: III) an endothermic curve peak caused by a fusion or

I-IL- _

~-I '-- _

G

T.

r,,"e ___

Heater

T,

loi

fig'Jre 5.2. Compari!on belWeen thermal analy&:s and d,ffcrentull :hermnl ana.ysls. Figun: 5.3. TY;lI~: OTA curve.
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and apparatus. The equations representing these parameters were developed
through the use of conventional heat transfer rcla:ionships and the geometry
of the sa.mple and sample holde:-. The derivation of each of these theories is
beyond the scope of this discussion, so only the final mathematical expres
sions will be presented.

[n the theory developed by Speil et u1. (2) and modir.ed by Kerr and Kulp
(3), the area enetoscd by the differential ,,'Urve is

where m is the mass of reactive sample. i\H is the hcat of reaction, 9 is a
geometrical shape constant for the apparatus, k is the thermal conductivity of
the sample, j, T is the differential temperature, and t: and 12 are the integration
limits of the differential curve. This expression is per hap;; one of thc simplest
and relates the heat of reaction of the sample to the ;:lcak area through use of
the proportionality constants or near-constants, 9 and k. It neglects the
differential terms and the temperature gradients in the sample and also
considers the peak area to be indelJendent of Ihe specific heat of the sample.
lt is basically only an approximate relationship.

VoId 143) derived the ex.pression

where C. :s the heat capacity of the cell pius its contents. f is the fraction of
the sample transformed at any time r. y is the differential temperature, .1", :s
the steady-state value of the differential temperature achieved a sufficiently
long time after the initial condition y ~ YI at t =' t;, and A is a. constant.

The inherent limitations of this theory are: (1) the assumption of a
constant value of the heat capacity of the sample and (2) the assumption
that the sample temperature lS uniform throughOllt at each time instant. The
heat capacity of the sample is that of the cell plus that of the transformed
nmount of the sample plus that of the untra~sfor~edamount. These amounts
change during the course of the reaction. Thus.. :;1 practice. if the heat capacity
of the cell is made large. this ftuctL:ation IS cor.sidered minor. alt:,ough sensi
tivity is reduced. The nonuniforrnity of the sample temperature is not con
sidered important enough to vitiate the method. ;llthough it does affect the
transformation temperature rather than the calc:;:ation of the heat effects.
Reduction of the heating rate. measurement of the sample temperature at its
outside .>urface nearest the furnace wall. and various extrapolatiorl pro
cedures all reduce the error bllt do not eliminate i: entirely (4)).

me:lting transition; (III) and endothermic curve peak due to a decomposition
or dissociation reaction; and (IV) an exothermic curve peak caused by a
crystalline phase change. The number, shape, and position of the various
endothermic and exothermic peaks with reference: to the temperature may be
used as a means for the qualitative identification of the substance under
investigation. Also, since the area under the peak is proportional to the
heat change involved, the technique is useful for the semiquantitative or. in
some cases, quantitative determination of the heal of reaction. Since the heat
of reaction is proportional to the amount of reacting substance, DTA can be
used to evaluate quantitatively the amount of substance present if the heat of
reaction is known. Thus, the technique finds much usc in the qualitative
and semiquantitative identification of organic and inorganic compounds,
days, metals, minerals, fats and oils, polymeric materials, coal and shales,
wood, and other substances. It can also be used to determine the radiation
damage ofcertain polymeric materials, the amount of radiation energy stored
in various minerals, heats of adsorption, effectiveness of catalytic materials,
heats of polymerization, and others. Quantitatively, it can be used for the
determination of a reactive component in a mixture, or the heat of reaction
involved in physical or chemical changes.

2. Historical Aspects

The history of differential thermal analysis and differential scanning calori
metry, as well as thermal analysis, has been described in great detail by Mac
kenzie (10.11).

:-',umerous review articles, book chapters, and books have appeared on the
techniques ofDTA/DSC. Murphy has writterl biennial reviews on the subject
from 1958 to 1982 (25, 26) wh~n it was taken over by Wendlandt (12, J3).
Book chapters and/or books includes those by Smothers and Chiang (27, 28),
Wendlandt (23. 24), Garu (29), Mackenzie (30). Gordon arid Campbell (32,
33), Kissinger and Newman (31), Barrall and Johnson (34), David (35),
Barrall (36), Schultze (37). Ramachandran (38), Wunderlich (39), Porter and
Johnson (40,41), Schwenker and Gam (42), Smykatz·Kloss (4), Pope and
Judd (5). Paulik and Paulik (6), Jespersen (7), Sestak (8). and others. A
bibliography of all the books written on DTA/DSC and other TA tech
nique~ since 1937 has been compiled by Lombardi (9).

3. Theoretical Aspects

There have been a number of ditTercnt theories concerning the theoretical
interpretation of thc DT to. l;urve, All the theories relate, in some manner.
the area of the differential Curve peak to the various parameters of the sample

1
J

t
J
J

:~
.>
I

l,
. !

m(tlH) "I,
-- ---=0 \ tlTdr

gk .',

MI (df ) IdY)c, ii =(di +A(r-Ys)

\5.1)

(5.2)



Lsing a 5ample block constructed from an infinitely-hign-thermal
conductivity metal sucb as nickel, in which the sample holder geometry is a
cylinder, Boersma (44} found that the peak area was equal to

where t[ and t2 are the times at the beginning and end of t~e peak, q is the
heat of transformation per unit volume, ~T is the dilTerer.tial temperature, a
:5 the radius of the cavity filled with sample. and i.. is t.'J.e thermal conductivity
of the sample material.

For a spherical metal sample container

and for a one-dimensional case of a flat plate
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I. Heat :ransfer between the heat source (furnace wall or heater) and the
block calorimeter by conductive. convective. and radiative mech
anisms.

2. Heat conduction between the block calorimeter and some medium
within it (reference or sample materials).

3.. The active sample in the system may periodically undergo heat
absorbing (endothermic) or heat-generating (ex.othermic) phenomena
as functions of time. temperature, and position in tbe medium. These
involve complex heat transfer between tbe sample and the calorimeter
under conditions when: :he physical properties of the sample are
undergoing rapid change.

where m is :lie mass of the sampk. and G is r~e heat transfer coefficient
between the nickel cup and the surrounding nickel shield. Although no
data were presented, Boersma IMf claimed .hat measurements on tbe
dehydration of CuSO<j.'5H 20 confirmed equation (5.7) quantitatively. The
samples were said 10 differ widely :n packing density.

Lukaszewski, in a series of 11 pape:-s. disc::sscd the complex beat transfer
problem in various types of DTA systems (45-55). Tbese problems were
simplified into three categories (53):

1
~.
1

i
r

(5.3)

(5.4)

(5.5)

1'" 2I dT dt = qa
.11, 4;.

('2 qa1I. dTdt =-
"I, 6;.

(lzz 2

J ~T dt = '!!!...
" :u
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Lastly, for an infinitely large ceramic block, there are no finite solutions
for the one- and two-dimensional cases; however, there is a solution for a
spherical bolder:

where ..i.< is the thermal conductivity of the ceramic material and ;., is the
thermal conductivity of the !>ample,

In the preceding equations as applied to a t:'Onventional DTA apparatus.
the sample is used for two entirely different purposes: (1) a:; a producer of
heat and (2) as a heat measuring resistance in wh ieh the flow of !-leat develops
a temperature difference to be measured, To separate these two functions.
Boersma (44) recommended the use of meta; sample and reference cups in
which the temperature difference was measured from ou~side the sample
and reference materials. The peak area then depended on :he heat ut ~eaction
by

(5.8)

(5.9)

(5.10)

A(P, tl ~ Qb<l - :t)"

C,$, (8_T) = div k, grad T .::: A,(P. t)
ct ,

The main problems, tbose of(2) and(3). can be represented mathematically
as

where C, and rP. arc the specific heat and density of sample. respectively;
the heat absorption or generation term can be represented as

where Q is the heat of reaction. b is the velocity constant (2 exp ( .. E/RTJ, :I

is the fraction of sample transformed. and /I is the order of reaction. Imposing
the condition that k, is position- and temperature-independent. equation
(5.8) reduces to

where d., is lhe thermal diffusivity oi the sample and C, is the heat capacity of

(5.6)

(5.7)

I
"" qa2 (2 . I)

~ T dt = - -;- -:- -:-
"', 6.1.< I.,



!

I

221

(5.17)

(5.16)

(5.18)
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!'T, r'2 (1 aT 1OT.')I ~T I de = L --,- - - -.;' de
~rl .lei as Ol ar- (it

[
'(lDT., 1 a~) . I~ Q_. - - _. -_- de = \1- ~T dt -r -

I, as ot a, ot "" ..l

The peak area in DTA is the area enclosed by the curve line and the baseline,
so the area between the zero line and th~ baseline must be subtracted; thus,

t. is the thermal conduct!vity, and Q is transition heat per unit volume.
Introducing the differential temperature, ~T, and multiplying both sides by
de and integrating over a time interval large enough to make all :he transient
terms negligible, the following expression is obtained:

Subtracting equation (5.17) from equation (5.16) and defming the heating
rate, IX = dT./dt,

,.

(5.11)

(5.12)

(5.13)

( OT) = d'V"Tat, •
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and for the reference side

where d, is the thermal diffusivity of the reference material.
The heat transfer problem for a DTA system containing ring thermo

couples has been treated by David (56, 57). In order to obtain a mathematical
expression for Cp , the heat capacity of the sample (or reference), one must
consider two factors: (1) the effects of the system on the differential thermo
couple and (2) the effects of the system plus sample on the diffcrentiallhermo
couple. The heat capacity of the sample holder containing a sample whieh is
undergoing exothermic or endothermic changes can be expressed as

the sample per unit volume. Similarly, for the reference material, which
exhibits no heat absorption or generation effects [so that AlP, t) = OJ,
equation (5.10) becomes

where 7~ i~ the sample temperature, as is the thermal d!ffusivny of the sample,

where T, is the reference- temperature and a, is the lherrnal ditfusivity of the
reference. Likewise, for the sample, in which chemIcal reaclion (or transition)
can occur,

I:
(5.19)

(5.20).' :x ('q
cV-T= .~

Kcr
DI'
a!

where S is the surface of the peak. In the case of a cy:inder of infinite length,
with the boundary condition 'V 2 T = 0 for r = R (thus S -= 0), 6e solution
with the thermocouple in the center is

where ox -= K1 pc, and p is the density, c the specific heat, K the thermal
conductivity. and oq/vt the fate of internal heat generation per unit volume,

where R is the radius of the sample holder, Qw is the transition heal per unit
mass. and p is the density.

The temperature distribution within the sample and the influence of the
sample parameters on the DTA curve has been disc'Jssed in detail by Melling
et al. (59). The temperature distribution in the sample obeys the well-known
diffusion equation

(5.14)

15.l5).1 (iJr..) ~ V2 r. ~ ~ Q'
a, aT ' . ;.

where T,. is the reference temperature and a, is the thermal ditTusivity of the
thermocouples, respectively, and Cp•• and Cp ., are the total heat capacities
of the sample holder and sample and the reference holder and reference
material, respectively.

Pacor (58) derived an expression for the relationship belween the area of a
DTA curve peak and the total amount of heat produced or absorbed for the
DuPont DTA block-type sample holder. For the reference, which is not
subject to chemical reaction,
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If the sample has the form of a cylinder of radius r and length I. then

If it is assumed that the distribution of temperature ofthe outer surface of the
sample is independent of position, that is, far from the ends of the cylinder,
then equation (5.16) reduces to

(5.241

(5.23)

(5.26)

(5.25)

dII = C (dT.\ dq
tit 'dl) dt

dH = C(dr.) _Tp -_~
dt 'dl R

(
dH) (d~) T.-~R dl = l1; .- T,.) + R(C, - C,l dl + RC,d -d-t--

and. substituting into equation (5.l3), we have

rated by the sample can either increase the sample temperature or be lost
to the surroundings. Since heat must be conserved, the sum of these two
effects must ~ual dH/dr. Therefore.

The rate of heat loss to the surroundings is controlled by the thermal resist
ance and the temperature difference between ~e sample and surroundings.
ACl:ording to ::\ewton's Law,

In a DTA apparatus, two cells as used as illustrated except one of them is
the reference, where dHjdt = O. Writing an ~uation similar to equation
(5.25), we can express the instantaneous rate of heat generation by the
sample as

~,

I
I

~.

(5.22)

Further use is made of these and other equations in a later section of this
chapter.

A general theory for describing DTA curves (and DSC a.nd TG) was
developed by Gray (60) which employs the same initial equaj.t€lns and
assumptions as previously discussed (43, 44) and others. The essential
components of a thennal analysis cell are shown schematically in Figure 5.4.
They consist of the sample and its container, at temperature T.; a source of
heat energy, at temperature Tp ; and a path having a certain thermal resistance,
R, through which the heat encfj,,'Y flows to or from the sample at a rate of
dqjdl. It is assumed that (1) the sample temperature, r., is uniform and
equal to rhat of the container; (2) the total heat capacity of the sample plus
container, C.. and the controlling thermal resistance, R, are constant over
the temperature range of interest; and (3) the heat generated by the sample
per unit time, dHjdt, is positive, and the heat absorbed is negative.

At any instant, the sample is generating heat at :i ratc dHjdr. Heat gene-

It is assumed that R [or the reference cell is the same as that fDr the sample
cell. The heat capacity of the reference, Cr' \,,111 not be equal ~o that of the
sample. C,. The heating rate for the referffict':. dl~/dt, is the same as that
for the sample, dT./dr. and is therefore a constant.

From equation (5.26), at any time, RdH til can be considered as the sum
of three terms in units of temperature (see Figure 5.5):

rigure 5.4. Schemalieding.a..l ..ra:her.nal

ana:YSls ceJi (60).

Part (1):

Part (II):

Part lUll:

1; - ~, which is the differential temperature of the recorded
curve.
R(C, - Cr)(dT)dI). which is the baseline displacement from
the zero level.
RC,d[(7~ - I,:)/dlJ, which \5 the slope of the curve at any
point multiplied by a constant. RCs' The term RC, is called
the time constant of the system and has the units of time.
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dr'

d' q
51"". ~

(Ill)

II

c.) dTp _ RC. d'q

dr dr'

(III(1)

dl1 = ·dq + rc,
d'· dr'

dH
<it

dfT., - T,)
SI"ne ~ --

d~

litII

.dH ~ fT5 lit) - RrCS - CR)dTR - RC,qd(TS ' Tn)
n ~ ~

o1--;;;;,,-------=;;;JI""'~----_!_::_-___:7+_----.::~---I tl! !2 11 :-.:.. _

~~

F:gure 5.5. Detennination of R d/Tldr from a DTA ~Ul'Ve (60).

At any point on the curve,
-:"ime

The expression for dH/dt again involves the sum of three terms. as waS
described in the DTA theory. Two differences are noted between DSC and
DTA: (I) the thermal resistance, R. occurs only in the third term in the
equation and (2) the area under the curve peak is t.q = - t.H. A calibration

Thus, knowing ReO' a curve can be grapbically constructed which directly
reflects the instantaneous thermal behavior of the sample.

The theory of the Perkin·Elmer calorimeter has been presented by O'!\'eill
(129), Gray (60), and Flynn (134), while that of the DuPont and Stone
instruments has been discussed by Baxter (130) and David (131), respectively.
The theory of the latter two instruments has been discussed previously in this
chapter.

Using the DSC curve in Figure 5.6, Gray (60) developed the basic equa·
tion rdation dHjdt to the measured quantities, as in the case of DTA.

Figure 5.6. Application of equation (5.86) EO a DSC curve (60\

(5,31

(5.30dq
-/ = Ah(1i - Til
~ t

I ~ dq
T, = To .J- - I -- dl

me oJ dl

1. The steady slope of the curve caused by a iioearly increasing temper
ture increment and proportional to an interfacial conductivity terr..

2. An onset temperature of the transition. 1;, obtained from the :nte.
section of thb slope with the baseline.

J. A decay constant, k" back to the baseline at the completion of tn~

transition.

The slope of the curve can be described by I\'ewton's law of cooling,

where h is the interiacial thermal conductivity, A is tile area of tile interfact.
and 'Ii - T1 is the temperature difference between the sample ane. the holde:
The temperature of the sample, Tl • is described by

coefficient is still required., but it is used to convert area to ca;orics and IS di

electrical conversion factor rather than the thennal constant used in DT,
A somewbat more sophisticated treatment is that given by Flynn (13«

which concerns three critical parameters of the DSC curve:

r
I
I

.I
1
~
j
i
1,

(5.27)

(5.28)

R (~~) = 1 T 1I + III

or iftbe tangent has a negative slope,
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where t!.Ht is the heat of transition.
From these equations. for a constant heat capacity, the steady slope during

the melting transition is

where To is the initial temperature, m is the sample mass, and e is the heat
capacity of the sample. At a transition, T1 will remain at the traositio:l tem
perature, Ii, for a residence time. ri , determined from

;.leaK area

A
Ul
'-- I

L _

-- 4. Factors Affecting the DTA/DSC Curve

these constants change continuously during t~e course of t!:le
An analysis of differential and average hearer power COnlnou'

a thermal transition in DSC was made by O':-<eilII191. The :rur
powe:- is uninfluenced by :he average temperature comrol ~VSle

applicahle equally to exothermic or endothcrm..ic therrn:"

Differential thermal analysis. since it is a dynamic tempe:-aL
has a large number of factors which can affect the tesub:]!,
curves. These factors, which are similar to those discuss.
gravimetry (Chapter 2). are more numerollS in DT.-\. and ca~

pronounced effect on the curve. If the DTA curve is usoo
purposes, the shape, position, and number of endothermic :;
curve peaks is important. By a simple change ofconditions. "
or futnace atmosphere, the positions (with refereuce to th
changed, and perhaps the number of curve peaks as weu.
nitrogen to an oxygen atmosphere can create additional :
For quar.titative studies, the area enclosed by the curve
interest, so the effect of the experimemal paramete:-s on
known. When DTA is used for specific heat measurerr.<
deviations become important and such conditions as pan
and diluent, system symmetrv. sam!Jle !JackinlL and so on
accounl if accurate and reproducible rcsult:;

A generalized DTA curve which will be used for purpos,
is shown in Figure 5.7. An endothermic oeak is illustrate

(5.32)

(5.33)

(5.34)

(5.35)

r'· "dq
dr - mt:.Hr

~a dr

siopc = j3hA =- kmflc:m

hA
decay constant = - .,.., k",

em

The onset temperature, Ii, is

and the decay constant at the termination of the transition is

In DSC curves it is usually assumed that the rate ofchange of the reference
material temperature is equal to the programmed temperature. Brennan
ct a!. (135) have considered this problem mathematically and found that the
rate of change is controlled by ~he time constant of the ~eference material.
If the time constant is about 1 sec, the assumption is valid after a few seconds.
However, if it is much larger, the assumption will not apply.

Claudyet al. (14, 15) used an electrical analog model of a heat flux DSC
apparatus with the numerical values ofttle resistors computed using a :vlettlcr
TA 2000B DSC apparatus.

A model system for DSC was developed by Flynn (16) in which the
electronic response of the instrument is coupled with the heat How across an
interface. Equations are derived that relate the time constants for this two
step process with the thermal properties of the sample and the amplitudes.
areas, slopes, and dwell time of the DSC curVes. Flynn (17) has also devc:opcd
a simple theory to utilize DSC for the dctermination of heat capacities.
glass transition, and enthalpies of transition.

Shishkin (18) developed an equation on the role of the reference matenal in
DTA. Two cases are presented: fll the time constants of the sample and
reference material cells do not change in the course of the experiment and (2]
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pretransltlOD (or prereaction) baseline, B is the posttransition baseline,
1; is the procedural initial deviation temperature which the instrument can
detect, LlT.nln is the procedural" peak minimum temperature, and TJ is the
procedural final temperature of tbc curve peak. For the temperatL:re axis,
1;, is the temperature of the reference CT,), sample (T,), or furnace (external)
(T.). The Y axis ;s that of the differential temperature, T, 4 or LlT.

As with the technique of thermogravimetry, the DTA curve is dependent
on two general categories of variables: (i) instrumental factors and (2J
sample characteristics. The former category includes:

the peak area is measured as T. - T,. versus time. then it is independent of
heating rate. The conclusion reached by Garn (61) that the area of the peak
increases with heating rate because of "the problem of heat transfer" was not
substantiated by Melling et al. (59). A hight:r heating rate will also decrease
the resolution of two adjacent peaks, thereby obscuring one of the peaks.
At very low heating rates, the peak areas become very small or nonexistent
on certain types of instruments, depending on the type of sample holder.

Kissinger 162, 63) has shown that the LlT"'in temperature is dependent on
the heating rate, according to

where f3 is the heating rate, Lll;"in is the peak minimum temperature, E is the
activation energy. and R is the gas law constant. A piot of In PIAT;'ln versus
1iLl7~i" should yield a curve whose slope is EIR. The dependency of .iTmin

on heating rate was confirmed by Melling et aL (59), but the determination
of EIR was found to be invalid in a practical experiment.

Speil et al. li2) first pointed out that the actual peak temperature is the
point at which the differential heat input equals the rate of heal absorption
and therefore

1. instrumental factors.

a. Furnace atmosphere.
b. Furnace size and shape.
c. Sample-holder material.
d. Sample-holder geometry.
e. Wire and bead size of thermocouple junction.
f. Heating rate.
g. Speed and response of recording instrument.
h. Thermocouple location in sample.

whereas the latter consists of

d[in LB/t\T:~ln)J

-- d(i/.1T"'i,,)
E
R

(5.36)

2. Sample characteristics.

a. Particle size.
b. Thermal conductivity.
c. Heat capacity.
d. Packing density.
e. Swelling or shrinkage of sample.
f. Amount of sample.
g. Effect of diluent.
h. Degree of crystallinity.

Q.. Iieating RD.te

I
A.lthough the effects of heating rate OD the .i7;"'n temperatL:res and peak
areas have been known for a number of years. only recently have these
changes been explained in detail. In general, an increa~e in heating rate,
say. from 2 to 20°C(min, will increase the 1;, .i TOlin, and Tj temperatures.
As for peak area. the effect of heating rate depends on the Tn temperature
used. If T, - T,. is plotted agair:st 1;, the peak area will be proportional to
the heating rate if the latter remains constant during the reaction (59), If

\,
I

(5.371

as given in equation (j.l). A high rate of heating will cause dH/dr to :ncrease
because more of the reaction will take place in the same interval of time,
and therefore the height or the apex or the differential temperature, LlTOlin.

will be greater. Since the return to the baseline is a time function. as well as a
temperature-difference function, the return will occur at a higher actual
temperature with more rapid heating. 'This is illustratl:d :or kaolin in F:gurc
5.8. The peak areas were reported to be equal to within =3%, although
there seemed to be a slight tendency toward smaller areas wlth low heating
rates,

Langer and Kerr (65) studied the effect of heating rate on peak temperatures
for both the dehydroxylation reaction and the phase transition of i<aolinite.
These changes to the peak temperature at various heating ra~es are given in
Table 5.1. Both peaks are increased by an increase in heating rate although
the dehydroxylation reaction peak is more affected than the other peak.

The effect of heating rate on 7;, LlTm;,I' and Tr temperatures of .'>Odium
hydrogen carbonate, as determined by BarraH and Rogers (64). is shown ::1

Figure 5.9. This compound showed two endothermic peaks hetwecr. [10

! •
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S-C!rnin

l:Z"C/mirl

16"C/mill

20'Cjmin

Figu.re 5.8. Variatfoa of ';leak lempera,u": with heating :"dIe (7\,

Table 5.1. Effect (If Heating Rate on Peak Temperature'i \651

Heating rate 10 20 30 40 'OT mir:
---- ----

Dehrdroxyi,uioll Peak
I C)

Curve set (II 535' 555 568 51-i 589

(2) 549 564 572 584 596

\3) 56~ 5&4 596 601 608

(4} 549 566 512 589 596

Av.:ragc 5491:.6 570 ± 6 580::: 7 587 - 7 5'l7 1: ~

Phase TrtJl'l3irion Peak
(-n

----
Curve set (I) 10l3b 1023 1035 L040 1045

(1) 1018 1031 1036 1040 1049

\}} LOD L023 10}3 1040 1035

{4} 1015 1028 L033 1047 1049

Average 1015 ±:2 1025 + '1 1034 == 1 1041 := 3 IJ)4.l. ::: 3

'6 Too,. peak temperatures.
"6Too.. peak temperatures.

Table 5.2.. Variation of .iTIt\&> for Som~ F.soo
Reactions with Heating Rale (66)

-- ---- -----------

and 14D'C. According to the least-squares extrapolations :0 lero heating
rate, NaHCOJ began to dissociate at 111.8 :: D.2°C, and attained the first
i\ Tm1n at 123 ± 1°C and the second .iTmid at 131.7 ::::: a.2ae.

The variation in L'..Tm1n is fairly small if the differential temperature is
measured against the sample temperature rather than the reference. In a
careful investigation, Vassallo and Harden (66) studied Ihe variation of
t.\ 7;"10 for the fusion of benzoic acid and !\1arlcs 50. The results are shown I!:

Table 5.2. The sample temperature. C,.",p" (C.), was essentially constanl
over the entire range of heating rates studied. CSlng the reference tempera
ture, A'or (fl.), we found that the t.\ T"'ln values for benzoic acid varied aboul
4.0cC over the heating-rate ranges. Similar results were obtained for Marlt:x
50.

The effect on the resolution of two adjacent peaks in a DTA curve V.l~r.

heating rate is shown in Figure 5.10. At heating rates of 2.5'-10'Cjr.1in.

1'..1~.J' ('C)

BenZOIC Add \1'ar!ex 50
rj)'

rc :ninl A(l:r
b C..... ~l.' Arer

,
(_PI.'

5- 1215 :2:,3 136.0 13~_::

:0 121.6 :2;,7 138.0 t 3J.,J.

i5 112.1 ~::: ,~ \.18.7 1].1.::

25 : 24.0 121.'} J39.5 134.::
4t) 125.5 121.'1 IjJ.2

80 ':l.~ 13.!,.i

------- -
':!J = healing r,ale.
'.4", = ~r plotted nga;r.st ,derence 11111\e':al tem;:ler~lure.

'c.~.,. = ~T piolled agamst sample temperalure,

231
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Figure 5.l0. Effect of !Iealing rate On curve
peak resolution (67), Cnmoou:td used wa-.
cnoleslero; ll-rnorionatu

"7"emp.• lie

60 80 ' 00 -20 1404020

I 10'C/1">,n

I '20"'" 'r
• ..oJ V m.

20'CI"ri~

30"CIf'l'n
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Iii

gaseous component, the peak temperature and [he shape of the peak wiiI be
affected by the gas pressure of the system. If the gaseous environment i.
identical to the evolved or absorbed gas. the changes will be more prr..
nOl.lnced, as can be shown thermodynamically. The relationsh:p betweer.
transition temperature and pressure is expressed by the well-known Clapey-

0
1

x'wi
~I

~I

.' 1,·"

>I_I:-__--!::I ,--__-IIl.-__--l1 Figure 5. \ l. Effec: of healing nile or

40 60 BO 'CO 120 the peak amplitude (67). Compound USIlC

was ch"'e.ste:o: propr:onate.

l/J 1'2 14 '1/8642

lJ1.7
b. -----.

-- l22.5.. •__---

.~..

a

'20

b. Furnace Atmosphere

Heatin~ rate, 'ClminI.' B.ginn;ng of decamp",itlon
• C.laulat.d least-sq."ares ;>Dints
.. ExDerlmenl.1 po:nts

lb) "irs! endo~e<,..,al "m·.... u'11
• Calculated least··seua,,,, po:nt<
• Exoerimer.tal Points

(0) S~aond enDothermal mini",.rr
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._nson and Miller (67) showed that cholesteryl propionate gave a curve
n three transitions: crystal-+ smectic at 99"C; smectic -+ cholesteric at
"C; and cholesteric -+ isotropic at 1l0"C. However, on changing the

ating rate to 30°C/min, Ihey no longer detected Ihe llOcC peak, but de
cted a new, small endothermic peak at ahout MOe.
They suggested the use of high heating rates to detect small transitions

'nich would not he detected at lower heating rates. Another effect ofheating
He increases on Ihe curve peaks observed in this study was to increase !he
eak amplitude. This is illustrated in Figure 5.11.

n the case of a reaction which inyolves the evolution or absorption of a
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an approximate form of the van't Hoff equation can be used,

ron equation which gives the rate of change of vapor pressure with tempera
ture,

where Kp is the equilibrium constant for a reversible and ideal equilibrium
process. For a solid-gas-type process, which is frequently studied by DTA,

from the effluent gas). Wh~l"'. the purge and effluent gases are identicaL :h-e
volatilization peak either shifts to higher te::-.peratures 0, remains unchanged
relative to zero flow ratc, depending or: :he operating conditions. TJis
behavior is a :cfiection of the changes in partial presst:n: of the effluent gas in
the immediate vicinity of the sample st:r:ace. When the purge gas dilutes :he
cilluent gas. the partial pressure of the effluent di:n:nishes with increasing
flow rate, and the peak moves to lower temperatures. Thus, the peak position
can be shifted merely by controlling the partial pressure at the sample surface
usir.g the purge gas as a diluent (68).

In an atmosphere containing a fixed partial pressure of the evolved gas. a
substance will not begin to dissociate to an apprcc.:iable extent until the dis
sociation pressure of the decomposilion reaction equals or exceeds the
partial pressure of the gaseous component in the surrounding atmosphere.
The higher the partial pressure of the surrounding gas is, the higher will ~
the di~sociat1on temperature of the substance. Tbus, the surrounding gaseoili
environ ment has a pronounced effect on the DTA curves so obtained.
Furthermore, the reaction of the gaseous <It:nosphere with the sampie can
also produce peaks in lhe curve; for exampie, oxygeu in the air causing J.D

oxidation reaction and hence an exothennic peak.
GeneraJly, two types of gaseous atmosphere are employed: (1) a static

gaseous atmosphere, usually in an enclo~t:d system; and (2) a dynamic
gaseous almosphcre in which a gas flow is either main:ained through :he
fur:lace or through the sample and reference materials. The first Iype is ,he
most difficult to reproduce since tbe atmosphere surrounding the sample
is continually changing in concentration due to gas evolution by the sampk
and by furnace convection currents. Under controlled conditions, the dy
namic atmosphere is the simplest to maintain and reproduce.

In a comprehensive study, Stone (69) compared the results obtained in
stati<.: and dynamic gas atmospheres, as wei! as ,he effect of various g~
atmospheres at differeD! pressures, on certain decomposition reactions. A
comparison between static and dynamic gas atmospheres on the thermal
decomposition of illitic shale is given in Figure 5.1:2_ As can be seen. the
peak minimum temperature. I\Tmin • is shifted to lower temperatures in t~e

dY:1<lmie-gas technique. The shapes of the curves are similar in Ihe two
techniques.

The effect of two different g<lseous atmospheres on the curve obtained for
ligr.ite:s Hlustrated in Figure 5.13. In the dyr.amic r.itrogen atmosphere. the
Iigni:c pyrolyzes ,lOd distills off volat~le matter; in oxygen, the lignite 0:>.1

dizes. giving rise to exothermic instead of endothermic peaks.
The effect of the introduction of an atmosphere of the evolved gas on the

DTA CL.lrves is shown in Figure 5. j 4. In an ox~gen atmosphere. the rhombic ~

~exagonal t~ansition of SrCO J and the cecompos:tion peak overlap e<lch

(5.38)

{5.39l

(5.40)

(5,41 )

dp All

·lr T ilV

dIn kp IiR
-df- = RT7.

I\H y
lnp~ --....... c

RT

where p is the vapor pressure in atm, t.Hv is the heat of vaporization in
cal/mole, R is the gas constant, T is the temperalure, and C is a constant
related ~o the entropy of transition.

The Clausius-Clapeyron equation may be considered a special case of tile
more general van't Hoff equation

where p is the vapor pressure, IiH is the heat of transition, and IiV is the
change in volume of the system due to the transition. For reversible volatiliza
:ion processes, several assumptions may be made leading :0 the familiar
Clausius-Clapeyron equation, the integrated form of which [s

where IP,h an~ (Pell are the partial pressures of Cll'" in the system at tempera
lures T~ and 7:.

This relationship not only provides a convenient method for determining
t?e h~at of volatilization pro<.:esses, but also explains the response of vola
ttlt7.atl~n peaks in DTA curves to changes in purge-gas flow rates exhibited in
dynamic-gas DTA systems. Cnder dynamic flow conditions. :ncreasing the
flow rate generally reduces the peak lemperature at which volatilization
occurs when the purge gas is non:nteracting with the sample land is different
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Figure 5.11. Difference between DTA c:.!rves
in static and dynamic atmospheres (69).
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other. On introducing an atmosphere of carbon dioxide. one finds that the
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is shifted to much higher temperatures (70).
The choice of sample-hoider shape will affed the interaction of the gas

atmosphere with the sample. If a glass capillary-tube-type holder is used,
the changing of the furnace atmosphere will have :ittle effect on the DTA
curve due to the long gas diffusion pat!1 between the sample and the furnace
atmosphere, A f1at-dish-type holder is perhaps ideal for control of the gas
solid reaction but may cause loss of Ll T sensitivity due to radiant heat loss.
For reactions in which the gas atmosphere plays no part. a spherical sample
holder might be ideal, but would cause difficulty in introducing :hc sample.

Thc effect of pressure change!> on the DTA curve has been studied by
numerous investigators. Increas~ng the pressure in the system, even with
an inert gas, increases the transition temperatures. Ii, ~T,,"n. and Tf . At
low pressures, < 1 Torr, the product gases are removed rapidly; hence the

237
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small ex.otl:ermic recrystallizat:or. peak. When the pressure is :;1creased,
new endothermic ?eaks appear in :he dehydration process, L:lrortunately.
the origin of !he ?eaks was not disc'Jssec. Si:nilar c!fc:::ts were shown by
Locke (2). Gam (73). Levy et a1. (74), David (75). a:ld ot~<:rs.

WiiJiams and Wer:dla:ldt (20) determined the effect 0: ;:Jresst.:re (1 69 a~ml

on :hc dehydration of a :-lumber of meta; salt hydra:es. The DTA curves of
CoSO.. ·7H1 0 at various elevated ?ressures are shown in Fig'Jre 5,:6. At
1 atm of pressure. two endothermic peaks are observed :n the DTA cune:
a small endothermic peak at a 6. T",'n tem?erature of 55 C arld a large endo
tr.errnic peak at a 6. T",;" of I t5 C. As the pressure is increased. the 55 C
peak remains essen~ialiy ur-changed. ind:cating that it is some type of a
phase lrar.sition ,hat is pressure-independent. The 115 C peak. however,
splits into two peaks as the pressure is ir.creased to 69 atm. Tr.is peak s;liitting
is thought to be due to the two reactions: (II deaquation anc tl:e evolution of
a Uquid wate~ ?hase a:1d (2) vaporizat:or. of !he Jjquid Water phase. The firs,
step is ir.depcndent of pressure, whereas the second step is pres.>ure
dependen:.

Kamphausen et al. {2l) determined the effect of pressure changes from
ambient atrr.ospr.er;c to 2 kiJar on [~e DSC c:.;rves of !1enc:cosa:1e. n-Cl1 H.......

.>,...

2300 0.', .g.

._--- 200 p,s.i.g.

~"B5sure: 5 x 10- IJ Torr

___ '-------, at'"

__---~'000 p,s'-.g.

(~)

(e)

(b)

transition temperatures are shifted to lower temperatures and there is also a
decrease in peak resolution. The effect of pressure changes from 5 x 10- 6

Torr to 2300 p.s.i.g. on the DTA curVes of .'.1gS04 ·7H1 0 are shown in
Figure 5.15 (71). Resolution of the curve peaks is very poor for the low
pressure curve in that only a single endothermic peak is observed plus a

50':: 100' 150' 200' 250' 3CO' 350' 400' 450'C

Figure 5.15. Effec: or pressure on the DT,\ curve$ of :vIgSO. '7H,O 17:), J'i~rogen gus
pressure: healing raLe of :0 C ~;r. ..



Since the same decomposition mechanism has been reported for dolomite,
the fraction decomposed of dolomite as a function of time, d':J./dt, in vacuum
can be expressed as

Two peaks were observed up to' pressures of 1.5 kbar; at 2 kbar, only one
DSC peak was observed, The lower temperature peak was due to a solid
solid phase transforma.tion, whereas the other peak was caused by the fusion
of the compound. Similar studies were made using c:yc!opcntanone, cyclo
pentanol, and cyclohexanone up to 3 kbar applied pressure (136).

The effect of CO2 pressure on the shape of the DTA curve of dolomite has
been discussed by Bandi and Krapf (137). At pressures ofless than 200 Torr,
a one-step decomposition to CaD and MgO was observed; at higher pres
sures ofCO~, a two-step process was found. It was concluded that the reaction
mechanism was different at the lower pressures from that at higher pressures.
Criado (138) has dl::rived several equations proving that this is not the case
but is merely the effect of pressure change on the fraction of sample reacted, 'X.

He showed that between 500 and lOOOCG the decomposition of CaCO)
can be fitted closely by the equalion
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Poq(Torr) = 1.4 x 10 l oexp(-39/RT)

dz./dt = A exp( -E/RT)(1 ~ 0:)1-:3

(5.42)

(5.43)
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Figure 5.17. Plots ofreac(ian ca!e uElhe 1hennaJ decompost:ion oE CaCO, ,e~su-, lerr.perature.
Peo , is A. 0: B. ]D: C. 100 r"rr, \38).

The reaction, however. is carried out at some partial pressure of CO2• so
tion (5.42), one has

Substituting equation (5.42) into (5.44) and usmg E =-= 39 kcal/mole and
A = 2 x. lOs min -1. one obtains eqllation

If the reaction rate were recorded at a heating rate of f3 = aT/d1, then equation
(5,45) becomes

(5.47)

1 X. 108 RT5
- - - - - exp{-39jRTc)

39

1.4 x 10-1._. - -p- -Pco,(T - Ta)

c. Sample Halders

(;si:lg equations (5.45) and (5.47), curves were plotted at pressures of 0, 20.
and 100 Torr of CO2• at a heating rate of 10·C;min. as shown in Figure 5.17.
Thus, the abrupt narrowing of the DTA curve peaks is due to a change in
pressure and not reaction mechanism.

2 X 108 1.4 ;.; 10- 2

- If - exp( -39/RT) aT - - -(1- - Pen, dT (5.46)

dz.iJt=:AeXP(-'E/RT)[I-~:E'.J(l-'Z.)Z13 [5.44)
P"l

Integrating equation (5.46), as described by Coats and Redfern (189). \.Ising as
a lower integration limit of temper.ature. Tv, previously calculat<;)d from equa-

Since the shape of ::l DTA curve is intluenced by the :runsfe, of heat from
the source to the sample and by the rate of internal generation or absorption
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so.that heating will be more rapid. This is equivalent to reducing the diffa
sivity of the holder.

Wilburn et a!. (76) state that to prevent tr.e adverse distortion of OTA
curves, the sample size should be small, heat leakage between the samples
~hou[d be kept to a minimum, and heat transfer to the samples must be
rapid.

OTA curves for identical samples show a change in shape with increasing
sample radius (59) because of the development of a difference temperature at
the beginning while the return to the baseline at the end of the reaction is
delayed. With increasing radius, the "S" form of the (eading edge becomes
more pronounced, and distortion of peak shape is more noticeable. ff the
peak shape is to be used for the determination of any reaction parameter,
samples of small radius must be employed.

As the sample radius is increased, the peak ~emperatureincreases for both
reference and sample materials but the inc;rease in sampie temperat:.tre :5

much ;ess than that occurring in the reference material. Ht:nce, for mini
mum variation between samples of different radii, curveS are best plot:cc
using sample temperature as the abscissa. Also, to ensure that the heating
rate in the sample remains reasonably constant during the reaction, one
must use samples having small radii.

The t:me constant of the sample holder has previously been discussed by
Gray (60) in equation 15.26). It is obviousiy an advantage in any s~ple

holder to make RCs as small as possible and ideally so small that the distance
III in Figure 5.5 is negligibie compared to I - II. The smaller and more
cOnstant RC, is. tne more acr.:urately will the instrument record the instan
taneous thermal behavior of the sample. Obviously, an R value equal to
zero in a DTA sample holder would result in no curve peaks at all. For
high sensihvity, a illrge R is required, which is tr.ercfore incompatible wirh
the requirement for fast r~sponst: or high resolution Ihat Res be small. In

constant is increased, the shape of the curve becomes distorted: this is the
same as saying thai as the holder dilTusiv:!y decreases and/or the heat
capacity iccreases, the shape of the curve will be markedly changed. Low
diffusivity, block-type holders cause the DTA peak to overshoot the ze~o

baseline and so produce what appears 10 be an exothermic peak after an
endothermic peak. This could lead to erroneous concll:sions in the interpre
tation of the OTA curve, but b due, in fact, 10 the use of a low-diffusivity
block.

At high temperatures. transfer of heat will be mainly by radiation,

" '
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of heat by the reactive sample,. the sample holder plays an extremely im
portant part in the OTA experiment. The specific effects of the sarnple
holder desigD on the DTA curve have been discussed in detail by Wilburn
et aJ. (76) and :\1elling et al. (59). t:sing an analog computer, the latter
generated DTA curves employing various time constants, Re, for :he sample
~older. These results are shown in Figure 5.18. As the sample-holder time
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Figll"e 5.20. Samp:e-holder con:igurations and :b.e re'~!ling va,ues of Q and T (77).

difficult to construct, although an approach to a sphere has been made by
Lehmann ..:t al. (781. who used a cylindrical holder with a rounded bottom.
In a spher:cal arrangement, t~e thermal effects fr€lm all parts 01' the sampLe
arrive "in phase" at t~e centrally located thermocouple jur.ctlon (791,

In general. a sample hold.:,. of eirher the block or tlJe cup type., con
structed of ~ :ow-thermal-conducrivity material wi!: give better peak resoiLl
tion for an endothermic reaction than one l:onstructed of i.I. t:igh-thermal
conducitivity material (79 -81 I; ror exothermic reactions. the solution ;s worse
for a low-thermal-conductivity materiaL Since most reactions studied by
DTA arc endothermic. it wD~ld appear that the 10w-t!1ermal-condm::tivity
sample hOlders would be preferred. [n actual practice. however, the m.:tal
sample !1olders (high t~ermal conductivity) are more widely used. perhaps
because of I~e case of their rabrlcation and the:r durability,
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an instrument where the sample itself makes a major contribution to the
thermal resistance, R, so that R is not constant during the treTIsition, tbe
curve peak area will not be proportional to the heat of transiIion.

Dosch (77) developed a simple electrical technique which could be uscd to
:neasure both heat sensitivity and response time of a sample holder without
interaction. using the electrical analog for an isolated sample holder, as
shown in Figure 5.19, Dosch placed a small electrical heater in the sample
container and used it in the measurements. The beater sensitivity was cal
culated by relating the temperature change at equilibrium to the input power,
and the response time was determined by measuring the time constant Tbe
latter is the time required for the .:xponentially changing signal to reach
63.2% Oie) afits equilibrium value.

The thermal resistances and time constants for a number of different
sample holders arc shown tn Figure 5.20. The resistance values obtained in
C and D were not very reproducible due to the positioning of the heater in
the sample area. The time-constant values, however, were much less affeCted.
It is well known that the heat sensitivity of an isolated container-type holder
decreases with increasing temperature. This effeet~ which is due to the
increase in thermal conductivity, k, results in a reduced value for the thermal
resistance.

The geometry of tbe sample holder bas a large effect on the intensity of
the peak and the peak areas obtained. In Boersma's (44) equations for peak
area.. the value of qa z/4i. was obtained for a cylindrical metal sample holder
and qa2!6A. for a spherical holder. Experimectally, the spherical holder is

Figure 5.19 IIYPolhe~icaJ isolated DTA 5arr.pie holde' a~d i:, approximate e:C{;!ncal anaiog
clrG~ils: ,n bOlh cases. the lime. T. '5 :b.e lil"e n:qalred for lhe deper.den[ va"abl< (i or l') '.0

reach I·e or 63 ..?~ ~ of :15 nr.a: valoe en). Equlvak::l qaantl::e"

T,me. second, T _. T Time. ,eco"ds
Themlal reS!stance n R R~islar.ce. ohms
Hea: capacity [0,: C Capaella:lce. faracs
POwer P-- I Curren!. ar::pere"
Temperalure r -- l I'olenl,n:. \'0:.0;



I. Poor resal urion

Disadvantages

1. Poor exd:angc with a:mosphere
2.. Poor ~a :or:mctric precision
3. DiF.icelt sample ma:lipL:.lation
4. Scns:l:vc to sample density change

Block type
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I. Good c!tchangc wl:h utr."lospherc
2. Good calorimetric precision
3. Good for high-temperature use

/ sQlawd cOlltainer type

t. Good lemperaHlTC u:l:formity
2. Good :hennal equiiibrat:oo

3. Good resolution
4. Good for b.p. delc:T:1inatians

Advar::ag~

Table 5.3. Comparison of Block and Isolated Container Sample Holdes (84)
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A compar:son between ceramic and metal sample holders has bee:: made
by Webb (82), Mackenzie (83), Arens (80), and Gerard-Hirne and Lam}'
(81). Webb found that for reactions involving the evolution of a gas, t!'le
ceramic sample holders gave peaks with maxima shifted to lower tempera
tures. However, for a crystal:ine phase transition such as ;he 'X -+ f3 lI~artz

transformation, :he results were identical for metal and ceramic containers.
Thus, it was concluded that the difference was caused by the ceramic holder
allOWing the gaseous decomposition products to diffuse into the furnace
atmosphere, lowering the concentration of the gas in the sample. and so
leading to a more rapid completion of the reaction, By using siEca Iiner3 in
the ceramic holder, Webb found that this gaseous diffusion did not take place.
and hence the results were identical for ceramic and metal containers.

A comparison of the two types of sarr.ple holdw; (82) for endothermic
reactions, such as the decomposition of Ca{OHh, CaCO J , and :'\1gCOJ •

showed that the nickel biock Was only slightly less sensitive than a ceramic
sample holder. At temperatures of about 500"C, it gave peak areas which
were about 80% of those for the ceramic, and at about 900"C, about 70%.
The metal holder yielded peaks which were sharper and also increased the
resolution of adjacent peaks. Webb (82) explained this as follows: An endo
thermic reaction begins in the portion of the sample nearest the walls of the
sample welJ, and in the case of the metal (nickel. in this case) holder, heat is
readily available frum the large mass of metal of high thermal conductivity
in contact with the cooler decomposing material. Rapid heat flow into Ihis
superficial !ayer masks the early part of the reaction by neutralizing the
endothermic effect before it can affect the thermocouple junction. It is For this
reason that the endothermic reaction appears to start at a higher tempera
ture. When the temperature reaches a value at wbich the rate of decomposi
tion becomes so rapid that the heat from the metal can no longer penetrate
the increasingly thick layer of decomposed material of low thermal conduc
tivity sufficiently rapidly enough to neutralize the endothermic effecI, the
reaction quickly manifests itselF, reaching, For the rest ofthl: reaction period,
a rate comparable with that prevailing in the ceramic holder.

Comparing a ceramic (porous alumina) and a metal (nickei) sample
holder, Mackenzie (83) found that For the e:1dothermic peak in kaolinite, the
peak was smaller in the metal holder (about 75% that of the ceramic) and was
shifted about 6% higher in temperature.

The two basic types of sample holders, the block and :solated-container
types, are compared in Table 5.3 (84).

Dollimore and co-workers made a cOr.Jprchensive investigation of the
effect ofsample holders on the DTA curves of several reactions (139. 140). lIS

ing commercially available cell types illustrated in Figure 5.21, they found that
the corresponding DTA curves for the decomposition of L:O!C z0 4 ·3H.O.
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even if no gas flow was used. l;sc of a flowing gas atmosphere completely
climir.a:ed the spiitting effect {f).

Dtt Pom 91)0 !lllenl1eJiare cell. l:r.diiuted saP.lplcs ga....e two peaks for the
dehydration reaction ry). Flow ratcs as h;gh as 2 L/min gavc similar
~esults. Contouous evacuatIOn of the cei~ (h) for an undiluted sample
in raCuQ gave conopl.:te eiiCllnalion of the spiit~:ng. The high-te:nperalure
cell with liners produced only a single peak {i): in the absence of the liners,
curve (j) indicated ooJy a singie curve peak. Similar changes in the DTA
curve for the decarboxylation reaction of L'O.C.04 ' H 20 were observed.

d. Thermocouples

From the preceding discussion, it is seen that the correct choice of sample
holder i, essential for cenain types of reactions 1139). For reversible reaCltOnS
or reactions where product gases can either react with the residue or form
an inert "blanker~ (c.g... decomposition or metal oxysalts where reducing
gases· are formed during decomposition), it is necessary to establish whether
proper atmosphere control is achieved using any particular DTA ce][ design.
Since many inves.igators have access to only one apparatus, often used as a
"universal" instrument ~or a variety of studies. it is clear that the required
conditions (e.g., flow rate. sample weight. etc.) needed to eliminate secondary
reactions must be established for the particular instrument and ceil available.

In those cases where gas now ls :1Ot directly through the bulk sample. an
important factor durmg decomposition in controlled atmospheres is the
geometry or the sample holder ralher than the sample size, tlow rates, and
so on, used. Thus. smalL thinly spread samples lead to efficient product gas
removal but small samples contained by narrow, restricted tubes lead to a
serious Joss in efficiency of product removal.

Dollimore et al. 11.11) also investigated the effect of sample container
composition on the DTA curve of magnesium formate 2-hydrate. Sample
containe:-s constr:tcted from AI. Cu, and Pt metals were compared aed
discussed.

Boersma 1+-11 has shown by tt:eo~e::cai comideratior.s :hat the heat loss by
conduction along :~e tt:e~:Tlccoup!e wires is :airly ~argc and call have a
consicerablc eIT~~~ on the area of the peak obtai:1ed. Since thc temperat:lrc
:n the sample cent\:[:, :nea~;Jrcd ':>y :neans ofa ~herm()(;oupie,par! ofthc heat
produced :n :he samp;e is carried Olway by the th<:rrr:ocouple wires ::wd there
fore too :ow a sample temperature is measured.

Figure 5.23 il1'Jstr:ltes a spherical sample-ij,:cd cavity in a :,:ickeJ block
contain:ng a :he:-r.1C'collple jJI',c:ion of rJdius r,j' During a reaction, a

,
I
!
,I

~. (~\ i'\ .
'I "
, I,

: I:
I: :
I Ii
! 1.<2

~J.lgBr·
. :

\ !
l !

I
\ :
\ I
VJ <.8

r,,,,
I,

I
35~ ;

= \ 1/1

D1FFERESTIAL THER.\1AL ANALYSIS

"\il r. ~ .
I ~:

\;' '7
\ :

Wc J7S )9J

\ (
\ i
\ !,
\ ,
\ ,
VJiOB

248

Fig:!r.5.22, DTA curves for [he dehydratiO:l of t.:O,C,O•. 'H:°us,:tg va~:o~, rnA sample
holders (139). a. ~etzsch standa~d ce:l, dilu:ed sa:tnple, 300 :::L mir. . r:,roger. o~er sa:tnple:
b, ~elzsch cata;ylic ce::, diluted sarr.ple, 500 'lll :nt~.-, air "~er saO'1p.e: c :--~tzsch <:a:alytic
cell, d:I;,:eu sample, 5:nL :mn -, a,r lhrouflh sa:nple; d, Stan~ar. Redcrof:c.:'. "nd~lu~ed '.",pie.
25 mL :r'.:~.-, a,r over sampie: e. S:an~on Redcro~'l cell. diluted sample. s:a::. a,::;: Slan~OJ

Redcroft cell, d~iuted sample. !0 mt. min' , n'tmgen: g, Du PUnl m:e:med:ale t"Tr.p"~a[Ure

cell. :md:!uled sample, 400 mL r.tin -, ni:roge~. "I'er sa:np!e: h. OJ P,'n: intermedia:e
:empc:a:ure ce:;. ur.diluted sample, '" vacuo (: 9 k:-; r:t '): i, Du I'on: h:gh.:emperalure eell.
w:lh ;:~.er. dilu:ed sample, 500 ml :::in -, a,r over ,ample;}. D;, Pont h:gh-:emperature ceil,
wlthOul I'ner. diiuted sample, 500 rd. d" '. a:r ourr samp.e. O'lUlec "';TIp:es. cO":, ""v, Wilh
);'1\:,0,. ;;elll; Icmpe:alure> ,:1 K

Ner;sch Model 404. Csing the standard cell (a). the complete removal of
water vapor was not achieved. With the catalytic cell (b), with airflow
over the cell, the splittlng effect was less pronounced. The splitting effect
could be completely eliminated using an airflow thrOL:gh the sample (e).

Stanton Redcroft DTA 671. With an undiluted sample (d), the peak
splitting is apparent. Csing a diluted sample (e), the splitting is reduced

dissociates according to the reaction

The splitting of the dehydration peak was due to the efficiency of the removal
of water vapor from the DTA sample holder (see J':gure 5.22). Specific dctails
on the sample holders arc as follows:
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__ ,i.

(5.53)

For low-thermal-conductivity samples, lilA) <{ I, the peak area will become
independent of the sample conductivity A, whereas a high sample conductivity
will cause aD inversely proportional relationship.

For cylindrical holders, the expression is

For most samples. the thermal conduc:ivities are about O.3Jl mscC, which
makes ;.jA about equal to unity. Therefore, according to equation (5.50).
the heat leakage througl1 the wires reduces ,he peak area to less than 50% of
il:; theoretical value.

Hauser (88) also studied the effect of wire and thermojunction size on the
peak,shapes. He concluded that the larger wire size (:"Jo. 22 compared to
~o. 28 gauge) and the larger bead size (1.43 mm compared ;:0 0.8 mm) gave
the more pronounced peaks on the thermal decomposition curves. In
considering the electrical resistance characteristics of tbe thermocouple
wires, he found that No. 28 gauge wires halle too high a resistance for proper
electrical properties without too great a thermal conductivity. A lA3-mm
thermojunction diameter was much more efficient in maintaining the emf
than the smaller junctions, but still the mass of the junction was not great
enougb to absorb an excessive amount of heat.

The effect of thermocouple wire size on the transition temperature of
benzoic acid and toluene was studied by Vassallo and Harden (66). For ~o.
28 gauge wire, at a heating rate of WaC/min. the meltir.g point (rnp) of
benzoic acid was 121.7°C. The effect was also observed for a heating rate of
40"C;min, For the No. 40 gauge wire, the peak heights were about 15%
less than those obtained for the larger wire. The diffe:encc in peak shapes
and intensities for the sample and re:ercr.ce temperatures using the various
wire gauges is illustrated in Figure 5.24. 1;,e shapes of the curves are entirely
different for the different size wires.

Heat leakage due to thermocouple leads can be expressed by the equation
(59)

(5,49)

(5.50)

F'gure 5.23, Heat leakage th~ough thermocouple wires
(<14).

temperature gradient exists in the wires over length /. It is assumed that at
the distance I, which is slightly larger than a, the radius 01 the sample cavity,
the wires have attained the temperature of the nickel block. If the area of the
thermocouple wires is A and 00 is the thermojunction temperature, the
amount of heat carried away by the thermocouple leads is

where I. p is the thermal conductivity of the wires. By various mathematieal
manipulations, tbe peak area for a spherical sample holder becomes

where ce, whicb is very nearly unity, comes :rom the altered geometry of the
holder and is equal to

where dh,.dr is the rate of hear :055, T, is rhe temperature at the center of the
sample. TA is the ambient temperature. ar.d

r~ ( 1'0)::1:=1-, 3-~ .
a- u

and A is the heat leakage through the wires, or

(5,51 )
it
,

•

i
:5,52) K _ k"a"

11---
I"

(554)

(5.551
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Figure 5.25. Ter.operallJre distr:bu:ion. at IS.75-so: inter...als. of (a) rcferer.Ge ma,ena"
(b) sample :na'er:a: (85).

heat flow, :x is the heating rate. a is the diffusivity of the material. ar.d 7; is ,
constant having the dimensions of a temperature.

The sample material curve starts out as a parabola: as the outer layeL.
reach the inversion temperature. so mucil heat is required to change therr.
rrom the low to the high form that the ht:at supply :5 inter.rupted. The ra~

or heating at the center of the sample material slows up before the material a
the center has reached the inversion temperature. As soon as the rate o'
heating at ,he center starts decreasing.. the differential temperature curve wil
stan to deviate rrom its baseline. At this point. neither the center of tl;
sample material nor the center of the ~eference material is at the inversior
tt:mperature. Smyth (85) states that :lot :00 much importance can be attachec
:0 this point of initial deviation.

When the sample material in version is completed. :l:e distribution curv~

comes to a sharp point at its ce:lter. Since such a shar;J point correspond:
to a very high value or the second deri\ at:vt: of the t:quation

'J
1,
f
j,

Figure 5..N. CharaG:Gr <If boilir,g
endolhcrm using ;amp:e and refere::",e
'.cmperature measc,,,menls at a hca:;~g

rate of lOT ~:~ '(66).

.e",p.

-- ~,
--I

I
I

~i
_I

oss lactor, k", \S the thermal conductivity of the wire.
.Jat area of the wire, and l", is the length of wire from
nbient temperature. As would be expected, increasing
lermocouple wire causes the area under a typical DTA
1 it is also interesting to note that the peak temperature
,aseline of the curve will only he 7ero if the reference and
arc identical and if heat leakage from hath thermo
If heat leakage differs. the differential temperature will

I temperature. A nonlinear baseline change may be due
dependence of the heat-leakage ractor. Heat leakage

Jple leads reduces the time for the quasisteady state to be
~s th~ rate of hcatinl!.

tnC [em perature-axis thermocouples is discussed in

llMTlourlon :n rClerem;e and sample materials has been
nn 111:'11 and is illustrated in Figure 5.25. The distdbution
cnce material are at all instants oftim~ id~nlical p<lrabolas.

(556\ \5.57

!lut:nJ.lllre~ 1 IS rne lime. x IS tile distance :~ tne direction of it would be c'tpecled that thert: wotl~d tJe il ,iliJio ~lse in temperature at tho
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Figure 5.26. Differential temperature pioiled agaic.sl the temperature (al u: the ce,,:er or the
re:ere"ee ;:loterial : (h) of the surface of Le.e sam pie ma:er:ai: and eel J; :he temer of Lhe sam pie
mater:aI(85).

center. This rapid rise gradually slows down, until after more than 300s the
sample material has caught up with the reference material. causing thl:
differential temperature to bec.:ome zero again.

The manner in which the differential temperature curVe deviates as a func
tion of reference temperature is presented in order to show :nore clearly the
applications of Smith's (85) calc:ulations. In DTA, the shape of the curve and
also the peak maxima temperatures are variable dependtng on the source
of the reference temperature. This is illustrated by the curves in Figure 5.26
tn which the differential temperature is plotted agair.st the temperature
of the center of the reference material, the surface of the sample material,
and the center of the sample material.

Curve (a) departs from zero some distance below the 50c C inversion
temperature and reaches its peak some 20"C above the inversion temperature.
In curve (b), the sample material surface temperature would correspond to
the temperature of the metal block in which the sample and reference
cavities are located, This curve starts deviating from the baseline at the
inversion temperature, which, if this temperature could be accurately
determined, would have useful significance on such a curve. If the differential
temperature is plotted against the temperature at the center of the sample
material, as shown in curve (e), the peak maximum temperature would be
equal to thc inversion temperaturc.

Smyth (85) illustrated the type of DTA curve obtained if the sample and
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reference thermocouplcs are not symmetrically located in their :-espective
chambers. This asymmtltry effect is shown in Figure 5:17.

Curve (a) shows the differential temperature r.;u,vc if the thermocouple is
0.06 cm from thl: cellter, instead of at the center, of the sample material.
Ln curve (bl. a rather ex.t,eme case is presented in whlch the sample thermo
couple is 0.30 em from :he sample center. In bot!: curves. l!"Ie peak maxima
temperatUres are completely different from those of the symmetrically
centered thermocouples.

BarralL and Rogers (86) also determined the effect on the baseline of the
and the deviation of the differential temperature baseline. The effect of the
location of the thermocouple whose output is rew:-dee against the dit:hential
temperature is illustrated in Figure 5.28.

In case (1), the system or X axis thermocouple was located directly ic the
middle of the sample-holder block. As seen from curves u, b, and c. the ~:I;"in

temperature increases rapidly with an increase in the heating rate. For case
(2). the thermocouple was located in the center of the reference sample. and
the resulting curves, r1 and e, showed a less pronounced change &T""'n with
heating rate. In case (3). in contrast to the first two cases, there was no change
in heating rate. It was also stated that the endothermic peak was more
symmetrical and the recorded melting range was :Jarrower for case (3).

Barrall and Rogers (86) also determined the effc\:t on the ba:;clinc of the
differential curve if the thermocouples were not located symmetrica:ly in the
sample and reference chambers. The irreg'Jlarities observed were even more
pronounced when the sample packing was altered. These effects are shown
in Figure 5.29.

Curve (1) illustrates the type of CUrve obtained wi~h care:ul packing of the
sample such that the thermocouples were symmclricaliy located not only
with respect to the walls of the sample-holder block, but also with respect
to the top and boltom of the material in the sample and rderence chambers.

F:gure 5.2:. E!fec: or havi"g an asymmetric =angemenl ,,( "Imple .I~d refere::ce ,her::lo·
cauyies. (al1'herrr,DCoullleO.O~em [ram cenler ofsa:n?le .lh) Iherr.'o.;,)uplel1.JO em fr.)mc.~.ter

of sample (85).

,
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DIFFERE:-:TIAL THERMAL A:-IAL YSIS254



BASIC ?RI~CIPLES OF DB. DSC 257

S:is~a"" lemperatt.;re, lie

Figure 5.29. System :err.pcra:"re versus l!>T :0: carborundum .~ both <:Co., :~6). Curv~ I,
,ymme:ncal\y :ncaled :her~oc~'1Jp,e:;: curve 2. unsyml:'elrical\y I"culetl '.hcn·,'tlCou"k, n
~niforrdy packed sa",.ples, ~urve 3. unsYIT,!nelr~,al Iher:t1~c"up,cs ;n ~ :11"·.~~·(\l:"',Y pac;"eJ
sample.

Sa:nple Te:np.

('Cl
Furnace Te:np.

1'(1

If one thermocot:ple was displaced approxin::a:ely 2 mm toward the side.
top, or bottom of the sample chamber. curve 121 was obtained. It can be seen
that the displaced thermocouple heats t:.p :nore quickly than ~he sym
metrically located thermocouple, thus cat.:sing the deviation of tr.e curve up
to A. After the temperature diF.erence has been established, the curve re:nains
essentially constant ~or the remainder of the run. In curve (3), :! is seen tha;:
loose packing leads not only to a displacement of the curve, but ajso to
maxima and minima, presumably due to the shift of support particles as they
expand during the heating process.

Melling et al. (59) found that the positionir.g of the tr.ermocouple in a
sample of smail radius does not affect the rr.easured peak temperatures. In
samples of large radius, the shift of peak temperatures for the sample is
significant, whereas the peak temperature of the reference material remains
reasonably constant The introduction of a measuring thermocouple docs,
howe;ver, affect the temperature distribution in the sample.

David et al. (87) made a comprehensive investigation of the use of:urnace
temperature [mode I) or sample temperature :;nooe 2) as Lie temperature
axis. A comparison of tbese two modes on the DTA curves of polyethylene,
a material having a rather large specific heat. showed :hat the 6 Tmin tempera
tures occurred at lower temperatures whe:l mode 2 was used_ The effect of
the mode of temperature :neasurement on tbe various peak temperatures of
pure metals is illustrated in Table 5.4. The extrapolated leading edge of the
peak is taken normally as the transition temperature when furnace t=pera-

Table 5.4. Peak Teroperanae :vIeasuremeots as II FUDctiOD of Temperllture A,:lCis (87)

----------_.------------

'Kno .....n val"", ..ne,un:. 156.6 C: I:n. :'.J!.8 C: alurr.mu!:l. 060.1 C: and silver, 960.g Co
'Oeler:nined 1I"'.th h:g::e, char: speed.

----
Sampie' : st Devia!lon Peak Extrapoialoo ~S[ Deviation Peak fxuapolatet!

----- - ---
Indium l~9' !5:!· :57" ~5! ' 157" '.51

!ndi"m 150" ,52' t56 152' i57' :53'
kldi""m 150' 150' 157' 15 t ' 158" L51'
Tin ~~6 234- ~21r- ::6 234" ~.!9-

Tl~ 2:15 234 2~7 ::9' 23~· D:
T:n 2:5' 233 :'.28 2:9- 212' ;31
A:umi::um W 6~ 649 6+" 661 547

Alum,nu:r. 644' 664 648 ~J 660' M6
Alu:n;num M4 66:' 6018 643 660' 646
Ah.;mm"IT'. 644 665 647 645.6 • 661.6 •
Silver 958 961

-)
- .-----'

174 .....

172~
~70F

~:~r j
~ "6~ "

::r~,~.'-~
lW • ~

158 l· I! I i I ) .
6 8 ~C 12 14 L6 :8 20 22 24 26 28 30 32

~eat;rg "ate, 4C/min

-1

'I~'I~=-I
, A

3
I IQ'C

100C_~ _

Figure 5.2~. Effect of location of system :lte:mocauple and ~eBljng rale an rel:lpCalUre aI

111;".. 'Jsing successive runs on different sampie weights of 8.3~·; salicylic acid Of. ca:!:lorur.dum
(86). Case I :a, 0.0952 g; b, 0.1::;5 g; c. 0.1555 g. Case !: d. 0,0952 g; e. Q.D822 g. Case 3; f
0.0952 g.
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ture is employed. Results of the three methods showed that peak temperatLLre
is an accurate measun: of the transition temperature when tnt.: sample
temperature is used. The extrapolated temperatures are low in this case, and
if they are used, a calibration procedure is necessary.

where V is [he volume of sample. and hence

GmMf
A~ - -

k
(5.60)

5. Sample Characteristics

a. Sample Mass

According to the various theories on DTA. the area under the curve peak
is proportional to the heat of reaction or transition, and hence, the mass of
reactive sample. Tn general, the peak area is inversely proportional to the
thermal conductivity, k; directly proportional to the density, r/J. and the heat
of reaction, t:J.H: and independent of the specific heat (59). The relationship
can be expressed as

"-,

where G is a calibration factor and m the sample mass.
The effect of sample mass on the peak area will be discussed in greater

detail in the sections on quantitative DTA and DSC.
Langer and Kerr (65) studied the effect oisample mass on the dehydroxyla

tion peak of kaolinite. As shown in Figure 5.30. an increase in sample mass
caUSes an increase in the peak minimum temperature (Ta), all determined a~ a
heating rate of 25°Cjmin. The phase transition peak maximum temperature
was only slightly affected (5"e) in contrast to the change for the dehydroxyla
tion p,eak temperatures (45"C).

figure 5,30. The _hange 'n peak temperature wilh c::ange In ,u:1lp.e mus' rllr :r.e deal'd",
,yJBtion or i<ao(,nlte (1\5),

where A is the peak area (A T x time), r is the sample radius. and I is the
length of sample. Then

b. Sample-particle Size and Packing

There a.e a number of conflicting ~tudies concerning the e:Tect of particle
size and particle-size distribution of the sample on the peak areas and
t:J.7~in values. Speil et a1. (2) found that the peak areas under the kaolin
dehydration peak varied from 725 20110 mm 2 over the pa:1:iclc-size range
of 0.05-0.1 to 5-20 J1. It was also found that the t:J. Tmi" ,'alues varied from
5ll0-625'C. However, ~orton (89) found that the d Tmio values remained
essentially constant but that the temperaturl\. at which the dehydration
reaction was completed varied from 610-670'C~ver a particle-size range of
< 0.1 to 20-44 J1. Grimsha wet al. (90) agreed with the latter study in that. with
particle sizes down to I fl.. the thermal characteristics of the kaolin sar:lplcs
were independent of particle size. This effect is illustrated in Table 5.5.

Carthew (91), who also studied the decomposition of '-aoJin;te. in the
partiCle-size range of> 2 to 0.25 0.1)J.. agreed with the work of :--;orton (89)
and Grimshaw et al. (901. For particic sizes from 2-1 f.l Lo 0.25 -0.1 f.l, the
peak areas were essentially constant, as were the t:J. T-.,o values, The dis
agreement with Spiel et ai. (2) was attributed to the fact that they obtained
their particle-size fractions by a grinding process. which cou:d reduce the
degrce of crystallinity of the i<.aolin,

Harrall and Rogers (921 found that in a blank run oi sma!l glass beads
against large beads, the baseline dlsplacement indicated thai the large
beads did nOi transmit heat as well as the small !x:ads. The baseline gradually
decreased with increasing temperature and a large :raction of the dispiace
ment remained at 200"C.

Langer and Kerf\65) found that an :ncrease in the partic:c size oikaoEnite
prod aced a peak temperature :r.creaSe for the dehydratlOr. re:li::ion. There

(5.59)

(5.58)
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was no significant shift in the phase-transition exothermic peak. An increase
in sample packing density was said to increase heat transfer through the
sample and cause changes in the baseline slope,./'

Rather dramatic changes in the DTA curves ofsilver nitrate were ind ieated
(93) on change in particle size. These curves, as shown in Figure 5.31, indicatea
change in the peak shape as well as the peak minimum temperature. The
.1Tm;n for the original sample was 161 "C, which shifted to 166SC in !he finely
ground sample. After melting, the three samples all gave identicai DTA
curves. According to 1"<egishi and Ozawa (93), the effect of grinding on the
transition is a kinetic one, namely, the formation of a barrier to the :usion
transition.

A pronounced effect on the DTA curves of CdO due to grinding was also
observed by Wada et a1. (94). The origin of the DTA pcaks, whiCh became
more pronounced as the time of grinding increased, was due to the presence
of CdlOHh contamination.

Fot the dehydration of CuS04'5H20 -> CuSOoj.·HlO, which proceeds
in three stages, Pope and Sutton (142) found the appearance of certain endo
thermic peaks was dependent on the particle size of the sample. As 111ustrated
in Figure 5.32, with the largest particles (-14 ~ 18 BS meshl, the tirst stage
of decomposition occurred comparatively slOWly, due 10 !!'Ie smail surface;
mass ratio and the time taken for the cvolved water to difTuse to the particle
surface. The corresponding endolhennic peak then tends to merge w~~h that
due to boiling of the evolved water. Samples having smaller mea:; punide
size I-52 I- 72) showed three dis:inct and separatc endothc:-mic jJeaks.
Using even smaller particles ( - 72 -r- tOO), Pope and SUllon obse:-red or.iy
:wo endothermic peaks.

Figule 5.31. DTA cu",es of silver ~ilrale 193). (a. ,he original ssmple: b. :he ,:ighllj ground
sample: <'. Ihe fi~e:y ilr<Ju.,d su..:ple.
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Figure 5.32. DTA curves of euSO. 5H:() ~ Cu~m. 11,0 1:1 ;:ar:c a,t (l~2). MO mg <;;,Imp!e;
al" "ealing r..tle of :0' (' m",-I 11) - 14 ~ 1M: ,B: - ~~ - -~: :Cl - 71 -r- !lJO BS mesh
;:eve I'ract~or..

I
Endothermic Reaction Exot;,ermic

- ---
;\verage par-leIe size !!.'I:"',o Finishing Temp. AT."."

(?L) reC) I'C) ("C)

10-44 600 670 980
0.5- 1.0 605 650 980

0.25-0.5 605 630 980
0.10-0.25 600 615 980

<O.iO 600 610 945,99()"
<0.10 dialyzed 605 61D 955.986"
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Table 5.5. Effect of Partide Size on the Thennal Characteristics of
Kaolin (90)

'Two peaks.
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The influence of grinding (hence, a reduction ir, particle size) on the DTA
curves of thenardttc is given in Figure 5.33. Wiedemann and SmykaU-Kloss
(143) showed that a single crystal of thenardite gaw narrow, reprodUi:ible
DTA curve peaks. The powdered sample « ISO meshl gave a compictely
different DTA curve. The transitions shifted to somewha: I:igher tempera
tures and showed a kind of "smear-over" effect, appearing over a ~emperaturc

range much larger ~han in the case of the single crystul. Apparently. the
powdered material partially recrystallizes as seen in the ir:crease of the
III -. 1 phase-transition peak on reheating,

As discussed prt:viously. the area of the DTA peak ls inversely propor
tional to the thermal conductivity of the samplt:. which in lUrn is dependent
on the particle-size distribution and packing of the sample (59}.

The effect of sample packing on the DTA cun-e has bee;) ilJustrated bv
Gruver (95) as shown in Figure 5.34. In curve (A). the kaolin sample wa~
placed in the sample crucible and settled by a sligh! tapping action; in Curve
[BJ. tr,e sample was tamped in place by use of a small glass rod. 1:1e curves
obtained turned out to be :dentical. Admittedly. :hlS is rather a cn.:de me:hod
of testing this effect.

~ollin ane Bauman (96) described a simple sample-packing technique
which :s capable of accurate reproduction of sample-packir:g density. The

!:lINGLe. C~"5'fA ...

a

",0.
.......

F:gurc 5 ,4. Effcc! "f jJaclc~,g "r the sa:::ple (kaob); A. :apping: B. :"cop:ng (95).

sample is packed around the thermocouple by means ofa machined loading
die. The result of this packing procedure is an equidimensior.al sample
placed immediately around the thermocouple and surrounded by 60-mesh
size aluminum ox ice. This type of sample-loading procedure was said to
produce a more efficient geometry than the planar "sandw;ch" method of
Barshad (97).

The effect of crystailinity of the sample is rather difficl::t to evaluate
because of the definition of the term "degree of crystallinity." Cart~ew (91)
defined the lattcr. in the case of kaolin samples, as the pcrfection of crys131
orientation and not the size of the crystal. Using nve dilTerent samples of
kaolin~ he found that the area of the endothermic dehydration peak de
creased with a decrease in sample ~rystallinity. T:,e peaks appeared to be
sharper as the degri;:e of crystallinity of the sample increased. This effecl
of crysta:linity was said to be similar to that of change in partic~e size. and
could probably he l:xplained :n a similar manner.

,II "Il".-' c. Effect of Diluent

b

POWOERfD

liigJ-r~ 5,,'.' I)"'!'"l\ '-· .... :-\l.·:"lI:.·lhc .....lrJ'~~ :r.lll~ Vv",uJI :r.IL'~L·\'n I ;J~I ,' .... "d... \"'\-'1.: ."

,~~~h ~ ......~ .~ Ih h. t'" "'~":lll·.J Ih;"lllI~~ ,

If samples are sufficiently diluted with a d[luent (inert matcrial), the physical
prO;Jerties of all tested materials will :Je more nearly the sar.J<:. so that the
peak arca wijJ be directly proportional to the heat of reaction or :ransitlon
159). Dilu:;on wi~i. however, reduce the hea: ef:ect. wf:ich in [urn 1''1:1 reduce
the peak :lrea. The diluent musl not, of course_ react wlth tne samp.e during
the healing process,

The effect on the peak t\ T
lOl1

values :or var;ous concen trat:ons of kaolinite
and halioysitc diluted with al;Jmloa has becn studied by Dt:an (7:). For the
for;ner sllbstaOl;~. the t\ T",n valees ranged from 525"C for a 10% :nlxture to
570' C for a 60% mixture. Simllar rcsul:s were found for t~e hal!oysite
mlx:ures. De long 198) four.d that there ""as a :ir:ellr relationship between

c
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peak area and weight fraction of kaolinite diluted with alumina, provided
that the density of the mixtures did not change drastically. For illite-alumina
mixtures, however, with a tendency for greater peak areas for ~igher illite
concentrations, a linear relationship was not found.

In a comprehensive study. Barra]] and Rogers (92) determined the effect
of dilucnts such as carborundum. iron metal, and iron(II!) oxide on the peak
caused by the fusion of salicylic acid, This effect is illustrated in Table 5.6.
The variation in IherllUll conductivity of the diluenl is probably the main
cause of the peak area variation. Higher conductivity allows the thermal
effect to be more efficiently conducted to the thermojunction in the center of
the sample. It should be noted, however, that the diluent high thermal conduc
tivity may decrease the peak area when the diluted sample is in direct contact
with a metal sample block.

A "masking" effect has been noted (92) for certain peaks when the diluent
reacts with the sample. This is illustrated in the case of a-quinolinol diluted
with carborundum and alumina, as shown in Figure 5.35. When car
borundum is used, the.1 Tmtn obtained was 76.3c C: with an alumina diluent,
no endothermic peak Was observed in this temperature region. Apparently,
a complex had been formed between the alumina and 8-quinolino!.

6. Critique of Operational Parameters

The key operational parameters for DTA (or DSC), as given by Sara~ohn

(84), are shown in Table 5.7. If a large sample size is chosen, lower heating
rates arc required. This in turn decreases the.1T sensitivity and peak resolu
tion. Small samples are perhaps the most convenient to use, especially with

>'
~i
<l

J

O
L --------:c'-:--~=-----;-::-t:Jd t:C60.: 7&.3

Sy'ten :errc.. 'C

Figllre 5.35. ~askjng dreel' of sample peaks caused bY the diJuer.t·, a, 8-<;u; ..ohnlJl Jilu\ed
:06.9\ with carnon.;ndllm: b. 8-y,"ino!i:101 diluted 10 ".9"a with a:"n,ina r'l~).

Table 5.7. ,Key Operational Parllllleters (84}

Sample si:e

Table 5.6. Peak Area Obtained by 0.01 g Salicylic Acid Diluted
with Variou.~ .'VljlteriaL~ (92)

--- -------------

'liT ser:'iLivicy of 67 IN pe~ :n.; healmg fa:e 0:'7.') C min.

Diluent

Carborundum
Iron metal
[ron(lII) oxide
Glass beads, 0.029 mm
Glass beads, 029 mm
Alumina
:-.iujol

Salicylic Acid.

(%}

6.87
8.8~

3AO
4.57
5.5~

8,60
~O.OO

AreajO.OJ g or Acid
(mm')

306
71ll
:!80
3::~

2~9

3:,
n

Large: (;sef'JI for cetecting !".... -!ove! :ransiticns. Useful :0;' r.onho~ogcnc<!U5
:;amples. C:Jrve peaks dre :,road: :ow resolu(ion and temperature a.:cur:lcy,
Requires slow ~eating r.lte.

5:11al:: Good resolution of cur,-;: peaks. PeakS are sharp, transitilln :ernper:llures
need equ:;ibri:.lrn values for tero-order ,eact:ons, Permits fast he:llmg rate.

Increases sen~itjviLy.

Decre:.LS~$ resolution_
D~crellses [err-perature :lCCUrllCY_

.4rmo,o.;pJU!1'e

ell": rC:lct w:th sample.
Dynamic rre:'erred e\er static.

:l65
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Ts -To = C!. T

cO,.'er - dO" lar =oIAO)/o

JTA

Heat f1ux[)SC

?ovv.r·e~l!"oeosa:ian JSC

"ea:.r:"x DSC ~r 3ae"f"'a·:yoe DTA
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Maximum
Sensitivity

La,ge
Fast
Iso:ated container
Small
Low k (vacuum)

Maximum
Resolution

Smal:
Slow
Block

Large
High k' (He. Hz)

Table 5.8. Swnmary CJf OperatiCJnal Parameters (84)

Parameter

Sample size
Heating rate
Samp:e holde~

Surface/vol ume of sa:nple
Atmosphere

'C'ompetir.g rever5i!JLc volatilizatioo reactions catl frequently be resolved
L\SL'1g dynam:c gas atmosphere.

present-day commercial instruments. They also permit higher heating rates
and give better peak resolution.

A summary of the operational parameters is given in Table 5.8 (84).

7. Differences Between DTA and DSC

Fig:.!", 5,J7 R~Q::I1mC:ldclt[l:eser.lUliu~ of d :JSC <:.If'C.

Fig:';ri: 5.36. DTAiDSC princ:ples >cherr.atically iIlustra:ed I: 57).

electrical energy, as they were heated or cooled at a linear rate. The curv~

obtained is a recording of heat flow, dH!dt, in meal/sec. as a function o'
temperature. A t)'j'lical DS( curve is shown in Figure 5.37, In the true thermC'·
dynamics sense. an endothermic curve peak is indicat.:d by :l peak in th~

upward direction (increase in enthalpy), while an exo:hermic peak is recordec

600500
Te'Tlp .• >.II(

400

I Endot~errn
d- A

.~ I
o1--------'

The term differential scanning calorimetry has become a source of confusion
in thermal analysis. This confusion is understandable because at the present
time there arc several entirely different types of instruments that usc the
same name. These instruments are based on different designs. which are
illustrated schematically in Figure 5.36 ([57). fn DTA, the temperature
difference between the sample and reference materials is detected, Ts - TR

(a. b. and c). In power-compensated DSC (f), the sample and reference
materials are maintained isothermally by use of individual heaters. The
parameter recorded is the difference in power inputs to the heaters, d(6Q)/dr
or dH/dt. If the sample is surrounded by a thermopile, such as in the Tian
Calvet calorimeter, heat flux can be measured directly (e). The thermopiles
surrounding the sample and reference material are connected in opposition
(Calvet calorimeter). A simpler system, also the heat-flux type, is to measure
the heat flux between the sample and reference materials (dl. Hence, dq~idl

is measured by hav:ng all the "hotjunctions" in contact with the sample and
allihe "cold junctions" in contact with the reference material. Th us, there are
at :east three possihle DSC systems, (d), (el, and (f), and three derived from
DTA (a), (b), and (c), the last one also being found in DSC. Mackenzie (157)
has stated Lhat the Boersma system of DTA te) should perhaps also be called
a DSC system.

Watson et al (\28) apparently first used the term differential scannini/

calorimerry rDSC) La describe the instrumental tcchn:que developed (1963)
by the Perkin-E!mer Co~poration. T~is technique mair.tained the sample and
reference materials isothermal to each oLher by proper llj'lpLicat:on of
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;n the opposite direction. In all appearances, the DSC Curve looks ve:y similar
o that of a DTA curve except. for ~he ordinate axis units. As in DTA, the

lrea enclosed by the DSC curve peak is directly proportional to rhe enthalpy
nange.

~xcept that K is independent of temperature.
The basic difference in the DSC instruments is schematically illustrated in

:'igure 5.38. The DSC instrument shown is that described by O'~eill (129).
'hile the heat flux diagram, which is a Boersma DTAsystcm, is that described
y Baxter (130) or David (l3l). The basic difference be:-Wccn the two units is

Area = lI.HmlK (5.61)

easily seen although the curves are similar in appearance. M~ch the same
type of informatio!1 is available from the curves; howeve:, until recently, :he
DSC sample holder has been li.-n:ted to about 500'C, while DTA holders have
been capable of much higher operation. For quantitative :neaSUl'cments.
ilH, for example, the DSC technic;ue is easier to use since the calibration
coefficient, K, does not change with temperature. For overlapping e-.Lrw
peaks, ~here is only one value for K, which simplifies calculations.

Other types of calorimeters, such as the Calvert, Deltatherm, and others.
have been reviewed by Wilhoit (132). A bibliography of DSC applicat:ons
from 1964 to 1970 is available (135).

B. Q~AI\,TITAllVIo: A.."iPEl."'TS

(5.62)

l. Rapidity of the determination; a wide temperature ,ange can be
investigated in :ninutes or hours.

Small sample masses: sampie size may range from several m:l1igrams
to several hundred milligrams.

Versatility; samples may be either liquids or solids.

4. Simplicity and ease of procedure and analysis of data.

5. Applicable to cooling processes and to measurements under high
pressure.

6. Ability to be used to study many different types of chemical reactions.

3.

1. IntroductiOll

The determination of the heat of transition (or reaction) or the mass of the
reactive sample from the area of the curve peak is a widely used procedure in
DTA and DSC. Expressed very simply,

where ill! is thc heat of transition (or reaction), m is the mass of reactive
sampie, K is the calibration coefficient, and A is the curve peak. area. The
calibration constant is related to the geometry and thermal conductivity
of the sample holder and is usually determined by calibration of the system
with compounds having known heats of ~ran5ition (or reaction).

The use of DTAjDSC for determining the heat of transition has been
reviewed by Bohon (99), Ozawa (lOO). and many others. The primary ad
vantages of DTA or DSC techniques over dassiGal calorimetry have been
given as the ~ollowing:

---_. -- ---

rieal 'IJ> OTA) cU"IIe

ase CU,"IIe
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Disadvantages of the ::Jethod include the followir.g:

1. Relative low accuracy and precision of the met:,od, 5 W% in most
cases.

The expression used for K depends on the tYRe 0: instrument employed
and the method of recording the DTA or DSC curves. If the var:abks of AT
sensitivity and ~ccorder chart speed arc inc!l.:ded. the e;l:prcssion for K can
be written as (103)

2. Inahility to be used very conveniently to dClcrm:ne the t.Jl of over
lapping :-eactions.

3. Tht: need for calibrat:on over the entire te:npe,ature range 0: interest
!Jeca:Jse K is Ll funct:on of tempe,ature (DTA only).

4. l:JuccL::-uc:es::1 determining peak areas due to baseline change during
the t:-ansit:on or rel1ctiOt:.

In many cases, the invcstigators have becn perhaps somewhat optimistic
about the results oblaincd and have not taken into account all the ~ariabies

of the method. :'\0 great ilcc:Jracy can be obtained unless all these variables
are rigidly contrl'Jled. which in many cases is extremely ditJicult.

One of the fi rst to determine the t.H of fusion of several organic acids was
Void (43}, who used equation (5.2). The value of A was obtained by plotting
log \ y - Y,) versus time, 1. Thus, no calibration with standards was required.

In anotne, very ear~y inve:stigation. Wittels (101) found that the area
enc.:loscd by the curve peak was proportional to the heat absorbed in the
decomposition of calcite. CaC03. A linear relationship was :o:Jnd. using
sample weights :rom 0.30 to 3.00 :-ng. In another study. Wittels (1 O:!) eluci
dated the effect of heating rate and sample mass on the peak areas obtained
by the thermal decomposition of tremolitc, Ca,Mg.5SisOdOHh. The
reiationship

where th is the apparent heat transfer coeff.c:em and Ch is the hel1t capacity of
the sample holder, where Ch :;;; ChW, 1(;" is the specific heat ofsiir:1j:lle I;ontainer
and w, its massi. T!le heat transfer coeR;c:ent can be obtained from

(5.64)

(5.651

15.661

K

10g[t.T) -

where t.H is :he heat of transition in calJg. m isthe sample mass in:ng, C is the
chan speed in in./min. A is the peak area in :n,~, and t. 7; is :he d:iTerent:al
temperature sensitivity in dcgjin. With these units, K is expressed i:1 mcaL'
min DC. A similar expression was used by David (104\. [·or systems having a
large heat capacity, Bohon (105) calculated K from the express:on

In many of the methods of quantitative differential t:,ermdl anul)sI5. t\-:c
calibration coefficient can be mathematical~y determ~ned and no cxpe:-l
:nental proeedl:res are necessary. For example. Kronig and Snood;:k Ii()~l
ealcu!ated K for :J cylindrical sample holder as(5.63)

A
ClH - - ----=--=--

'.anrln R(R - ('l!m]

IVas derived :<1 which R is t~e heating rale. A is the tJeuk are<L und III ar:d [.
arc the constants. The best response of the inSlrumcnt was Dbt;Jined al ;J.

heating rute of 30 C:·mir:. Jnd fe:1 off rapidly below 15 C, m.
The :-nore rcccr.t investig,ltion~ will be discussed :Jter in :I~is secti~':l.

2. Calibration

nf.d for spherical 5ymmetry

r • ,,."'!.
I\. -' (f! •

4/.

,
tI

1\ = ,1)-. 6;,
.\.f

8noi.

15.67)

1~.6;.i,

fhe calibration coeJflcient, 1\., is ddern;ined by LJS~ of (:l'mpound, h:1VI:l!!

known heats lJf transition. ;vIast of the standards :.Joeu Involw thc heul of
fllsion. ,\H J' or ~ solidi .• soiid~ i~ca~ oft'rInsition. T~,e sW:luards. obv:ous!y,
must meel .::cr:a:n q:JaJ:t:cations such :.IS ~hcrnic~: strIbl:it\ dL:r;:l~ lh;
trans:t:nn.l,l .... I ~L]JO:- pressu:-e so the Ileat ofvaporiz31lor. do~s ~o: ..:ont~liL::c
~,) the liCJt c::Tcc::. llnu $0 0:';.

... bere ~'J is :~c sam pi<: density, (I :5 the r..ldi:Js 0: tilt: ~ampk h,~·.J~r. ;Lilli 11 I.';

the ;lc:gh: l'f the sa.l1 pie. The'S': cqulltil1f1..; llescr:be t:1': :c:mpcril:~rl' JllTe~l::lce

":Jetl'.-een :h: cer.rcr of Ihe ,efercn..:c ma[cila~ Jnd t~lI:: .-an;r·c m~lle':-::d..1SSl:m
mE! very smu:I,hermacoupk jL:r.ctians :Jnd leal~~. r!lC qllilr.Ji::. :'i'.h n:- ~~".

is the geome:riC~l: shupe f;:c:tor if in SpC';:', :1~clH:. Thcs~ "<::;,1.IS \1c:rC: Similar
:0 :hosc obtJ;r.cd Ii: Bn~r,mil I.~:'I ;:1 II ~tlJ'C I-Ill:·i;. :h~ il\:1L:C:I'xc: l'[ 1;1<: i:C:.tl
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oss through the thcrmocouple wires was taken into account. Void (43)
)btained K by an analysis of the exponential decay of the curve after the
-eaction had ceased. The relaxation time must have such a large value that
:ifter the reaction or transition is completed, the temperature relaxcs over a
'ange large enough to be interpretable. Other attempts at calculating K
vcrc made by Ozawa (100), Pacor (58), and others.

The temperature dependence of K for the DuPont DTA sample holder is
.ilustrated in Figure 5.39 (106). As can be seen, the calorimetric sensitivity
)f the apparatus decreases with temperature; that is, more heat is required
?er unit area. In differential scanning calorimetry, such as with the Perkin
31mer instrument, K is independent of temperature; hence, only a one
:emperature calibration is required. The problem of multitempcrature
-=alibration in DTA is also eliminated in the technique of constant-scnsitivity
.JTA proposed by Wendlandt and Williams (107).

The calibration coefficient is also dependent on other instrumental vari
lbles such as furnace atmosphere. David (104) determined K as a function
Jf temperature while varying the composition of the furnace atmosphere
air, 1'<., or He) and also the pressure (5 x 10-6 Torr to 147 atm). The effect
Jf different gaseous atmospheres on the value of K is shown in Figure
-.40 (104). The difference between the curves can be related to the different
'hermal conductivities of the gases studied. It was found, as expected, that
<. was indenendent of heating rate in the range from 2-40°C/min.

while Ozawa (100) found that lhe smoothed curve was fitted by the exprcssior

In many cases, the curve for K was expressed in ~quation form. l..urrct
(108) expressed the values for K as

The use of a DTA apparatus in which a substance having a kr.own h.eat 0'

fusion is err.ployed as the reference maleriaL rather :hun an inen substanc~.

was described by Wiedemann and van Tets 1109. 1101.
Ramachandran and Sereda (III) described the calibration vf u DTI"

system using an internal standard of Ag"lO.\. The peak height was usce
rather than peak area :or a:: caiculat:ons. The peai<. height was :llso used ir
the determination of quartz: :n a mix:ure by Davis ilnd Holdr:dge I: 11). fo
calcium silioate (113) and ot;,er delerminations.

(5,70

(5.69

K ~ ~.507259 ~ &.782709 x 10 3y - 1.808468 x 10 5'7''"

_ 6,324056 x 1O-I4-T4
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figure SAl. Culibration of DSC wi:.h a spedic.~eal5:andard (156:.
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Fig:..re 5.4':'. C,'r.1rlamOn Jf calibral:on cO:1s(a'll K l1eler'11:ned by !1.eal of fUSion (jr.d:;lm
and specific-hellt (<apphlrel slandards (151)),

According to Reichelt and Hemminger (144), the values of the calibration
constant of a DSC apparatus obtained by means of heat of fusion standards
are different from those of well-known heat capacity standards. Varying the
container geometry, they were able to show that there was no influence of the
disturbance of steady-state conditions of heat flux on the calculated value
of the enthalpy offusion of indium. An error of20% in the enthalpy may result
if incorrectly closed containers are employed.

Hohne (145) pointed out that the function principle of DSC can give rise
to calibration errors in case of phase transitions disturbing the steady-state
conditions. The cause of this problem is the temperature dependence of the
coefficients of heat tmnsfer, leading to weak nonlinearity of the calorimeter.
This results in a dependence of the calibration factor on parameters such as
mass and thermal conductivity of the sample, heating rate, peak shape, and
temperature. By theoretical considerations and calculations, the uncertainty
of the calibration factor due to the variation of sample parameters can be
1-5%, depending on the temperature and the instrument involved.

Ortiz and Rogers (146) described a procedure for different temperature
calibration using the Perkin-Elmer DSC-1B. This method is based on
emission balancing and also makes possible the simplification of emittance
measurements, previously described by Rogers and Morris (141).

lbe calibration of the Perkin-Elmer DSC-2 instrument yields a constant
used to convert recorded power units to calorimetric units of joules or
calories. Gev.erally, calibration is performed at only one temperature (i.e.,
the melting point of indium, 156.6°C). The precision and accuracy of this
and other calibration measurements are discussed in Section B.6.

Since the specific heat of sapphire is known to within:,:: 0.2% over a wide
temperature range, Brennan and Gray (156") developed a specific heat method
to calibrate the Perkin-Elmer DSC-2 instrument. As shown in Figure 5.41,
a baseline is first established with Ihe empty sample container, and then the
curVe for the sapphire' sample is obtained, botl. over the same temperature
interval. The differences between the two curves is due to the heat capaciry
or the sapphire; hence, t!-Ie calibration constant at any temperature is equal
to this dilTerence times the heating rate. This requires that the heating rate
of the instrument be accurately known. To minimize this probiem. Brennan
and Gray suggested that the area e::closed by the two curves rather than the
displacement be used. This area is equal to the total change in enthalpy for
the standard sapphire sample over the temperature ra:lge studied. SUl:h a
calibratIon procedure would not depend on the accuracy of the heating ratll
or the linearity of the temperature scale but only on the initial and final tem
peratures which are easy to determine.

A comparison between the value of K determined by fusio:1 standards ar.d
by the specific heat standard is illustrated in Figure 5.42 (156). The specific
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heat value of K is drawn as a solid line, whereas the fusion standards values
(Mlf of indium) are indicated as dashes. Consideration of the precision of
the two means indicates that the difference between them, =0.5%. is statis
tically significant.

Van Dooren and Muller (158) studied the peak width, peak height, and
shape index of the meiting peak of i:JdiuID used as a calibrant in DSC.

3. Calibration Standards

Substance

Si;ver
K~SO.

K2Cr04

Ill.ble 5.9. (Continued;

Temperature tOC) t\Hf

Stanton Redrroft (149) ,,'suits (Cont.)

960.8 110.6
583 45.98
665 54,34

ME,

where tlH(v) is the 6H at constant volume, tlH(p) is the Ml at constant

:'olumerous compounds have been proposed to calibrate the DTA and DSC
sample holders for quantitative determinations. Most of the standards
used arc pure metals, although many organic compounds of high purity have
also been employed. The heat of fusion is the thermal transition normally
used, although dehydration and decomposition reactions have also been
recommended by numerous investigators. A list of standard materials used
for calibration purposes is given in Table 5.9.

Most of the 6H values given in Table 5.9 are those obtained at constant
pressure. If the calibration is earned out at constant volume. such as was
described by Bohon (l05), the !VI values must be corrected by the approxi·
mate relation
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130
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299.R
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350
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Azo~ybenzene

C,H6

CSr.
Bem:ophenone
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Stearic acid
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Pber.an th rene
o-Dinitrobenzene
:-<H,,:\'O,
K:'JO,
BaC,'2H,0
:'JH"Br
CuSO,,'5H,0
KC;,>/S
Ag,S
CaSO.. ·2H,O
"'H"Cl
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Ag:\'O,
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~al'iOj
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K, Cr, 0 ,
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LiS0"
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(5.7l)

[}'H,

28.47'
60.6L
22.99

IL5.79
398.1

156.6
231.9
327.5
419.4
660.2

tlH(v) ~ M/(p) ~ RTAn

.Varional Phpica/ Lllhora~DryStandards [14RI

80.21 L~W5'

94.8 23.35
114.3 21.65
12~.3 18.09
148.0 31.27
156.6 3.25~

Stanton Redcrofi (149) re~lIlcs

Sub!ltance

Naphthalene
Benzil
Acetamide
Benzoic acid
Diphenylacelic acid
Indium

Table 5.9. Standards Used for DTA/DSC Calibration

Indium
Tin
Lead
Zinc
Aluminu,"

'177
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pressure. and /\11 is the change in number of moles of gas formc:d in the
reaction.

The sublimation enthaipy of bcr.zo;c acid has been suggested as a calibra
tion standard by Murray et al. (I50). T~e mean t!.H.ub obtained from 25
measurcments was 133.48 ± 3.31 kJ,'mole in the temperature range 328 329
K.

Richardson and Savill (151) reexamined the hea~ offusion of indium and
found that the t!.H! was 3.35:: 0.03 kJ/g-at (19.2 J: 0.3 Jig), some 2.5%
higher than :he value normally accepted (3.13-3.37 "J/g-an.

121" ~c~o

127' \ 111"

E. " 1,080 1.053 1.020
l.C63 1.040

4. Calculation of ":nthalpy Changes
3CO 240

1-
180

Once the DTA or DSC cel( is calibrated and the calibration coefficient
dete:-mined in the temperature range of interest, the !'J.H of an unknown
sample thermal transitEon can be calculated by use of the simple expression

Figure j .43. lnl<c ..

t!.H K,4x=m (5.72)

Goldberg and Prosen (1551 have proposed a
and have aoolied it to other. P

t!.Hx may be expressed in calories or joules per gram, calories or joules per
mole, or miHicalories or miIlijoules per milligram. The samp1ecurvcpeak area
may be obtained by a number of methods. They arc: (1) cutting out and
weighing the peak; (2) integrating the curve peak by use of a planimeter;
(3) calculating the area from peak height x width at 0.5 height; (4) integrating
the curve peak by use of a recorder integrator: and (5) computer calculation.
\'lost of the modern commercial instruments use method (5)(see Chapter 12).

Due to changes of heat capacEty of the sample during ~he thermal :ransi
tion, the instrument baseline often undergoes large displacements in :he
Y axis direction. This effect is not so prominent in modern DTA/DSC
instruments as with older ones, due to tb.e use of smaller samples. higher
sensitivity, as well as better instrument design.lrla:-gc baseline displacements
occur, integration of the peak area is difficult or, at best. higi'.ly inaccurate.
Also, if over:apping peaks are present in the curve. the curve may be ime
grated in parts, as shown in Figure 5.43 :1061. For each of the various peak
areas. a different K value must be used to calc;Jlate the t!.H lif DTA is used):
the total tJ.H ;s :hus lhe sum of each area. With power-compensated DSC,
however, one calibration constant is valid over a wide temperature range so
that only a single K may be employed for the calculat:on.

Gutt;nan and Flynn 1154) suggcsled that the correct base:inc can be ob
tained by extrapolating the heatcapa,itics of the initial and fina; te;npen!lure
state to the thermodynamic transition temperature. The heat of transition "IS

then the area under the differe:-lt:aJ power-time curve usir:g Ib.is baseline.

Van Dooren and Yluller investigated in J!rpnt ~

effects of apparatus. t':Sl substance, reference m"
well as hea ti ng rate and particle size (1:'i l I S9. I r.~

DSC Thp fnrmpr <;pl nf ""nprimpntnl f:lcrnr<; ,

characteristics; if the cunc is described us;nlJ [J1o

dard deviations should be taken into accollnT An•.

heat balance considerations. is

where f3 is thp. hp.:lrine ralc:...t is rhp l'lrpn for h,':lt tr~r

heat transfer: and CR 8:ld C, are the heat capacit i.. ,
sizes, respectively. From the DSC curves. th .. f,)II111N
were determined: t!.Uo ;s the initial baseline d~Hpr

(isothermal -. heating); () is 111" hast"'lin .. nr;fl :""",'
deflection Iheating • cooiingJ: and r't!.'i1 is ,r.e lag tl

Sample particle-<;!:lp distrihLlri"n n:o l111r :1fTpd I.~" In II,

as did dilution. in a :1Onsyste~at:c :nllnn"r l; ...n,,",,""
occurred in t!.L'o ilod r'J if heliut:1 w", ,', ..." >1< 'w '""

oxygen, or nitroger:.



6. Precision and Accuracy of lU{ \1ca...uremenl<i

For adipic acid (153), an increase in heating rate decreased the onset
temperatures. There was also a significant effect on the specific enthalpy;
at the intermediate heating fate of 0.08 K/sec, it is 2% higher than at the lower
and higher rates. There was no increase in peak area with increasing heating
rate, as was found by BarraH and Rogers (92). For large particle sizes, the
onset temperature was decreased and the onset interval and total interval
were significantly greater, especially at the highest heating rate. Also. the
t:..Hf of large particles was significantly lower than that of :he sample with Ii

wider particle-size distribution. These effects may be accounted for by a
greater thermal resistance in the large particie-size sample than in the sample
with the smaller particles. Diluting agents with high thermal resistance
decrease heat transfer and diminish the thermal effect and the peak area.
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4

8

.2

Table 5.10. Predicted Pred!ion of Calibration Constants (l14}

Sarr.ples

;>;0. of \1c:asurc:ncnts

Brennan and Gray (L56} discussed ~r.e calorimetric precision ar~d accuracy
of DSC measurements (the Perkin-l'.lmer DSC-21. T~ey stated t:Jat thc
operating principle and :he deslgn or the DSC-1 :r.strument provides no
rundamental rcason for it:o be I:m:ted to a precision Df =I 1%, as commonly
reported, They exarr.ir.ed the e:TecIs orsamph.: mass, hcatir.g rate. and instru
ment sensitivity un the calibr:HI0r. or the '.r.strumcr.: by a fac~orial design
5imilar to that or Schwenker ar:d Whitwell I i 14). Ii was round thu: r.O syste-
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Despite the present advanced development of statistical methods. the great
majority of investigators still present numerical data without qualifieatiDn
as to precision and accuracy. Generally, when a new method or instrument
appears, measurements are made on an arbitrary number of samples with
data points obtained by an arithmetic mean approach. Thc resulting numbers.
according to Sch wenker and Whitwell (114), takc on a disconcerting absolu
tism and are frequently cited as definitive values_ l.:sing the technique of
DSC, these authors evaluated the resulting data using statistical methods_

The variables of heating rate, sample size, instrument sensitivity level, and
metal standard used were incorporated into a factorial, 3 x 23 design. To
keep the number of runs within reasonable limits. Schwenker and Whitwell
used only three metals, indium, tin, and lead, as standards.

The predicted influence of the number of peak area measurements on
calibration coefflcient precision is shown in Table 5.10 (114). These dala
indicate that the best procedure is to replicate samples rather Ihan plani
meter area measurements. The standard errors show that no significant
improvement in precision results from making four area measurements
instead of two, whereas precision is markedly improved by increasing the
r.umber of samples.

The effect ofthe number ofsampJcs used to dctcrmim; K and :he number of
samples for determining the i\H of an unknown transition on precision. at the
95% confidence limits. is shown in Tabll:': 51 I. These results ind:cate that for
the higher levels of precision, several samples ure required for calibration.

From a practical viewpoint. very few calorimetric studies arc reported in
which 30 samples arc used to calibrate K and to determine !:if{ values, Hence.
thc precision expected is certainly greater (har. I%. as indicated in T:Jbic
5.11. Since most of the measurements are of the ~rst two types. the preciSion
expected :5 from 4- 7%, if not greu:er.



matie variation or interactions with respect to the preceding three factors
could be detected. They also stated that deliberately altering the thermal
resistance between the sample pan and the sample holder had no detecrable
influence on the calibration constant.

Sturm (115) has described a systematic error in quantitative DTA that is
caused by the change in the apparent heat transfer coefficient and the
apparent heat capacity of the sample and sample holder. The logarithm ofthe
peak area furnished an approximate measure of these changes; the ratio
of the logarithms of the areas of the standard and sample provided a correc
tion factor for K.
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Although the results ofkincue sludie:; by DTA may be questionable, much
errort has been expended to deri;·e e:xprosions from which E and rl can be
calculated employing DTA or DSC data. Rev:ews of the determination of
kinetics by DTA. have been P'o...."tl by Friedman (117), Sestak and Berggren
(1 i 8), Bohon (99), ~urphy III. SQuU' <:t a.l. I t61. 162), and others.

One of the early methods iliet.i. h) obtain kineti.,; data from a DTA curve
was that of ~utTay and VtD.ite 11191. They developed theoretical DTG
curves and found that: (1) the 5hapes of DTA and DTG curves were similar
and (2) the maximum temp.::rarur;: difference. t. T",a" occu:-red near {der:/dtl",••.
I;slng n = 1 for a series of clay 53IDples and by takin.g the second derivative
of the temperature form oi equation [5.;61. they obtained

I

I'

C. REAcnO~ KI~ETICS

Almost all the kinetic methods ;.lsed in DTA and DSC are based on the
equation 159)

d.:z. _ ('.4') -FRTII _ I-- __ t! ~

dT .11

and setting d 2'XldT1. = 0, and substilUeing.. they obtained

(5.77)

do:
- ~ i(er: T)

dt '
(5.74)

(5.781

where ria/de is the rate of reaction, i("', T) is a function of the amount reacted,
and T is the absolute temperature at time t. It is also assumed that t:J.e rate of
heat generation, H, is directly proportional to der:/dt, or

They also integrated equation (:5.76\ using the approximation

15.79)

(5.75) and equation (5.771 to give

where B is the heat per unit volume and p is the sample ce:lsity. A:though
the kinetic equation used depends on the reaction mechanism. one expres5ion
which excludes diffusion-controlled, fusion, and inversion-type re:lctions is

-Inll-~I :;:,1
2RT",.••

f:
(5.80)

where A is ihe preexponential factor, :t. is the frat;tion of sample reacted
(0 ~ ~ :;;; I), and rl is the "order of reaction." This type or equation has b<:en
criticized by Clarke et al. (JI6) as being unusahle for solid-state decomposi
:ion reactions. They stated that it is misleading, J not meanir.gless. to usc
the concept of reaction order: also, the activation energy is :1ot ve,:y we~1

defined because it is not known to which of the many processes it appiies.

do:
- = ,1(1 - !X)"e- I·. RI
cit

(5.76)

Kissinger (62) differentiated equation 15.77) anc obtained

,illn~~ T~I~ .= E
<ill T~,I R

whcre jJ;s tr.e heating ~at~. For J.n~ \:J.lue of Ii :6:':\

/5.81)

15.8::')
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which was developed ir.stead of equation (5.771, and for 11 .:. 0 or 1
E

RT
(5.87)

Since (Ii - 1)(2RT",",,/E) ~ 1, cquatior. (5.81) :nay be further Qpproximat~d

by

Substitution of equation (5.84) into equation (5.83) gives an approximate
equation that is the same as equation (5.77). Thus, Kissinger concluded
that equation (5.81) was independent of order. The order of :eaction, n.
was obtained from the shape indeK, S, defined as the absolUie value of the
ratio of the slopes of the tangents to the curve at the inflection points.

15.(3)

(5.84)

Estimated e~rotS of the values of E obtained were between 15 and 20%.
Perhaps :he most widely uscd kinetic method in DTA has heen that

derived by Borchardt and Daniels 1185) in 1957, The method is based on the
following assumptions: (1) The tempc~ature in the sample and reference
materials is uniform; obviously, this only can be applied to stirred liquids
and not to solids; (2) the heat is transferred by cO:JductJon only, a condition
easily met with liquids and the temperature ranges usually employed lthe
heat transfer through the thermocouple is neglected); (3) the heat transfer
coefficients are identical for the sample and reference matc~ials; and (4) the
heat capacities of the sample and reference materials must also be identical,
a condition approached if dilute "ample solutions are investigated.

The actual rate of reaction at any temperature in terms of the slope 0: the

curve (d.1 T 'de) and the heigb t .1 T is

where C is Ii constant. If :x lies between 0.05 and D.S (about up to the peak
minimum I, :n !l:d can be neglected and equation 15,86) can be approximated
to

Reed et a!. (120) used Kissinger's method in their investigation of the
kinetics of the decomposition ofbenzenedia:woium chloride and found that
the E value so obtained differed from other methods by aboUi 42%. By this
criterion, they judged the method as unacceptable. Similar conClusions were
made by ~elling et a1. (59) because the slopes thl:Y calculated from the
computed DTA curves were all low when using the peak sample temperature.
Hence, the method by which Kissinger evaluated EjR was invalid in a
practical experiment. PlIoyan et al. (121) cited the disadvantages of this
method: 11) It requires :he deterrn ina tion of several DTA curve~ at diffcren t
heating rates and (2) it was necessary to use a special programming device
to control the temperature. However, provided that the appropriate experi
mental conditions are used, Akita and Kase (122) concluded tr.at the peak
minimum of the DTA curve did agree with the maximum rate of reaction, in
agreement with Kissinger.

Piloyan et al. (12l) developed a kinetic method which was also based or.
equation (5,76). By substitution of.1 T = S(d:XjdrJ. where S is the peak area
they obtamed

15.921

(5.91 t

15.90)

(5.89)

(5.88)

Ml--l

I
~r dm

N = N~ - - d! dl
.0

(f7ld.1 T;dtl I· K ,1 T
k- --

K(A - (I) (r·"T

For dilTerential scanning calorimetry..... here AT - O. l:lC :otai ~eat is equ:.ll

to the peak area, A.

where N is the number of moles of reactant present at any time and is equal
to thl.: initial number of moles, :Vo' minus the number of moles that have

reacted, or

By various manipulations. the ra:c constant. k. was shown :0 be equal to

where V is the volume, A is the total peaK area, a is the area up to time I,

and n ;s the order of reac:ion, In t"e case of a first-order reac:ion. 11 = I.

(5.85)

(5,861
, E

in j(a)-
RT

In.1T ~ C
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It is assumed that the heat evolved is directly propor:ionai to the number of
moles reacted. It follows that

It was stated that this equation wa:> not limited to DSC but GUuld appry to
any procedure where the rate of change of any physical property is measured
as a function of temperature and time under conditions where the tempera
ture is changing. 'Ine physical property should be nearly independent of
temperature.

Equation (5.91) has been simplified by numerous investigations; sir.ce the
quantities Cp(d~T/dt) and Cp~T arc an order of magnitude smaller than the
quantities to which they are added and subtracted, they may be negrected to
obtain

(5.98)

(5.99)

k ,..., (_:.4)n 1..1T
Wo a"

I"~ "r

ii - I IH dt - I :\T de
.0 .0

integrated numericaJly, produci:Jg theoretical DTA cun'es which agreed well
with the corresponding experimental CUf\·CS. The erTects of the various
parameters, such as heating rate, reaction order. E. and $0 on. on the DTA
curves were also established by numerical integration.

Using the decompositlon of henzenediazonium chloride, Reed ct al. (20)

compared the kinetic rcsults obtained by seVeral diffcrcr.t rr:ethods; these
comparisons arc shown in Table 5.12. They conduded that the Borchardt
and Daniels method can be used for the quantitative determination of kinetic
parameters if the experimental conditions closely approximate the assump
tions of tr.e theory, namely, reaction order_ 11. with respect to only one
component, and the absence of ternpcratl\re gradients and overlapping peaks.

Reich (126) modified equation (5.97) to gi\'c

where k is the rate constant, ~T is the peak height. Hj is a function of the
initial sample mass., and

I,

(5.93)

{5.94}

(5.95)
~Tk = -. _.-

(A - a)

dN '""0 _ No (~/!)
dl A dt

k ~ (AV/Nor l(d!i!dcl
(A - a)"

and the rate constant is given by

for a first-order reaction, or Table 5.12. Kinetic Constants for the Decompasitioo of Benzenedilll:oniW'D Chloride
(120)

k ~ (AVjNo)"-: ~T
(A . a)n

(5.96)
Method

E.
kcallmole

,og A.
m:n I

The kinet:c method of Borchardt ,lOd Daniels (185) was subJccted :0 ..tn
exhaustive e;.:amination by Reed et a1. (: 10) in 1965. T;lC cl,L.:u:ions were

fo r the genera] case.
Padrnanabhan et al. (1~3) and Agarwala and [\;aik (1~4) have used the

simplified expression, as shown by equation 15.95), :0 determine the ~inetics

of a thermal decomposition reaction involving a powdered solid. The use of
this expression for solid-state reactions does root appear to be val:a in view of
the original a$sumpt:ons made in the derivation or the original equa:ion.

Also neglecting Cp(d~T/dtf, Borchardt (125) made the appro,x~mation

----- ----

27.2 :73
27.025 : 7 26

23.7 18,4
16.7 10,g
28.3 l8, I
29.1
2S.5
30.6

DTA

Reed et al. (t ::0). using Borchardt and Daniel'; method
Reed et al. Ii 201 using Kissinger's method
Borchardt and Daniels II SS)

WaJa (lS61

Cunve~lil)nal

Cross;~y ct al. ;1871
;v!oelwyn-H'Jghes ..tnd JohnsQn 1188:

15.:)7)
d:x til

:::
dl .-t

d(S/Nol

de
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A difference method was developed in which the values from two DTA
curves, obtained at two different heating rates, were used to calculate F.
and n.

Maycock (l27), using the DSC curves shown in Figure 5.44, and assuming
a linear Arrhenius plot, found that f, could be calculated by ~he c)o;.pressiotl

negligible in comparison with other terms, they obta:ncd the following:

(5.102)

where d, and d2 are rates of heat evolution at 7; and 'l~, respectively.
Reich and Stavala extended their previous TG nonisothennal kinetics

method (163) to DTA curves for the calculation of E and II (l64). Using TG,
they derived the following expression;

with It. T being obtained from the DTA curve. Substituting equation (5.102)
into (5.LOl), the authors obtained

_ E = R In d 1 - In d2 = 4.58 ;og(ad:>:2)
liT, - 111i liT; - I1T2

(5.100)

where

f
T~ ~Too

<IT = !:!.TdT and Ar = I !':J.TdT
T .~

(5.103)

where a is the degree of conversion, T the absolute temperature, E the activa
tion energy, and n the order of reaction. Assuming that the heat evolved in a
small temperature interval is directly proportional to the mass of reacting
material d;rring the temperature rise, and that the heat capacity terms are

15.l04)

For two pairs of given values of aT/AT and T, values of EIR Clin be calculated
from equation (5.104) for various arbitrarily selected values of n. However,
assuming uniqueness. only one pair of E and n values will be pertinent. Equa
tion (5.1 04) does not apply if 11 - I, but Reich and Stivala state t~at this \'aluc
is rare in practice, and hence the equation is considered to be of general
validity. An iteration method was also presented whereby values of E and n
are computer calculated using a single DTA curve ll651.

A simplified method for detennining rate constants by DSC was intro
duced by Rogers (166). The deflection of the DSC curve above the baseline. b,
is directly proportional to the rate of energy evoluttou or absorption of :he
sample, dqldt, which in turn is directly proportional to the rate of reaction,
daldt. Therefore,

(5.l01)

-Ternpera::JtE!

raj

IE.o!~cr...,

where a arlO f3 are proportionali:y constants and k is the mte constar.t. f lence.

I :)(ort"er'""'t
__~_.::.,...L..w..._..l....-__::"""

---:>-
TeTperature

Figure S.-\... DSC Cl:.:,<e~ ·.I~e() i,.. '~intt;c

analysis by \layccck Ii 27).

dq cb.
'Xb = f3 -...:... = - = k( I - <I)

dl lit

Inb-Ink/r:t. Iln(l - ul

For a ti~st-order reaction

-In( 1 - <I) = kt ., l

(5.:05}

[5.106)

[5.107)
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where c is a constant. Substituting equation 15.107) in (5.106) and combining
constants gives

(5.113)

4 ,..,. 3.75"Clmin
V - 0,005 L

Cp =-0 5.714culideg
K ~ -to calideg ;pin

o.H - 4D kcaljmok
E = 20 kcaljmole
:l = 10'z min-:

" = O.t mole/L

The crystal n:.ldeation of glasses were swdicd using a DTA kinetics
method developed by :'vtarotta ct aI. (62, 175. 176l.

Van Dooren and Muller studied the effects of sample mass and panicle
size on the determination of kinetic parameters by the Ozawa and Kissinge:"
methods (177) as well as the Freeman and Carroll method (17~), all using
DSC. It was found that both sample mass and particle size could influence
the kinetic parameters, but the extent of these effects are different for each
substance. Kissinger's method did not have any practical advantages over the
Ozawa method. For :l:e Freeman and Carroll method, narrow peaks gave
rise to very high F. values and :arge errors. Even negative reaction llrders
were found that were incicative of the ex.piosj·,.e character of the transition.
Since the kinetic iJarameters differ considerably during t!:'e peak. it was not
justified to attribute any physical mean:ng to them.

Quan~\tati\'e correlations between kinetic parameters and sample lJ'.ass
and !leating rate tlS well as dependent variabies were derived for DTA and
DSC by K ~ishnan et a!. I: 79).

Anderson et ul. (1801 compared the :no~t popular kinetics method (the
DTA versions of them; :or the TG methods sec Chapter 2) using a homoge
neOus. :m:vcrsible first-order :11odei rcactior. ""itt-. the following parameters:

izing the reaction mechanism be determined from isotheIT.1al data
A method has been developed in which the DTA curve is obtained under

pseudo-isothermal conditions: that is, both sample and refere:1ce materials
an: not heated: the temperature remains as isothermal as possible (l72. 173).

Davies et al. t174} found that ~he polymorph transition kinetics of the
changes ofvatcrite to calcite and aragonite to cabte could be followed using
DTA and the equation

(5.108)

(5.109)

(5.110)

(5.1121

In h = C - kl

'0 , (3£ ro ) (E)~ 3£-k' CKp(-E/R71) -, - -exp(-E/R1;) -= -,- .- - J
1 RTj k2 RTr RT j

ro E
. exp(-E/RT.I =--k1 m Rl~

Thus, rate constants for first-order reactions can be obtained directly from a
plot of In b versus 1.

For reactions that melt with decomposition. another DSC method was
developed by Rogers (167) in order to determine the kinetic constants ofsuch
a system. Still another method was described by Rogers and Daub (168. 169)
for the determination of kinetics for vapor phase reactions.

In a DTA curve.b.T at any glven instant can be approximated by being
proportional to the instantaneous mass reacting rate:

According to Yang and Steinberg (170), the equation is approximate because
k l is affected by :he heat and mass transport processes that do not ~emain

strictly constant during the reaction. For "first-order" reactions

where y = ,omo, the instantaneous mass. The peak temperature, T",. is
obtained by setting d(b. T)/dT = 0 and solving for T",. ~urray and White
(119) had previously used the following expression:

where k 2 is the heating rate. The temperature at the inflection points l r).
that is, at the maximum and minimum slopes. can be obtained by setting
dl(~T)/dT 2 = 0 and solving for 7;. The following is then obtained:

In this equation. there exist two solutions for T: (7; I and 7iz.l that correspond
to the two inflection points. E and ro can be cal(;ulated by solving equations
\5.11 q and (5.112) simullaneously with T", and either one of the 7;'s, or by
solving equation (5.112) with 1;( and "liz'

B1ecic et al. (171) developed a method for the determination of the reaction
kinetics using one DTA curve, with the condition thut the function character-

where

,[, = -':""1C/ /I, T _ J\..\T:
tit Kit l. .It J

(',

.-I lOoT dt
.')

15.114)

(5.1151
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['sing these data. the authors calculated a theoretical DTA curve with a mean
error in 6.T of 8%. The theoretical curve was caiculated to within -::0.1 %
of.11m.,., but values down to =10% of.1 Tm•• were generally involved in the
comparison.

The results of the kinetic parameters calculations employing the different
:nethods is presented in Table 5.13. DTA curves (1), (2). and (3) represent
theoretical curves calculated with different errors in .1 T",••. From the table,

and

dx
til :- ko eXPl-E/RT)lC - x)" (5.116)

ir is seen that the methods of Borchardt and Daniels, Coats and Redfern.
and Salava and Skvara gave the best results. even under extreme l:onditions.
The Freeman and Carroll method is a sensitive indicator for deviations
from the theoretical DTA curve.

A comparison of the kinetic parameters for the thermal decomposition of
2, 2'-azobis(isobutyronitrile) (A1BN) obtained by different DSC. methods is
given in Table 5.14 (184). The ASTM E-698 method is a modification of the
Ozawa method (181), whereas the single scan DSC met!lod is that described
by Prime (182,183).

REFERlr:--rCES

Table 5.14. Comparison of Kinetics Methods for the
lbeTlllai Decomposition Kinetil:S of AI8N (183)

Table 5.t3. Comparison of Different DTA Kinetics Methods (180)
(Theoretical Value of E --" 20 kcal/mo!e)
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'R~:l~;:on order or n = ll,9~.
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1%)

2:, t5 ;5.7)
59,68 1198.4)
19.tS (4, I)

19.50 (2.5)

20..24 11..2)
17.93 110,41

286

:'7.9
21.:'.
35.':
.i5.J

19.96 (0.2)
15,60 (22.0)
18.49 (7.51
19.30 ;3.5)
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19.21 (4-.:)]

22.Cl
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6

DIFFEREl"TIAL THERMAL
A~ALYSIS A~l) DIFFERE~TIAL

SCA~~I~G CALORIMETRY L",STRCMEl\TATlO:\

A. ~STRl.""IE:'Il'TATION PRL'ICIPLES

1. Introduction

As for thermogravimetry, there are a large number of different i:Yp..~ of
instruments for DTA. Perhaps the reason for this multiplicity is tJ1at before
the advent of reliable commercial DTA instruments, each im'estigator
designed and built his or her own apparatus. :-.Ieedless to say, each apparatus
varied widely in the type of components employed. Various types of samFle
holders. furnaces. liT amplifying devices, temperature programmc:rs.. and
recorders were described. Because of this, there was little agreement in lh~

DTA curves obtained for identical materials from instrument to instrumem
or from laboratory to laboratory. In fact, it was almost impossible to duplicnc
exactly the results obtained by another instrument in another labordtor)'.
and this, at times, led to much controversy, Since .he advent of good com
mercial DTA instruments in the late 1950s. some standardization has taken
place, so that :t is now possible to duplicate DTA data, providing, ofco~
that identical ;Jyroiysis conditions are employed.

A typical DTA apparatus is il!ust:"atcd schematically ir: Figure 6.1. The
apparatus gencral!y consists of (1) a furnace or heating device, (?,) a sample
haider, (3) a low-level de amplifier, (4) a differential temperature detector.
(5) a furnace temperature programmer. 16) a recorder, and (7) control
equipment for maimaining a suitable atmosphere :n the furnace and sample
r.older. \1any modifications have been made of this basic design. but all
:~struments :neasure [he differential temperature of the sample as a function
of temperature or lime rassuming that the :emperarure rise is !:near WIth

respect to time).

2. Sample Iioiders

One of Ihe most important componer.ts of a DTA appafllius is the t~pe of
sample I:oide:" (and identical reference Tr.arerial ho:der) employed. There

::?-99
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(d) rl?')

Egu:-e 6.,. Sci'.e~a::cdiagram of a :ypical UTA apparalu,.

are a wide variety of sample holders available, in commercial instruments or
that have been described in ~he literature. The type of sample holder (1)

Llsed depends, of course, on the nature and quantity of the sample and also
on the maximum temperature to be investigated. Sample holders have been
constructed from alumina, zirconia (2r02 ), borosihcate glass. Vycor glass,
fused quartz, bcryLIia. boron nitride, graphite. stainiess steel, nickel, alu
minum. platinum or platinum alloys, silver, copper, tungsten, the sample
itself. and numerous other materials. Some typical sample holders used in
DTA are shown in Figure 6.2. In (a), the sample (~loomg) is pressed into a
closed-end tube and the tube is placed over the ceramic insulator tube
containing the thermojunction (:!). This type of sample holder will permit the
the sample to dissociate in u self-generated atmosphere, It cannot be used
with samples :hat fuse on heating, however. For determining heats of explo
sion for a number of explosive materials, the isochoric samplc holder in (hI
was used by Bohon (3). It consisted of a stainless stcel body and cap that was
sealed with a screw cap and a copper gasket. The internal volume was about
0.085 ml and ~ontained about 25 mg of sample. By means of a loading
chamber, the sample holder could be charged with a gus at pressures up to
1000 psig. Mazieres (4) developed the microsample r.older in (c) for use with
samples from 1-200tlg in mass. The sample was contained in a chamber
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dr:l:ed in tf:e ther:nojunc::on itse:f. A simi:ar c:.Jp-type r.o:der was 3.ls.1
desc~ibed whIch coeld ':Je used for samples fro:n 0.1 to 10 r.l_~ ir. mass, Some
dilT:culty would certainly be expericr.ced i:l tr.e :Iar.d:ing 0: :nic:-ogran tiuan·
:ities of sar.-:ple.

Sample holders usc.:d in :he Stan: insrruments are sr.owr. ::11.1 H f;. Sm:!11
cups are used In (d) to cor.tain sa:np;es from 10 to 200 mg ir. r.:ass; :he Cl..:jJs

are constructed fror., alu;r.inurn. stainless s:ee:. nickel. or p:atinum and L':
palladiur:: al~oys. For sIT,al:er samples. 0.: to 20 :T.g. the :Iighiy senSili\e
ring thermoco\.:ple holder. as showr: in {EJ, is i,;sed, The sa:nple dishes C::l:1
be made :rorn alumin:.lm. staidess s:ed. or p:atmurn by the investigal0r
:.Jsing a simple press and die, True dyr.amic gas atmosphere con:rol I'
:eatured in the sample holder in (j"). The gas flow is th~ough the sample and
refc~enee :natcrials; it cannot be used with sa:nples that fuse. however.

Sa:T.pk holders illustrated in (yJ-(j) are used :n rhe :vrel1~er thermo
analyzer SYSlern. In (gl. the sa:nple is placed ir. a sIT.a:! cup or crucible and
iJlaced on the smail circular discs which contain the thermojunc:ion, A block
:ype sample :lOlde~ is shown in 1111 ir. which an alumina bloc:< is employed.
The sarnp,e is conrai:,:ed :n a crucible which may be constructed from plati
num or other metals. Fo:- maco Iimour.tS ofsample. t:'1e holde:- in Ii) ma~ rx
used. r,c c:ontainers are constructed of al:.lr,'lir:a or of diiTeer.t :neta:s. If
only small a:nounts of sample arc to be stt.:JieC. the r.1:co cr'Jcib]e sample
holder :n :; I may be :.:s..:o.

The sample holders in iki im) Jre used :~ Linseis DTr\ eqt.:i;m:er!l. I:l
1"'- remmable sleeves made of :netal or ceramic are Llsed [0 contain ~h~

samiJle_ This type of sample holder is cO;lVenient :or CleCl:ltng purposes as
the ,leeve may be easi,y re:T.o\cd.leaving the expo,ed sample. r\ di5ad\a:l:3.~::
of tn:, :ype 0; samp:e holder :s :h3.! t~,e :her"LOco:.Jple .S ::1 direct c:onta~[

witl1 tnt: saf:1pie <l:1d may :,e al1<lcked by cor~O'ii\e sample =:1:ttcrials. thus
ch~'.r.gir.g its E:YIF OCltjJU: ;;h:J.r:J.l'ter:$t:cs. A s:n:l'lf d:s'lJ\,,::tagc IS pr,,';c;-,t
~(lr :he probe-type sa:npie ho:ders in ill ar.d 1,1:. ir. which Ih: :;;..:r~.ocouplc

is i:nmersed ir. :!1e ::11e~lo:- of l~e sJrr.pie. T~c glass sarnple cLl!ltair.er :!1 U:I

is usua.!y :t d:spcsablc capillary a:be I :2 :r.r:l :n d:anctcr. ,.\ sannp:e ht,ldc:
:01' :IOr:Zll:-,t:.l1 Lse :5 idLstr<l:ed '!] :m:.

A sarr.p,<:' :-,olde~ :'v; LJ,C at \<:'~~ :li~l~ ter:1jJe~:n~l~es ;::nl) C: I; il:L.s;~O\:c'; ';';
i,i:. LIs Ct':;slrLCld vi Ur.gstcl:-I~;r.,>!~ter .. 26'.':, ,:~~n,J:':, :Lr:d :, fN .IS:;: '11 ;:~,:'

\!el.t.~r li.~~;~:nlen:~.

The ll:;I~IIC s:\mrlc 11l'IJa il: 'I': \\a, dcvcl"['IeJ :"~ :-'111.::r I:'. :-t1r a;e If: tn,'
i:l:dy 01' ;';\;I;e !i::I::wl1r, :IliJ ! :1m,. TIC 1;1:.J.'lwI:: s:.l:np:e, '.\ ,'I:nJ r. '::,.
.:.'TOl) .... ~S ;.:~n ,n :I~t! 1,.1:1;~r ~I::-:U~l.. l,r .ll~ ~~:Ur.l::llj~~1 ~~-:i:iul'r_ i-hr~:.: :Jcr.t:...:,~~

...·j.lr.dc:-:-: a:-~ 11~.Hln:-..=~~ :'\~r:ll;lC':r·~:J.I::- il~ ll~C ~~l::t:r 1.":'.1 \\?nh'::.:, r..1:·r.:.l':~: ',\... '
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a- C.
3

I

Figure 6.-1. ~ :.Itiple sample-holder ar.a~geme;;ts.

3. 6 T and l' Detection

A five-sample militiplc sample block has also been described by Cox and
McGlynn 18). A somewhat different approach was employed by Burr (9) in
which five samples, contained in an aluminum block, were recorded using a
multichannel recorder. The 6 T signals of the samples were recorded at
36-sec in tervals.

The L:hoice of a temperature detection device depends on t::e :naxirr:um
temperature desired. the chemical reactivity of the sample. and the senoi
tivity of the de amplif.er and the recording equipment. The most common
means of dilTerentiaJ temperature detection is with :he~rr.ocouplcs. although
thermopiles. :hermis:ors, and resistance elements have beer. cr.lployed. For
high-temperature stucies. an optical pyrometer may a;so be ?rac~ical.

A t!lermocouple generates an electr~cal potential which is rough:y pro
portional to the difference ::1 temperature between the twO junctions (Seebeck
effect), a:ld :s well suited for differential temperature measurements (10).
It may aiso tJe used :'or abSOlute and relative le~perature measurements by
keeping one junction. Ihe refere:lce junction. at constant temperature:.
Thermocouples normally L:sed in DTA instruments are showtl in Table 6.1.
The temperature limits l:sted arc ~or relatIvely Jccurate meas:Jrements with

..

,
I~

'7

"_-::'.'

.1
, '1

I. JI
-35-;

Brunskill et aI. (73) used the sample holder shown in figure 6.3. The
;rucible, machined from an annealed pla,inum rod. was placed in direct
-ontaet with ~hc thermocouple. In order to prevent mass-loss during de
~omposition reactions, one could seal the c:,ucible with a high-temperature
Jurner flame.

Thc DTA curves ofsamples in ,ealed tubes can be deter~ined ':Jy :Jse of the
:ample holder in (q). Sealed tube holders are described in a later section of
.his chapter.

To increase the numbe:- of samples that can be studied at anyone given
:ime, experimenters have described various muitiple sample holders capable
Jf studying three. four, five, or six samples simulrar,eously. Several arrangc
nents of these holders arc illustrated in Figure 6.4.

The arrangement in (a), which is due to Kulp and Kerr (6,7), contained six
;arnple wells and three reference wells. Each sample and reference well was
~ in. in diameter and ~ in. deep, drilled in a nickel metal block, A multipoint
-ecorder was used to record the temperature differences for each sample
-eference combination.

The multiple sample holder, as shown in (b), contains four separate sample
'eference pairs, as well as a monitor thermocouple. Slits are cut at various
-adial intervals in the block to preve:1t thermal gradients :rom one ,ample
.nterfering with an adjacent referctlcc well. Four separate dc amplifiers are
-lsed in conjunction with a four-channd recorder.

,- 'I_:J

'I ,
~I
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container is placed over the thermocouples. the entice disk is coateu
thin layer of vapor-dcposiu:d silicon dioxide.

The usual met;hanical configuration of the thermocouple (s :hUl ,
wires welded together to form a thermojunction. Other types 01 [,

couple configurations that have been proposed arc the thin-film tvtle (
and the disc (17, (8) type. The thin-film thermocouples eliminate ~he ore
of attempting to match the thermojunctions formed from wire er
The former can be made light in weight, and can be exact:y matchee
evaporation of thin films of dissimilar metals whieh ovdap to r~

thermoJunction. Preparation of n:ckel-gold thin-layer thennoco
illustrated in figure 6.6 (l5, l6). Gold was vacuum evaporated on t!-'
plates, followed by electroplating of the nickel. Aluminum samnli::
then used to contain the samples in the temperature range frnrr
500°C. The thermoelec:ric power of the thermocouples incrt'c
10J.N/"C at 25°C to about 25 p'v;oe at 200"C.

Audiere et al. (122) described a thin-film micro-DTA a?p'
permitted '.he study In situ of thin-film materials. The samples ar
by evaporation. cathodic sputtering, and 50 on. on to a subst~

metallic films. which constitute the thermocouples of the DTA.

Fig~r. 6.5. five IhennocDup!e Ihermopi~e, J;ed I::
:he Me:::er TA 3000 DSC ,ys,em.

Table 6.1. Characteristics of Some Typical Thermocouples at 25°C (10)

Thcr:nockcl~:C

iSA Metal No.: Metal No.2 MaximLlm Power
Type (Pos::ive: (]\;egativc) Temp.I'e) I/N:'C)

S Plalinu;n P!a:inum-tO% Rhodium 1600 5.5
T Copper Cons;ar.lan 250 40
Y.! Iron Consta:ltan 4.50 .51
E Chrome! Constantar. ~OOD 59
K Chrome! Alumel 1000 41

TLlngslen Tungslen-26% Rhenium 2200 3.3
-----

20-gauge wire in air. The copper-constantan thermocouple is the most
popular for use from - 150 to 250"C and is highly stable and reproducible
over this temperature range. Koble metal thermocouples, especially the
platinum-platinum, 10% rhodium, are preferred for applications requiring
high accuracy in the range 500 I 200°C. The Platinel-type thermocouples
are also useful in this range and have the advantage ofa larger thermoe;ectric
power (-40 p.V(C). For temperatures up to 3OO0"C, tantalum carbide
verSus graphite has been suggested (11).

To increase the output signal from the different thermocouples wit!1out
the use of an ampiifier, experimenters have employed thermopiles (8. 12. 13).
The advantage of such a system is the greater output signal with a lower noise
level, due to lack of electronic amplification. A five-thermocouple IIT
thermopile, used in the Mettler TA 3000 system, is shown in Figure 6.5. The
II T sensitivity is 115 P.v/"e and it is usable in the temperature :ar.ge from
- 170 to 600°C To prevent electrical shorting when an aluminum sampie



308 THER.\1AL A1':AlYSIS ASD SCA~SI:-;GCALORIMETRY t;>lSTRJ.;\1F.NTATIOS t:"STRlP.>'lE;>ITt\T!O'l PRIJ-,;C(PLES 309

holder, as shown in Figure 6.7, consists of a Au-:"Ji thermocouple system
deposited on a sapphire digIt, loo,um thick by 25.4 mm in diameter. A;umi
nuro wires were ultrasonically welded to the l-,um thick gold films for elec
trical contacts. The thermoelectric power of the Au-:"Ji thermocouple was
found to be about 23 ,uVrC in the temperature range 20-3OO°C, The disk
type thermocouple and sample holder (l8} are shown in Fig:Jre 6.8. The disk
is made of constantan and serves as the major path of heat transfer <0 and
from the sample and also as one half the AT-measL:ring thermocouple. A
Chromel wire is connected to each raised indentation, thus formir:.g a
Chromel-constantan differential thermocouple system. This system is
usable in the temperature range from -150 to 60Q°C. Yamamoto et al. (~7}

used a dumbbell-shaped piece of Chromel which consisted of tWO circular

LCll'1
I

!1efere'nce
Da~

'A, ",irt
Figt.:re 6.7. Th in ·nJ en :nerrr,ocotlp,e
arrangcmcn: of Audie:e eI a1. (122),

P"er"P.oe i:C'~r"IC r.:.l'5k
: CO"'3.~a"~il;"" J

disks connected by a :1arrow strip. Alune! wire. welded to the center of each
disk, served as the other :hermocoupie ;l:nction. Other thermoelccl:--:C diSks
are shown in Section 2"

4. T-Axis Calibration

As with many other analytical technlq'Jes, the temperature axis ~sed in
differential thermal analysis land DSq must be calibrated with materials
having known transition temperatures, The International Confederation of
Thermal Analysis (lerA) has been very active in developing a set oiscandard
materials lor this purpusc 119) and has worked with thc U.S. ;"';ational
Bureau of Standards 10 Jave these materials made commercially available
(20). The L:.S. National Bureau ofStandard"GM 754-GM 760 DTA tempCT
atun: standards are listed in Table 6.2. They cover the temperatL:re range
from - 83 to 9~5 C. The results of an leI'A "round-robin" study with 24
cooperating laboratories have been reported by Menis and Sterling CO},

Freezing tcmperan,:.re standards are also available from the Na:ional

Tabl~ 6.2. l!.5. Bureau of Standllrds DTA Temperature StaDdard.~

- - - - -
GM \laterial Peak Temp. (""C) l;n:t

754 Polyslyrene - 105-"C ;Og
iS7 I,:,Oien loroet!lane - -J~'C .; mL

Cyclohexane (trunsit:on! - - 8J'C 4 ~L
Ime.tl~g; -- 7'C

Phenyl ether 30'C 4mL
t'·Te~pl':tmyl 58'C 5g

75B Pol~i:J:n :lilrale - l~B"T 109
lr,dillm 15Te 3~

Tin :m.T 3·r
'"Potassium ;Jcrchlora:e 3{}()'C LO g

Silver sulfate 430'C 3 ~

759 Potassium perchlorate J()(} C :n ~

Silver sul~a:e - 430'( ] g
QJa,:z - 57; ( J g
Potassit.:m 51;;fa:e - 5~J c.- !O g
Polassi;Jm t:h,om:lle - 665'C 10 g

760 QLla,;z 57J C 3 ~

P[)lassium SUlfate - 583 C 10 !t
Pot;lss:um chromate - 665 C :0 g
Ba,i\;:l~ ~artmr.ate - HlOC 10 "
S:ror.LIL:r:l ~Jrbor.ll:c - ~~5 C :0 g

- --- -- -- "---
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temperature corresponding to that shown in the table. Reheating the sam
sample gave the same endothermic peak with a temperature reproducibilit~

of -I 2"C.
The calibration of the temperature axis of the Perkin-Elmer DSC-2 ha:

been discussed by O'f"eill and Fyans (24). Temperature readout in thi:
particular instrument can be in 'C, K, or 'F from 00.0 to 999.9', and i:
switch-selected. A calibration Curve obtained at a heating rate of 40°F(mir
is shown in Figure 6.9. Since many industrial processes operate in terms 0

OF, it is often convenient to use this scale in DSC studies.
The accuracy of temperature calibration, using the same metals shown ir

Figure 6.9, is illustrated in Tabie 6.5. Temperatures given are the indicater

g30
S72

831
SOB
78$
780
776
7"7g

786
797

8:0

5t.5
80.2
94.8

1:4.3
122.3
147.0
182.8
209,6
245.6
284.5

Freezing Temperature
('C)

T,anSltion Tempe,ature; C) (-:- 2' Cl

o
10
20
30
40
50
60
70
80
90

100

4-t'itroto!uene
:"aphthalene
Benzi!
Acetanilide
Benzoic acid
Diphenylacetic acid
Anisic acid
2-Chloroanthraquinone
Carbazole
Anthraquinone

Substance

~ole :Yo BaCOJ in (SrBalCOJ

Table 6.3. Freezing-Point Temperature Standards
Available from the :'\ational Physical Laboratory

Table 6.4. Transition Temperatures of Double Carbonates. (SrBa)C03
(123)

3I0 THER~AL ANALYSIS ASD SCASSt!'-:G CALORtMETRY IS~TRU~ENTATIO~

Physical LaboralOry. Teddington, England, U.K. These substances and t!1eir
respective freezing points are given in Table 6.3.

Judd and Pope (123) proposed the use of (SrBa)C0 3 mixtures as ~empcra

ture standards in the temperature range 780 930·'C. These double carbon
ate~ undergo an orthorhombic-hexagonal transition at a lempcralLlre ~hat is
dependent on the composition of the double carbonate. This transition
lemperature for the various double carbonates is shown in Table 6.4. In
each case, a single narrow endothermic DTA peak is obtained with a peak
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s. Furnaces and Temperature Programmers

(eil

(0)

DTA rur~acl' cl:ln::gu~u:~Cln~.Figur< ;'.l J.

'I·J

ttl;)

reI

IDOO
1350
1400
1500
1800
1330
1500
1600
2200
1500
1100
2800

Approximate Temperature
IOe)E:ement

Nichrome
Kanthal
Platinum
Platinum-l 0% rhodium
Rhodium
Tantalum
Globar
KanthaJ Super
Molybdenum
Platinum-20A rhod~um

Chrome! A
Tungs:en

Table 6.6. MaxinllJlll Temperature Limlts for Furnace
Resistance Elements

onset temperatures obtained by extrapolating the curve peak leading edge
to the extrapolated baseline. This was calculated by a computer analysis to
eliminate subjective bias.

Fairly high-resistance thermistors, 100,000.Q at ambient temperature,
connected in a bridge circuit have been used to detect the d:ffcrential temper
ature (22, 23). This method docs not normally require the ese ofa de amplifier.
Because their resistance decreases rapidly With increase in temperature,
thermistors are generally only useful up to about 300'C (23).

Again, as in the preceding section, the choice of furnace heating clement
and type of furnace depends on the temperature range under investigation.
DTA furnaces have been described which operate in the range from -190 to
2800"C- The furnace may be amounted vertically or horizonta1:y; it may be
heated by either a resistance element, infrared radiation (25. 26), high
frequency rf oscillation (11, 27), or a coil of tubing through which a heated
or cooled liquid or gas is circulated (28).

Resistance elements are perhaps the most widely used in furnace con
struction. Some resistance elements and their approximate temperature
limits are given in Table 6.6. These temperature limits are, of course. depen
dent on the furnace design and insulation.

The wide variety of DTA furnace configurations is shown in Figure 6.10.
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V1anual :::o.,tm,In (a), a design described by Vassallo and Harden (29), the furnace is heated
by a heater cartridge. I: has provi~ion for rapid cooling or for use below
room temperature by passing a coolant through the cooling coils which
surround the furnace. Sample and re:crence materials are placed in glass
capillary tubes.

\'lore sophisticated f;Jrnaces, for ;Jse in the temperature range from - J50
to 2400'C, are shown by the :'vlettler thermoanalyzer furnaces in (bHe).
The fL:rnace in (b) is for use from - 150 to 400' C and uses a KanthaJ resistance
wire heater element. For use from:15 :0 1ooWC, the f:Jrnace in (e) is employee.
This furnace also uses Kanthai heater ciements and fealL:res high-vacuum
operation. The high-temperature furnace (d) is for use from 25 to J6oo'C.
also under high-vacuum conditior.s. It conlains a furnace winding composed
of super-Kantha1. Rceently introduced was the super-high-temperature
furnace. (e), which can be used in the temperature range from 400 to 24DO'C.
The furnace beater elements arc constrJcted of tungsten. The sample holders
Jescribed in Section :2 can be used with the :'vlettler furnaces described here.

The requirements for a good DTA furnace include symmetry in heating
wd the ability of the heater elements to heat uniformly. The furnace tempera
ure distribL:tion must be uniform in the area of ~he sample bolder for good

-esults. Wiedemann (30) has rcportcd the temperature distribution curves of
.he Mettler furnace, as illustrated in Figure 6.11. The gray area indicates tbe
:one of homogeneous temperature in relation to the position of the sample
101der. A temperature distribution study has been given by Yamamoto et al.
17) for a furnace used in the DTA apparatus they designed.

For operation at low temperature. the furnace may be surrounded by a
Jewar flask and precooled with liquid nitrogen. The furnace is then heated
Jy Ihe furnace element using a healing-mode program. Another method is
o use a gas as a heat exchange medium, such as is illustrated in Figure 6.12
3li. Most temperature programmers do not function efficiently unless a

" '2
!
"'~
"

°igure 6.1: Te:nper<lICre c:s:~:bulion in a DTA fJrnace (39),

Figure 6.1:'. S:rnp:e ~:lObg sys:e:ns (or DTA appam:us (JS).

thermal reservoir at least 30'C below tr.e prograrr. terr.pera:ure :s available.
The u]tirr.ate in ;ow-tcmperature cl1mrol shoL:id pe~haps be thermoelectric
cooling.

Arndt ct al. (J 24) found thu: controlled cooling based on na:t:ral convec
tion currents could not he used in the temperature range 30 :20- C at cooling
rates of IO'C, min. They proposec the use of the simple controlled cooiing
apparatLls shown in Figure 6.; 3. The jaci\:cl ::onsistcd ofa:1 aluminum cylinder
of uboul 8 cm in diame:er ;n which ice wll:er from a cryogenic bath was
circu1aled by means or a pump. The entire .'aeKet was covered by a PVC
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O!gure 6.13. ConlJ"ol!ed cooling system or Arndt et al. (I ~4).
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programming over a nun:.ber of di!Terer.t temperature ranges, ar:d her.~

must be compatible with several different thermocouple types. The heat;·
rales should :Je linear ar,d reproducible. since a :1onlineu heating rate
influence the DTA curv~S. As shown :JY T~ca!l 1451. programmer Our
power cycling will cause variations :n the D1'i\ curve peaks as well as cr
spurious peaks. Another charact~ristic of the programmer is that it sh,
be stable with respect to :ine voltage and ambient temperature vana
The programmer control thermocouple should be compensated
electrically or by an ice bath.

The type of temperature progra:nmers varies f:-om the simple v",
voltage transformer coupled to a synchronous mawr to the more S0

ated feedback, proportional-type prog'"ammer. On-ofT-type DrOlITi
cannot be used because of thc fluctuating power outputs which givl
severe thermal gradients in the furnace and sample holder SYSH:::

solid-state. feedback-type. proportional programmer used in the L'

thermal analysis instruments is shown in Figure 6-14. In a prop('
type programmer. when the error signal between the command volt~

I
'~.t·'rr
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Star:mg
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neath to eliminate condensation problems. Subambient temperature
:vcling could also be used if the iced water were replaced with a dry ice
~thanol mixture.

In an attempt to control the atmosphere wi~hir. the furnace ar.d sample
lolder, various techniques have been employed. They include (1) flooding
he furnace with a gaseous atmosphere (32 35); (2) vacuum furnaces (32. 33,
: 5-41); and (3) a dynamic gas flow atmosphere (32. 33.42,43). An elaborate
1igh-vacuum system for DTA furnaces has hecil described by Wiedemann
30).

Although most DTA instruments have only or.e rurnace, to increase the
lumber of samples that can be run each day several rurr.aces may be used in
~onjunclion wi~h the sample holder, amplifier. and recording sys~cm. In
.act, an instrument that contains four different furnaces (44) has heen
Jcscribed.

The rate of temperature increase of the furnace is controiied by a :empcra
urc programmer. This programmer should be cupable of linear ~emperature



6. l.ow-Level Voltage Amplifier and Recorders

r.ompared with the nonlinear thermocouple outpu" and the signal difference
led to an error amplifier which triggers an SCR circuit which controls the
furnace voltage. The linearity is said to be better than 0.25% for any 100°C
interval or 0.5% full scale.

The accurate determination of the linearity of the furnace heatir.g rate is
not an easy matter. From a plot of temperature versus time, as shown in
Figure 6.15a, the heating rate Can be estimated to ::: 5ic or better. To deler
mine minute fluctuations of the furnace heating-rare curve, the curve in
Figure 6.15b is used. A DTA curve is recorded with the reference chamber
filled with an inert material (~-alumlna, for example) while the sample
chamber is empty. In this unbalanced condition, the fluctuations in the power
input voltage are easily seen. This type of behavior is also seen if the 6 T
thermocouples arc unsymmetrically located in the furnace chamber (46).
It should be noted that it is even more difficult to measure accurately heating
rates of lOCfmin or less.

The heating rates of most commercial DTA furnaces can be varied from
0.5 to 50°C/min. :-.iost DTA curves, however, are recorded at heating rates of
10 to 20°C/min, The higher heating rates arc convenient for preliminary
examination of the thermal behavior of a sample.
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The output voltage from the differential thermocouple is of the order of
0.1 to 100 /JoV, depending on the type of thermocouples used (see Table 6.1)
and tbe temperature difference between them. Hence, unless a very sensitive
recording system is llsed « I 00 /JoV fuJI scale), the 6 Tsignal must be amplified
by a low-level microvolt de amplifier. The amplifier must have low T.oise, low
drift, and high stability to be useful for DTA instrumentation. Instahility of
the amplifier will result in an unstable baseline (45), while drift hy either
input voltage or ambient temperature changes wlll cause output :1.uctuations.
Pickup of 60 Hertz ac by the input wiring can cause output noise a.~ welt as
an unstable baseline.

:-.iany times, in an effort to reduce amplifier no:se. ~apacjtors are added
across the output of the amplifier, and occasionaliy at the :nput (451. These
capacitors frequentlY reduce the response time of the :.lmpli~er. wh:ch causes
a shift in the curve peaks and also a loss of peak resolution. A l"lroper value
of capacitor must be csed. if noise is a prohlem. to form a compromise
between noise reduction and loss of peak rcsolL:tion. AmplifJer impedance
mismatch can also cause nonlinear output vOltages. which C3:l disiort the
curve peaks.

Various recorders have been descrihed. fro~ photographic lig!'lt-beam
galvanometer types to ;)"Iodern electronic potentiometric ret:ordcrs, Burgess

'''''0:..( .... oltage i1uc~..:at 0'-:5
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lhe output of the control signal differs by an amount more than the "dead
band" of the control amplifier, the error signal is amplified, and this power
is applied to lhe heater. The power applied to the heater is proponional to
the error signal at the input to the control amplifier. The hl:ating~ratc

accuracy of Illis programmer is said to be =5% or 0.1 'C/min, whichcve, is
greater. The accuracy is governed mainly by the output of the control
thermocouple. In the programmer itself, the limiting factor is the adjustment
and drift of the power supply that controls the current which is integrated
by the integrating amplifiers. The reproducibility tS O.PC/min, while the
heating-rate linearity is ±1% or O.Ol"C/min. The former is dependent on the
drift of the power supply and amplifier bias, while the latter depends on the
output linearity of the control thermocouple.

In the Stone instruments, a stepper motor is used to control the rate at
wbich nonlinear ramp functions of the output of the four most common
types of thermocouples are generated. This nonlinear generated curve is

'I))

Figure 6.15. Hea:lr.g r"~e crves: :(1) Tempe~:l1Llre "er,"" ::me c.rve, J'l DTA c.;~ve ,:r
'J~b;J:ar.ced ~ysle:n,
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genide reat,1.IOnS, for example). and in other are-as ,;ucn as orga~ic reactions
(60. 61). metal salt hydrates (62:, mctallurgiC':l1 problems 163L molten salt
equilib:-ia (64). am! nUf:1erous other probleu:s.

A simple scaled-tube sample ~older :s shmm in Figure 6.2(q). Other
sealed-tube sample and :-cierence holders are 5hown in Figure 6.16 159).
In one case. (a), the thermocoupies were seakd direely in~o ~r.e wbes, and
this presented problems with metal-to-glass SC:lk Heat transfer from the
sample to the sensing thermocouple is fairly low :n mos! of the exampies
given. The system in (e) is much better than mC'$t 0f ,he others because the

,
•...

(47) gives an excellent discussion of some of the earlier rccordi:1g devices.
Probably the tirst ~o use modern pOlentiometric recorders. especially the
multipoint type. were Kerr and Kulp (7) and KaulTman and Dilling 148), This
type of recorder. plus the use of multiple sample holders, increased the use
fulness of DTA for the qualitative identifica:ion of geological matcrials,
Another technique, using a two-channel recorder, is to record both the
differential temperature and the reference material temperature as a function
of time on the same char: paper. X-Y and X - Y: Y2 recorders, such as those
illustrated in Chapter 3, are also used. Data center recorders may also be
employed. ~ost of the modern commercial DTA and DSC systems utilized
some type ofcomputer Jata reduction and plotting or priming systems. such
as those described in Chapter 12, Dedicated microcomputcrs or mini
computers arc used to process the raw data, which can be replotted in a
variety of formats.

1. Introduction

B. DTA Il'iSTRt;"'lE:'IoTS

2. Sealed-tube Techniques

The modern DTA instrument is derived from the two-thermocouple design
suggested hy Roberts-Austen (49) in 1899. .\1any instruments have been
designed and constructed since that time. each slig.lJ.t1y different in the design
of the furnace, temperature programmer, recording equipment. sample
holder deSign, and so on. Smothers and Chiang (50) in 1958 described ir.
detail some 155 DTA instruments located throughout the world. This list
Wa.1'i deleted in the second edition of their book (51), which, however. inciuded
a bibliography of some 4248 references to the DTA literature. :nany of :hem
describing the instrumentation employed by the investigators. Modern
equipment i.~ adequately summarized in various textbooks (52-54), while
specifications on commercially available instruments arc described elsewhere
i56-S8).

A number of DTA instruments are described here; an attempt IS made :0
include only those instruments which possess some novelty in design or that
have made important contributions to the developmen: of DTA ir:str~menl

ation.

The endosure of the sampte in il. scaled <'lnd somc::mes evaClJ:Jleu c~amber

or tube ;s an old tec:':lique, The techr.ique is :Jsefui for phase-diagram
investigations 159), especially !hose involving corrosive materials Ic!1ajco-
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ring thermocouple provides a high-thermal-conductivity contact over an
appreciable area. None of the 'sample holders illustrated ex.hibit very high
resolution DTA curves, due to the thermal inertia of the system. T!1e prepara
tion of the evacuated type of scaled-tube sample holders has been described in
detail (67).

A glass ampoule sample holder, as described in Chiu (1251, is shown in
Figure 6.17. Such a scaled sample container has been found to withstand an
internal pressure of up to 1800 psi and is suitable to be used as a microreactor
to study most chemical reactions. An ampoule holder, constructed from
silver or aluminum metal, is used to support the ampoule in ,he DSC sample
chamber. Liquid or solid samples are introduced into the ampoules by a
syringe. The ampoule sealing technique has been described elsewhere (126).

Schouteten et al. (127) described a simple stainless steel DSC sample cell
that is sealed by a resistance welding technique. The welded capsule could
withstand pressures of over 80 atm.

A high-pressure sample holder, capable of Withstanding a maximum
internal pressure of 150 a tm, was described by Earnest et at. (128). The cell.

. constructed of stainless steel that could be gold plated, had a capacity of
40 IJ.L and could be used to a maximum temperature of 400"C.

A sample holder, to be used for ignition studies, was described by Charsley
et al. (129l. The sample and reference materials were placed [n llat-bot~omcd

quartz crucibles, 6 mm in diameter and 20 mm in length. The crucibles were
supponcd by plate··type Chromel-Alumel thermocouples, fitted with locating
pins and having 0.5-mm-diameter wire leads.

A miniature Li/S0 2 battery was enclosed in a nickel-plated steel can
containing a thermocoupie well so that it could be studied by DTA ([30).

Fi~",e 6.17. Glass ar,-.pode salllple ho:<ier r<lr DSC ,:ucies (:25).

DTA curves could be 0 btained during electrical discharge of the cell.
A sealed-tube sample holder for milligram quantities of sample has been

described by Wendlandt (62). The tubes employed were ·staodard glass
capillary melting point tubcs, which are used in the furnace a:1d sample holder
shown in F:gure 6.18. Samples are enclosed in the 0.9- l.i-mm-ed capillary
tubes that are placed :n thin aluminum heat transfer sleeves, An identical
empty tube was used for :he reference thennocouple. After p;acing the sample
(from 5-7 t:1g) in the lUbe, the author sealed it off using a smali oxygen-gas
flame to a length of about 20 rom.

The sampie-loading procedure used by Barrett et ai. (60.61) was similar to
that given pn:viously ex.cept that special precautions had to be taken due to
the volatility of the organic samples. The capillary tube containing the
sample was cooled by inserting it into a cooled aluminum block (dry ice
acetone bath coolant] and then sealing off the tube with a micro gas torch.
Some: precaution :nust !Je observed concerning the size of the sample; large
samples may generate excessive pressure if gaseous decompositions are
involved, and this may lead to minor explotions. The sample size should be
adjusted so that the gas pressure will :1ot exceed abot.::t 4S atm.

A sealed-tube DTA ,lpparatus has been described by Gilpa:rick et ill. (64)
for phase studies of the t:101ten salt system, :"il;F-KF-BFj_ Tlle sample holder,
as shown in Figure 6. [9, contains about 4 g of sample w:,ich is contir:!:lously
agitated to avoid segregation and compositional changes dl.:ring t~e ~eating

and cooling cycles. l"ickel was used as the material of construction :or the

Fig:lre 1J.lg. Sealed-lube UTA r~laace and ,ample ho.der (1J21. /\. ;,:"u_ULed cover. B.
~J"min"m hlock: C. glass capilla,y :ube; D. ,arr.ple: E. sar.'.ple 1!-.e,;';joe,:\Jp:e; F. ulu;T,i~um

heat ::a~sler .'.eeve. G. cerJJ1'IC inst;lalor :une. H. ,derem:" chamher I. lra~"i," ;!(arrunn.
J. lefl11lnal "lnp
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-Igure 6.19. Sample holder for ",o;:ell >ait pha;c 5tcdic, 104).

.:apSUles, which were evacuated and sealed under vacuum. The ~:lcloscd

.hcrmocouples galle reproducibte results for :he resulting phase transitIons
:t.1T sensitivities of 25-100 I~V/cm or chart displacemer,t. A similar metal
.ample-holder capsule was described by Etter et llL (63); :r.e cap5ules \Verc
;onstructed or tantaJcm"

Barral! OIrld Rogers (70) described a cor,star.t-pressure de\:c~ ir:ot 11

~aled·tube \ype sample holder) which is iilustrated in Figure 6-20 TOlal ce:!
'olume was about 0.8 mt; a glass capiilary t:.Joe prov~dcs u reSCf\Ulf rc:- the
~ases released during a retH:tion and prevcr.ts sigr.iticant diLHior: of :h..:
.ample atmosphere with air or the Joss or gas. The srr.all merc~:n "CUI nro·
'Ides for sample atmosphere eXpal',510n il:1U mulntair.s an essen":Ii.lliy ~l1I1"
;tant pressure in the cell.

DTA l~STRt:ME~TS

F:gure 6.20. Samp:e holders for coustar.t pres,;:.re :r. a self-generated aLr.:mpnere t ·lJ.·

Mention ha.~ already been made of the high-pressure metal sample l:olaer:
employed by Bohon (3) [or his DTA studies on explosive materials. r_

similar type of sample holder constructed from a Swagelok stainless stec.
fitting has been described by David (ll).

3. High-pressure Systems

High-pressure DTA has been reyiewed briefly ~y Locke :i~). The prey~o:.L

studies have been concerned mainly w~th the effect of prC$sure on solid _.
liquid und solid: --+ solid! equilibria. The equipment used :0 high-pressur~

studies empioys piston-cylinder pressure-generating systems :n :hc 60· 8(r
kbar racge. while 10wer-lJressure eqL:ipment i:1Volves external pressurizatior

by gases.
Hark,:r 173) described an u.ppuratus :n whiLh the sample unc. referer.c::

materia:s were scaled ::1 platinum .:apsules_ W:res welded to the cJ.psu~c:;

were led rrom the pressurized microreo.c:or through :l ?ressure lJuckm !=.
:-';ir~ogen was lIsed us :he pressurizution gas. aithough argon is to be pr\;.
rerred because the former causes severe .:mbritt!eme:1t \Jr ;JJatir.um ai\oy,-.

St:veral melt:ng i101r.t~ in :he CnO·Cl(OH)=-Cl~SiO"s}srem at 15.000 p$i~

were obtained.
(\1h.::n et al. 17-l) described a piston-cyl:nde:- ~Lppilr:J.rU!; whlL:!i could b~
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F:gure 6.22. Il:g!'.·pressvre DT:\ apparatus of KJbalia and Schneider (7S\ ("l:;. r '" CtW.e"
h, n _ Py:o;Jht;:lte :nsujalmg disk: c == heu:ir:g block: d == h:gh·pre,~ure Ye~:,·I. e. :'.~ :
copper ~eals; f. \ = ZrOo b:ock:!. g =' cop!",' ~hie·.d. h .. calor:,·.:eler '::>k>c\<.. I ~ \h.'~\l.

c<Jupie: it '" wr'Jndum ca?'llary; " == fas:elllng ~crew: ? - ;LJppNl: '-l • 11'- :It'd .,".kl I,)

rCfrigcran:. (nl\'\ Ope" Pili. well: (:;\ c:",ed \e~an well u.,:h bm;.' h\,lder (I!'. == ~1"e~-,:\e~lhec

lhermocoup.e).

1.:--

(",

1-

£--r--+-----"Jiii?'1]~
h---

o---~t:ll:.)

d - --+-.......;--,

.., ------+-....."H

~
~

®
. I I
\ I \ /
\ I / Figure ~ 21. Three-wire :~errr.o~()"Dlc :I,'o,,.h:y 1','- lugh-
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used up to 50 kbar at temperatures to 12(XYC. They discussed in detail the
components of the high-pressure furnace. sample holder, and pressure
transmission. A typical thermocouple assembly is shown in Figure 6.21.
All wires, with the exception of the tip which is :n contact with the sample
container. arc insulated with alundum cernt:nt. Sample capsu:es used were
made of tamal'Jm. niobium, piatinum, graphite. and so on; they were in t!'le
shape of a cup ~ in. in diameter by t in. in length. The cap is made of the
same material as the capsule body. Pressure is transmitted to the sam pie by
the furnace assembly, a combinat:on of pans made of talc, graphite. pyro
phyJite. thermocouple tubing, thermocouples. sample container, boron
nitride, and so on. The determination of the pressure on the sample is oat a
straightforward problem.

A DTA apparatus that could be used up to a pressure of 4000 bar and
temperatures to 500~C was described by Kuballa and Schneider (75). This
apparatus, which is illustrated in Figure 6.22. contained a DTA celllhat was
constructed of stainless steel; a maximum pressure of 4000 bar and a maxi
mum rem perature of 500"C were possible. The cell was e:lclosed by two
Bridgman piSlons which contained the thermocouples. Cell weils for the
sample and reference materials were made from a 97% platinum-]:;';; iridium
alloy; they were suspended on the sheathed thermocouple j unctioos. Upper
and lower sides of the sample-holder area were thermally heatt:d by Zr0 2

blocks. A furnace placed around the pressure vessel permitted linear heating
rates from 0,2 to 10'Cjmin,

DTA instruments for high-pressure hydrogenation reactions have been
described by various Japanese investigators (76, 77). Bousquet et al. OS)
described a high-pressure DTA furnace Bnd sample holder which eouid be

32'7



~. High-temperature Systems

The problems of :1 DT A. apparatus for opera:~on abo\e : :C() C .Ire q;Jite
different from :~ose that ope:;]t;: below :his temper:Huf~. The: dectrical

used up to 500 bar and a maxirr.um temperature of 500 C. Tnis apparatus is
available frox. :'-ict7.sch-Gcrateba:J Gmbh. The Stane h:gb.-pressure DTA
sample ho;der has !Jeer. d~scr:~::d by l.ocke (n). It can ~ ll.."<.'d at prcssures
:Jp to 3000 psig a::td at a maxim:J:11 tempera~ure of SOOT.

A scherr.atic diagra:11 of the high-pressurc DTA ':- >tem ce-scribed by
Wiiliams a;1d Wend:andt (131) is shown in Figure 6.23. II .:on.:;isted of a high
press~re DTA cell and enclosure [Aj complete with relici val\'e I D I. pressure
gauge (Fl, a furr.ace ,emperature programme.:- (E) and ,h~ Du Pont ~odel

900 Recording Module (C). The l:igh-pressure DTA cell CODSis!ed of :wo
104-mm-od cy I:ndr:cal segments of lype 316 stainle~s steel secured toget:1er
with six stainless steel bolts, each 13 mm in diameter. The upper p<lrtio.~ of
:he enclosure (A) contained a 26-mm-id furnace house in an insulated body.
A threaded opening was provided at :hc top of the chamber for the heater
wire entry through a Cona, high-pressure connector. The gas-tight seal
betwe~n the upper portion of the chamber and the base IGl was obtained by
the use of a Buna-:--'; O-ring (F) contained in a groove cut in the base. The
base contained tIVO threaded openi::tgs for high-pressure gas inlet-outlet
fittings (I) and a Conax wire connector (H) for the thermocouple wires. The
sample probe (Dt cons:st~d of a 5-mm diameter !our-hcied ceramic ,~be

contaicing the differential thermocouple and :umacc thermocoupie wires.
The reference and samph: containe:-s consisted of I x : mm in diameter
platinum eups welded to the thermojunctions of the thermocouples. The
:op of the probe was enclosed by a removable machin~ aluminum cap to
ensure even heat distribution to the sample.

The sample was capable of operation to a ma'Cimum temperature of
500"C and a maximum pressure of 600 atm.

High-pressure DTA and DSC systems have been descri~ by \Vurflinger
ct aL (132-135). These instruments can be used in :he lcmperature rar.ge
--200- ISO--C at up to 3 kbar pressure. The DTA cell is a cylindrical pressure
vessel made of cupper-beryHir.:m. closed a~ tho.: cop by a Bridgman pistun.
From the i:Jottom. two steel-sheathed thermocouples were introduced into
the inner volume of the vessel where identica: DTA wells were fastened onto
the two ther:nocouple Junctions and ir.serted into a symmclri,;a1.:a10rimeter
block.

Kamphausen 1136) described il hig:-t-pressure DSC ~]5tem using the
Pe~kin-Elme7 DSC-1B sample holder and electronic c:rct:Il']. Th;: sample
holder is enc;osed by two Br:dgman pistons. permil:mg rrcsur..:-s of up to

2000 har in the temperature range -20 200-C.
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(a)

_ '5 u ,u u,~~., ["lIgn-pressure DTA sys:cm dc.cnbed by WI::lams "lit! WeudJar.dt (i):1. :,<1
_~hema\lc diagram of apparal~S, A. high-pre"ure UTA cc::: 3. T &. T Conlm,s Cl'm;>"~V

..1ode' "'0. TPC-2000 temperature progra:::rne~: C. 0" P"nt Vbdel 900 reeo~dlng mO<Ju,e:
? rellef,valve; E. valve: F, pressure gauge: G. gas press"re ~"g~I":or' H. gas ",,;:rwer :1»
"chemat,c d:agmm Llf DTA cell, A. :arnace ehar.-.bec: Il, ~ :g.1-pres,u re cor. "ect."s for (urr.ace
w:res and :her.::acc~ple.s,C. r~rr,nee: D. DTA. ~,r.ple and ~e:erenc", haiders: E. "as "LJ:I~I

u,be: F. Buna·;'; O-ring: G, base plote: H, CLln.,~ conr.e"lor far !;lermO"O~pJe ""';C$: I. oj;
1,el-o~L1e: connectOr, -
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leakage from the increased electrical conductivities of the refractory com
ponents and of the air in the furnace becomes important. Adequale shield:ng
of the low-level thermocouple circuits is much more critical. The high tem
peratures often cause melting of the sample, which destroys the thennocoupic
assembly as well as the sample holders. Even with these problems. DTA
instruments which operate up to 3000"C or higher have been described.

A DTA apparatus capable of operation up to 1575'C is shown in Figure
6,24 (79),

The furnace consisted of an alundum core, Which was wound with
platmum-20% rhodium resistance wire. A booster coil of ~ ichrome wire was
also wound on the two ends oft'Je core; this was used only for the very 3igh
temperature work. The differential temperatures were detected with platinum
versus platinum-lO% rhodium thermocouples. inserted in the indentations
of the platinum sample and reference cups. To shield the thermocouple
wires, platinum foil was wound around the ceramic insLllating tubes L1sed to
bring them into the furnace hot zone.

A commercially available temperature programmer, de amplifier. and two
point recorder were employed. Furnace heating rates of from 0 to 30'C/min
were pos&iblc.

A high-temperature DTA furnace and sample holder which does not use
thermocouples as temperature sensors has been described by 1\edumov (80).
A critical assessment of various instruments that do employ thermocouples
found that they were unsatisfactory for quantitative DTA studies of metals
and metallic alloys. Temperature detection in this apparatus is by use of
tungsten resistance thermometers. The apparatus can be used to tempera
tures over 3000°C.

A multifunctional apparatus that permits the determination of the thermal
analysis, derivative thermal analysis, DTA. and ther.nal derivative thermal
analysis (temperature versus derivative of temperature) curves has been
described by Rupert (81 83). This apparatus is shown schematically in
Figure 6.25 (81). The sample is contained in crucible A located within the
eddy current concentrator B. The current concentrator receives power from
:he induction heater K. whose output is controlled by the induction power
heater control 1. Light from the sample emerges through a O.070-in.-diarr:e:er
hole in the top of the crucible, and travels upward through a Pyrex or quartz
window into the lower end of the beam splitter. Part of :he iight :s reflected
at approximately a right angle to the axis of the beam splitter, by the partially
aluminized bottom mirror, to the optical pyrometer D used to meas:.Lre the
:emperaturc of the sample. The light that passes through rhe bottom rr:irror
IS reflected outward by the top mirror and is focused by the 21.5-cm-focal
:ength achromatic lens into a 0.067-in.-diameter aperture in front of a photo
::1ultiplier tube, which was used at temperatures above 1400' C, While for

",.
" ~
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F:gure 6.25. High-teo::perature rl:luJ::runct;o~a[ appara:U& desCf'':Jdd by Rupert [lL).

lower temperatures a IP21 tube was used. Further modification of the
instrument has been described (82).

Kocherzhinsky (137) described a DTA apparatus, using a special type of
thermocouple, that is capable of operation in argon atmospheres to tempera
tures up to 24S0°C. The thermocouples did not use ceramic insulation in the
high-temperature furnace area.

5. :\1icro-Sample Instruments

The determination of DTA curves from microgram quantities of sa:npie
has previously been described by Mazieres (41 (Section 21. A :nore compre
hensive review of:nicro-DTA instrumentation is that by Sommer and Jochens
(8~). In Ihis review. the entire area of high-temperature microscopy. coupled
with DTA measurements. is discussed in detail. In most of the :nSlruments
described. the thermocouple junclion acts as a heater and ',cmperature
detector, as well as the sample holder,

The micro-DTA apparatus developed by Miiler and Sommer 185) is shown
in Figure 6.26. The circuit used lJ motor-driven variable vol!age regt;lator
and was capable of heating rates from 5°C/min to lOOO'c.:seC. Recording~

of the sample temperatures and the i\ T were made on Ii high-speed recorder.
In an improvement of this apparatus. the sample and reference thermo
couples were placed in individual .:c1ls and only the cell housing the sample
was retai:lcd :n the optical system of the microscope (86).

A similar DTA apparatus has been described by Proks and Zlatovsky 187l
in which ~he sample :s contained in Ihe thermojunetion. The thermocoupie
is heated by a high-frequency current, which has been amplitude-modulated

by a IO\lo-f,equency signal.

6_ Automation of DTA Instrumentatioll

Present-day DTA instruments are capable of automatic operation i:l l~at

after the sample has been manually inserted the temperature rise is controlled
by <l lempc:-8tun: programmer which will turn oIT Ihe instrument :liter a
prcselec:ed temperature limit is attained. When the furnace has been cooled
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Figure 6.~8. F~rnace <lnd sampie cha:nber. 1\.
g:a" ::api::ary :~be ~or sa;nplc: B. ..amp.e·ho!der
p:ale; C. sample he.l [",nSrer ,Ieeve. D. sampie
:hCrr.'.ocol: pie : E. rurnace block: 0, reference cap
i~~ar)' '~'.lbe·. H. !eferenee be.a~ ;rdnSret s~c;;eve: J.
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The aluminum sample holder plate is 8.0 :n. in diameter by ~ ir.. thick and
has provision for retaining eight glass capillary tubes. The glass lubes are
held in their :espective positions by means of sma;l spring dips. The plate
is totated by a small synchronous electric motor equipped with an electro
magnetic clutch, The rotation of the ?Iate by the motor is controlled by a
:amp-slit-photocell arrangement. Adjacent to each sample-holder position
is a 0.50 x 0.06-in. slit cut in the aluminum plate. Alignment of the plate
slit between the lamp and photocell by the drive motor permits exact posi
tioning of each capillary tube with the furnace cavity.

After the sample capillary tube is in position, the furnace platform. C is
raised so that the tube is positioned into the aluminum heat transfer slecve,
located on the sample thennojunction. Movement of the furnace platform
is controlled by a reversible electric motor connected to the platform by a
screw drive. L'pper and lower limits of travel are controlled by two micro
switche,s. The furnace is insulated from the platform by a 0.25-in. layer or
transite and, while in the heating position, by a Marinite sleeve. E. The
~otation interval for sample changing is 15 sec, while it takes 50 sec to raise
the rurnace platform to the full upper limit.

After the sample has been heated to the upper temperature limit, the
furnace is lowered, the sample-holder plate rotates to a new position, and a
cooling fan is activated to direct air on the hot furnace. Cooling time ror the
furnace, from 450°C to room temperature, takes about 20 min. After the
furnace has been cooled to toom temperature, the above cycle is repeated
with a new sample.

A schematic diagram of the furnace and sample chamber is shown in
Figure 6.28. The cylindrical rurnace (El is 1.5 in. in diameter by 3.3 in. in

back to room tCI71peral'Jre, ,he pyro:yzed sam;Jle :s removed froI71 the sa:np!e
holder. a new sample is introduced, ailtllhc heali:1g cycie is repeated.

Wendlandt and Brad:ey i~8. 89) !lave described an aL:tomated instru:r,e:lt
which is capable of sludy:r.g eight sampics in a scque:J.::al mar:ncr. The
samples are auwmatic;al!y introduced into t!le fu r:1aCt:, pyroiyzed to a
preselecled tempe:ature I::ni:, and tnen removed. Afte, t;~c furnace has
cooLed back to :oom le:nperature. the cycle is re;:Jcatec. OperatlOr: of the
sample-c!langing mecr.a:)isI71, furnace-teI71 perall.:re rise and cooi ir.g. :ecord
ing, and so on is completely automatic.

A ;ine drawing of the sample-cha:J.gir:g med::anIs:r. 8:J.d :he furr.ace ;:JJat
form is shown in Figure 6.27.

The powdered sampies are contained in g:ass capillary lubes, D. or
t.6 1.8-mm id, which arc placed in the c:rcular sar:lplc r.older plate. A.

Pl~ ... i~.o ~7 '\U:"lH~~:~": nT.' ,1i'r;1L·.I~U~ ..11
4

\\:~Jli.::,~·~dl iln~ tlr.lJ. q IS'~ \ :" .• ~"I" L··::~· .JL'r

r~~l~ B. l·.~r·~~l('t! C, I\J:L:;I"'~ ~I,:~r,lrll' ,p....~~l1h·) D. ""JII".t"IC'~:\r.:lol"~ :I.~..:- I; ~·.. ~·,; ...·L· l' .. ::I,I, I'd

I~ I.,"Ul'I:ng. .~t.:.
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ength, and is heated by a 2lD-watt stainless steel heater camidge (Kl. The
.lpper temperature limit of the furnace is about 5()(YC. The sample and
-efercnce cavities are about 0.25 in. in diameter by 1.5 in. in length. Thermal
;ontaet between the sample and reference capillary tubes (A and G) is made
'y the aluminum heat transfer sleeves (e and H). The cyiindrical sleeves arc

.1bout 0,7 in. in length. The ends of the sleeves are drilled out so that the
sample tube and the ibin..diameter ceramic insulator lube (D or J) fit closely
"ithin the sleeve. To minimize heat :eakage from the furnace to the sample
lolder plate (B) a transite cover (F) is used to enclose the top of the furnace.

Since the automated DTA apparatus has an upper temperature limit of
lbout 500"C, its use has been restricted to intermediate lemperature applica
:ions such as the deaquation of metal salt hydrate systems. It should find
;vide use in the routine DTA examination of both organic and inorganic
,amples. The automated features should permit convenienr computer
:merfacing so that reaction temperatures. peak areas. purity calculations,
J.H calculations, and so on can be easily carried out.

7. Differential Scanning Calorimetry with Re6ected Light Measurement

'-faines and Skinner (138) modified a Perkin-Elmer DSC-IB instrument :0
~rmit simultaneous observation and recording of optical changes in the
'Dnle as well as to obtain DSC data. This modification is iIiustrated
,lematicallv in Fi~ure 6,29. Reflected light measurements were made using a

.ell

!""~ 61"om'"
nicros-cop&

Beck Bir.omax ste,eo-miciOscope mounted over the DSC sample holder.
The light delector was a Vickers CdS photoconductive cel! which had a large
l:ght-s-er.sit:ve area a:ld a rr:axin:u:l1 response a: 545 nrr.. Th: sig:1al from the
derector was amplified by a operational amplifier. Both DSC and light
detector ceil signals were recorded on a strip-char~ r..:corder.

8. Multiple Sample Digital DTA Apparatus

A muitiple sample DTA system coupled to a digital contiOl system was
described by Seyler ar.d Kalbfleisch (139) for LIse in hig.!:-vo:t.:me test;ng of
industrial samples. The furnace assembly. as shown in Figure 6.30. consisted
of eig~t thermocouples and a 30 W cartridge heater mounted in a 2.54-cm
diameter silver block. Seven sample thermocouples were wired in opposition
to thc eight (reference) thermocouples. The latlcr also serves as the control
thermocouple for the :emperature programmer. Con:,o:Jed atmosphere" of
air or an inert gas are possible at pressures from 20-760 Torr. with furnace
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temperatures up ~O il maximL:::rl temperawre of 300'C. A multiplexer se
quentially connects the T and i\T preamplifier outputs to the digitizer
input at 333 msec intervals. The alternating T - tlT signal scc;uer:.ce is
maintained via a decoderfrom the memory address counter.

9. :vJ.iscelianeous Instruments

One of the first precise vacuum or inert-atmosphe:-e instruments was
designed and constructed by Whitehead and Breger (37). The furr.ace was
constructed rrom an alundum core. 9 in. in length by 2 in. 10, wound with
Chrome! A resistance wire. The wre was shielded by four sheet-nickel
cylinders. mounted on three posts, and the entire assembly was placed inside
a 12 x 24-:n. Pyrex bell jar. All electrical connections were made through the
bottom of the bell jar mounting base. The sample block was made in the
dimensions shown from Type 446 or 309 stainless steel. The furnace heating
rate was controlled by a Leeds and l';orthrup MicrOr:1ax controller: the
dilTerential :emperatures were recorded on a Beekman Photocell recorder.

Wendlandt (39) has also described a simple vacuum or controlled atmo
sphere DTA rur:'lace and sample holder. The furnace tube was 19 em in
length, 2.5 cm in diameter, and partially constructed of rused silica. The
lower end or the tube contained two Pyrex glass 25'nm-ID a-ring joints,
which were attached to the rllsed silica tube by a ~ylon seal, machined to the
dimensions of the glass a-ring joint, and attached to it by a compression
clamp. T~.e Chromel-vcrsus-A1umel thermocouple wires were brought into
the rurnace zone by use of 10-mm-diameter. two-holed ceramic tubing.
The sample and reference cups made of Inconel were 7 mm in diameter and
J0 mm in lenglh. and had a volume of O.S mL The cups fit snuggly on the
insulator tube and were in imimate contact with the thcrmojunctions. The
:urnace wa5 wound, on either the :nsulated fused silica lube or an eXlernal
ceramic tube, which fit closely about the silica tube, with :--lichrome resistance
wire. The rurnace temperature programmer consisted of a variable-voltage
transrormer driven by a synchronous motOL The dilTerential temperature
signal was amplified by a de microvolt amplifier and recorded against
tempera ture on an X- Y recorder.

A low-temperature DTA apparatus, capable or operation in the tempera
ture range -190-400"C, has been described by Reisman (40). W:th the
Dewar container filled with liquid nitrogen. the heating rate of the sample
block was controlled by increasing the voltage into the heater coils. while
cooling was accomplished by varying the pressure of the gas present in the
outer chamber. Commercially available de amplifiers and recorders were
employed in the apparatus to record the DTA curve.

An extremely rugged DTA rurnace and sample holder has been described

by Bohon (35). In 'his apparatus, the dilTerential thermocouples are isolated
from the sample to avoid destruction from expJosioos or chemical reaction
with the sampie. This was accomplished by employing Chromel-versus
Alumel thermocouples er.cased in an Inconel sheath. The furnace tube and
auxiliary preSSlln: manifold were made from M onc1 :ncraJ. Pressures :Jp to
1000 psig have been sustained in the furnace tube assembly at 350=C, and 400
psig at temperatures up to 500°C.

A highly sensitive DTA apparatus which permitted the determination of
phase-transition temperatures of =0.5'C over a wide range of healing rates
has been described by Vassallo and Harden (29). The sample holder and
heating block are illustrated in Figure 6.9(A). The apparatus is conve:'ltional
in the differential temperature-measuring circuit, bu: :n lhe rumace-tempera
ture-measuring circuit a dc amplifier and zero-suppressing circuit are used
when temperature accuracies of better t!lan :rO.5°C are required. The
heating block permits the use of 1.5-2.0 x 30-mm melting point capillary
tubes as sample and reference material containers, with the thermocouples
inserted into the sample through the top of the tube. The block was heated
by a 30-W cartridge heater placed in the center or the block. The doubie coil
oi copper tubing served as a cooling line. One coil was immersed in a coolant
contained in the iower part of the flask, while the second coil surrounded the
block. The block was cooled by a flow of air or nitrogen through the lower
coil, then to the coil surrounding the block. A temperature range - 150
450°C could be covered by the apparatus.

For studying the kinetics ofhomogeneous reactions in solution, Borchardt
and Daniels (91) used the glass apparatus illustrated schematically in FigLlre
6.31. The cells consisted of two Pyrex tubes, 1.25 in. in diameter ar.d 5 in.
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in length, each having a volume of about 60:n1. The thermocouples, con
tained in Kel-F covered copper tubes, were inserted into the tube contents
from the top. The bath temperature. and hence the sample and reference
materials, was gradually increased by usc ofa heater connected to a variable
voltage transformer.

A I?TA apparatus containing thermistors as the differential temperature
~etectlon ~evl~es has been described by Pakulak and Leonard (22) and is
III.ustrated In FIgure 6.32a. while the de thermistor bridge circuit is shown in
~Igure 6.32b. The matched thermistors, 100,000 n at 25°C, were contained
ill. glass tubes and centered in each of the sample and reference tubes. A
thIrd .thermistor was used to dctcct the temperature of the furnace. All
thermlst~rs and tubes were placed into a furnace constructed of aluminium.
T?e ?eaung rate of the furnace was controlled by increasing the furnace
wmdlng: voltage by means of a variabie-voltage transformer. A heating
'ate of 2 Cjmm was normally employed.

L
Recorde'

A

G

B

;
"'------'---!-------'"

ra)

(bi

figure 6,32. Thermistor DT A appa~atlls of Paku:ak and Leonare. lL~j: la) samp.e :l~'U~

and fcronce: (h) thurmistor bridge circuit. (a)(l) A. output !eads; B, teflon sleevic.g: C. elec:r;:
resistor cemenl: D, :-mm cenlr-fuge :"be; E. I.5-mm cenlfifuge :ube: F. t .... a-hole ceramiC
:uOe: G. thermistor: H, test a:be. [if) A. furnace: 8. furnace coj; and we:l; C. block. aluminum
D. '>ample tubes; E. :hermiswr conta.in"~3. 'f,. T,. T, :he:'ll1i'lOr" G. glass r.:lg 1 :n. " 3± :r.

(hI R,o R" 100 n potent;omL1er; R" R~, 1000 n ~ 1%; Rs• Ro• 2000 n.± 1%; F,. ;-.
tnerrr:istors-100.000 n at Z5'C; B. H V d~y ce:l.

It should be noted that a de amplifier was not required since the bridg~

unbalance voltage signal was large enough to be recorded by ::,e recorde;
One of the first controlled-atmosphere-controlh::d-pressure DTA instr:.'·

menrs was described by Stone in 1960 (42. 43). A schematic dragram of th,
furnace and sample holder is shown in Figure 6.33. The sample holde
permits a gas flow through the sample and reference materials durir.g the
heating cycle. Gas enters through the sample-holder manifold and diffuse.
through the porous disks in order to provide a minimum ofturbulcnce and ~
maximum of gas uniformity in and around the sample. The gas compositior.
may oe changed at any time dunng the heating process or may be cycler.
between two or more gases. Pressure within the ft.;rr.ace chamber may var~

from: a-2 Torr to :00 psig.
An oven (15. 16) in which the thin-film lhermocouples. previously dc

si.:ribed in Sections 3, are uscd is shown in Figure 6.34. It permitted pru
grammed temperalurc operation from -: 20 to 500"C. For cooiing. prev:ous
ly cooled nitrogen was t10wed through t!le coil surrounding the oven chambe~
l.inear temperature programming was possible by controlling the flow 0

nitrogen gas.
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1. Perkin-Elmer

a. DSC-ZC, DSC-4. and DSC71nstruments

:ional thermocouples are used for measuring the temperatu:-e of the cell
and for :he furnace prngrammer, limit switch, arId tt:niperature readout.
The maximum temperature of the cd] is lOOO"C.

Other calorimeters describec include a. microcalorimcter {I i I) similar to
the Calvet instrument (I l21. high-ter:1.perature diITe,ential calorimeters
rI :4- 117), and others (118 -12/ I.
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DTA ha.<; been described (97, 98). An earlier apparatus has been described
by Stone and Rase (42).

Radio~frcq.ue~cy heating oflarge samples of rubber has been described by
W~ld and Wmdmg (99). The sample is p~aced between two paraileJ plates
which are connected to a rf generator, Sample temperature is detected by a
thermocouple located in the center of the sample.

A new DSC cell. based on the DTA principle (as is the Du Pom DSC cell
previously discussed) has been described by David (110). The calorimetcr
ce~l, as shown, in Figu~e ~.36, comains a differential thermocouple of a new
thm-form d~~I~n that IS Isolated from the cell wall and bottom to provide
greater SenSHlVlty. ThlS thermocouple consists ora sheet of negative Pllitinel
II typ~ thermocouple alloy coupled to a positive Platinel II alloy. Flat shallow
contamers are employed for the sample and reference materials. Two addi-

',J) (bi

~gure ~.~6,.. USC cell ~y David (! 101, l. lhermocoup;e :or -T aXiS or syslcm lemper~lccc
. adou!. - ..1'O:.t sWllch :hennacocplc: 3. pmgrarnrr.ing or furnace lhermOCDup'e' 4 dyn ,-'c
gas po rt • 5 d ' .. n ....
. I e~.,y:., y~a:n,cgas par: exil: 6. sample SIde ordiffccen:iul :hec:nocQup:e, 7, ce:'erec:ce
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The most widely used DSC instruments are the Perkin-Elmer differential
scannir:g calorimeters. the first model of which (DSC-I) was introduced in
1963 (100, 101). The Model DSC-2 was introduced in 1973 (24, 102, 103)
followed by the DSC--4, and in 1984. the DSC7 system. The DSC-2 featured
an extended maximum temperature limit of 725~C (as do the DSC-4 and
DSC7l, as weil as improveU basc!ine repeatability and linearity, and higher
temperature sensitivity.

A comparison (14) of the sample holders used in the DSC-l, DSC-I B,
and DSC-2 instruments is shown in Figure 6.37. In the DSC-I cell. the sample
and reference holder consisted ofa stainless-steel cup and support, a platinum
wire sensor, an etched :-;ichrome heater. and other ~hermal pa,ts. All these
components were mechanical:y crimped together in a very tight sandwich.
This sample holdcr operated well over the temperature range - 125 to

500 v C. l:1 :he DSC-2 sampl.: holder, the materials of construction used are a
platinum-iridium alloy for the body and structured members of the holder,
a platinuill wire for both the heater and sensor, and x-alumina for electrical
insulation. All parts of the holder are spot-welded togeth.:r.

A schematic diagram of the calorimeter is showr. in Figure 6.38, The
apparatus, ~nlike DTA, mair.tains a sample temperature isothermal to a
refercr.ce substance (Dr furnace block) by supplyi~g heat to the sample or
~eferencematerial. The amount of heat required to maintain these isothermal
cOflditions is then recorded as a function of time (or temperatu,c). In addition
to recording the enthalpy C',.lrve. if the sample cvolved a volatile material
during the heating process, the gas evolved by the sample is recorded.

The instrument contains two "contro! loops." one for the average· tempera
ture Controi and the othcr for the di.':ercntiai-lempcra:LJrc control. In the
former. u programmer [lro\'idcs an electrical outpul signal proportional
~o the desired tempera:ure Dr the sample and referc:'lce holders. The pro-
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Figure 6.33. S:one's DTA apparatus, schemaLic (42, 43).

Swi,S su pport roc

It is frequently necessa~-y to isolate the DTA furnace and sample holde
from the cor.troJ console because of explosion hazards, radioactivity, to;;:i:::
environments. and so on. The remote DTA sample holder and furnaCE
must be capable of normal operation and must be casily loaded with th~

sample. Such a remote system has been described by Graybush et aI. \93) ir
which a DuPont standard DTA cell was modified. for remote operation fo'
the study of pri:nary explosives. The need to protect sam pies from the sligh te~

oxidizing environment necessitated the cell being evacuated to lQ- 6 Ton
This required remo .... al of the porous disk a:lC redesign of the suppor: and als,
resealing of the dectrical and gas connectors. Thermocouple connection~

were protected from the deveiopmen t of thermal gradients by shielding wilL
glass tubing.

Several DTA instruments have been described by Barrall et aL {94, 95.
A DTA calorimeter cell in which the i\ T-sensing thermocouples are attachec.
to the sample container is shown in Figure 6.35. In this apparatus, copper·
constantan thermocouples are soldered to a 4-mm-OD copper cup fittec.
with a copper lid. The thermocouples and sample cups are supported or
ceramic insulator tubes which are attached to a metal base. All ~he cup,
were ~eated by thermal radiation received from the blackened coppe~

radiation shieid: this prevented radiation hot spots due to furnace winding:
The entire DTA cell was enclosed by a glass bell jar which provided a con
trolled atmosphere from reduced pressures to about 2 atm.

A controlled-pressure system for a DTA apparatus has been described b'
Kemme and Kreps (96). T~;s apparatus permitted the determination o'
sample vapor pressures by DTA.

Instrumentation used to evaluate the catalvtic nronerties ofa material b'

ASbf!stos

~~~~~~,---l- HOIB for -:emcerature
orogrClm ~hBrTocct.ple

Cooling <all 'nO
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Figure 6.34. Over. for use with ~blG-film thermocouples liS, 161.
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grar.1mer signal wh:ch ~eaches the average temperalure amplifier is com.
pared with s:gnals received fron plal:num-~esistar.ce thermometers per
r.1anetltly cr.1lJ,:dded in :he sample ant! reference holders via an average
lempcrature compUter.

In the diF.crentiaJ-temperature :oop, sigr.als representing the sample and
reference temperatures. as measured by :hc pialinum-resistance ther
mometers. are fed to t!:Ie differential-temperature amplifier via a comparator
circuit, which detecmi:les whether the re:erence or the sample temperature is
greater. The differential-temperature-amplifier output lhen adjusts :he
differential·power increI:1cu! put :0:0 tbe reference and sample beaters in the
direction and magnitude necessary to correct any temperature difference
between them. .-\ ,ignal proportional to the differential power is aLso t,am
mitted to the pen ofa rccorder, giving a l:'Jrve ofdifferential power versus t1me
(temperature). The area under a peak. then, is directly proportional to the
heat energy absorbed or liberated in the transition.

The DSC-2 fearures a temperature readout accuracy of 1: 1.0°C with a
precision of ± 0.1 :C. Caiorimetric sensitiVity ~a:lges :rom 0.1 to 20.0 meal
sec - 1 full-scale deflection using a 1o-mV recorder. The furnace atmosphere
may be ;\2 or Ar. static or dynamic, at a pressure of 0.5 to 3 atm. Helium gas
:5 ~equired for low-temperature operation.

Specifications for the DSC7 are given in Table 6.7. As with the other DSC
instruments, the data storage and processing is done by an external computer
system with printout on a dot matrix printer or pen plotter. as discussed in
Chapter 12.

Various sample holders have been described fot the Perkin-Elmer DSC
instrument. A sealed metal cell with a removable screw-on cap has been
described by Frecberg and Alleman (104). Metal5 used were brass, srainless
steel, and aluminum. Wendlandt (: 051 described a capillary-tube sample
holder that 'Jsed L6-1.8-mm-diameter glass capillary tubcs. The tubes were
contained in aluminum holders which were set in the sample and reference
cells of the calorimeter. Sample holders for medsuring the vapor presS;lre of
a liquid (106) as well as for heats of mixir:g (107) have been described. En
closure of the ,ample-holder Chamber in a vacuum chamber has been
described by \lone et a1. (108). Other sample holders are described in
Sectioo 8.2. For the DSC7 system. standard sample holders are constructed
of aluminum. gold. pial:num. copper. and graphite. Sealed and high-pressure
:>ample holders kr lISe up to 150 Jtm a~1;' constructed of aiumlllum. gold,
and stainless steel.
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Fig\lr.6.38. SchematIc diagram of :he PerKin-Eimer DSC ·:"lrume;~t. The Perkin-Eme, DTA 1700. whieh was inlroduced:n 1980. conditions lhe
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Table 6.7. Specifications of the Perkin-Elmer DSC7 System
S 'l

----- --- .._---

t\ l' signal by lwo modes, as shown in Figure 6.39. :vI ode (1) is the DTA mode
in which the I1T signal is linearized in degrees Centigrade, whereas Mode (2)
is the DSC heat-flux mode with the ordinate output signal expressed in
meal/sec. Temperature programming is provided by the System 7/4 con
troller, which is incorporated in the instrument. Maximum furnace tempera
lure of the system is 1500°C.

j

i

L·rear'zed
;rdlcate :!.T

(JTA)

2. Ou Pont

Figure 6.39. Signal condiuon:ng for l~e Per~in·E::ner DT:\ : l.\' ,~Slerr..

3. \'Jettier

The Meltler TA 2000C therr:1oanalyzer :s :l simultaneous l'(i-DSC inst.ru
ment lhat has been previOUSlY ccscribed in Chapter 3. The .Jaw reduction

Two systems are available from [)u Ponl.the Modell 090S!,,~..;~11Isec Chapter
121 and the lower cost Series 99 system. Both require the u;:e .'j modt:lar eel1s.
which for DSC-DTA consist of a onc- and two-sali'lple o."C ceils. a hlgh
pressure DSC ceil. and several high-temperalure DTA cell,:.. -\ discussion of
the theory and operational cnaractcris:ics of the Du Pont o....;,cce\l.has been
given by Baxter (18). T!1e DSC cell, which has beer. illustr:lI,,,1 m flgure 6.8.
is based on a thermoelectric disk made of constan:an Whl..:h serves as the
major path of heat transfer to and from the sample and ab,\ .IS one haif the
t..l:measuring thermocouples. A Chrome! wire is conned~,,1 to each pl.at
form, thus forming the Chromel-constantan differential :ht:rmocouple. 1 he
temperalure range of the instrume:Jt is 150- 600"C. A sd\Clnal1C diagram
of the high-pressure DSC cell is given in Figure 6AU lll'l'li, The press ur::

chamber is capable of pressures 10 67 aIm.
\iiller and Wood \92\ described the calorimctr:.c ac-:untcy and per

formance of the Du POlit high-tempe:-ature (I100"C\ DTA ":l·11. .Thls furnace
and sample holder are shown in Figure 6.41. Samples a~e ,,111t:llned In plat:
num cups insertcd ovcr pla:inum-platinum, !0% rhodiurll I herrnocoll~les
and are surrounded by an alumma lUbe Which is heated with ,\ Kanthal-Wlre

wound furnace.

t,.

Power compensated temperature null principle.
Measures eacrgy directly. nol differenc:al :emperan:re
(AT).

Indepcnde~tdual ~'ur:\aces C()r.~tructed of ?~atinum
iridium alloy with :~dependenl platinum ~esistance

heaters and temperature sensors.
81lW/ cm
8 iJ.W/cm :0 28 mW/c;n
O.OO2mW
Beller than ± :%
Better than :: OJ %
±O.l°C.
:co.loe
O.1·C increments
O.1-5CJO·C;min in O.I"C increments
Ambient: 10·C min-: to 50'C

20'C min -: to 65'C
50'C min - I to l CJOoC

lOO'C min- l to 170'C
Liquid :--;2: 10°C min- ' to -l80'(;

50·e mitl 'to -165'(
IOD'C min - : to - LJ5"C
2CJO'C min' I to - 85'C
300·e min - I to - 30°C

Ambient: From 725-I00"C in under4min
Liquid ]'oi2: From ';'-200·· -150·C in under 2 min
Standard unit allows operation from ambier.t to
725'C With optional cooling accessories. the range
may be extended to -170"C.
Distributed. platinum resistance thennorncters.
Static or dynamic including nitrogen, argon. helium.
carbon dioxide. air. oxygen. Of other inert Of active
gases.

DSC type

Cooling times

DSC cell

Temperature sensors
Atmosphere

Temperature range

Maximum se;tsitivity
Dynamic range
KoisclRMS)
Calorimetric accuracy
Calorimetric precision
Temperatun: precision
Temperature accuracy
Temperature display
Heating and cooling rates
Controlled (program) cooling
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The Model STA-700 series of instruments for TG and simultaneousTG-DTA
have been described to Chapter 3. The system.,; have m~imum r~rnace
temperatures of 1000 Of 1500c C. Also available arc the DTA 670 series DTA
instruments for use i~ Ihe temperature range of -150 to t650°C, and the
TA 680 ser:es usable in the temperature ran\!e fwm 25 to 1650"C. A wide
variety ofsamp~e holders and furnaces arc av;ilabl.: for each series.

system. Mettler TA 2000Z. is discussed in Chapter I'::, A schematic diagram
of the instrument. as described by Van Dooren and Muner (t40), is shown :n
F(gure 6.42, The baseline stability, calibration. tlnd other Characteristics

oUhc system were also given tI4O).
The Mettler Ti\. 3000 is a :nodular measurlng and data reduction system

:ncorporating thc TClO TA ;Jrocessor and DSC. TO, and TMi\. cells. Two
DSC cells ar~ available. the DSC 20 and DSC 30. u:\able in the temperature
rauge from - 20 to 600"C and - 170 to 600"C. n::lpective!y. The accuracy
of enthalpy measurements is ± 2% with a precision of '1: 0,5%.

Ii
I;350

Figure 6.40. Du Pom high-pressure DSC eel:.

I
I

I
I,

- .)
'lgure 6.4:. Du Pont 12OO'C DTA ce" . .

-noulder: 3, ceramic Insulator' 4 :. accordmg to "!,lIe, and Wood (92): t furnace L
, 0 ceramic support' 5 h II 0 0 6 "

,~ermocollple 'unc'ion' 9 p'ati ' .•e Jar.. gas ~ow' 7 :ape-ed JOoin!' g
, • " I num cup; 10. ',ner':I' I··',"" , .. . ,amp e. ,_, a,ur.::~a furnace :"be,
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5. SETARAM 6. ~etzsch

":gure 6A'. SETARA\1 DSC I: I ,ys,el" SJr::;lI~ h\llder an~ :~rn:Jce arr:Jn!,eme~\,

A large number of DSC and DTA instruments. several ofwhich are combined
with TG (see Chapter 3), are available from this manufacturer. Since it is not
possible to discuss all of them here, only the Model DSC 111 will be described.
The manufacturer's literature should be consulted for the other DTA systems
that cover the wide temperature range of from - 196 to 24OOc C.

The sample holder and furnace of the DSC 111 is shown in Figure 6.43. It
consists of a small thermostatically programmed block (1) arranged in an
externa! enc1osur: (2). TW~ thin refractory tubes (3) contain the sample
holder In their mIddle sectIon, which is surrounded by a calorimetric flux
meter (4). Th~ fluxmeter detects the transfer of beat between the sample and
the block, USLOg the Tian-Calvet principle. The extremeties of the refractory
tubes permit the int:,oduction and removal of samples and atmospbere
control. A high precision electronic temperature programmer controls the
furnace temperature. \1aximum furnace temperature is 82T'C with a heat-flux
measurement of <15 to <30pW absolute. :\umerous sample-holder geo
metries are available,

7. Sinku Riko

REFERE:"iCES

8. Eberbach

As with the SETARAM instruments, many different DSC and DTA systems
are available. :ncluding simJltar.eous TG-DTA systems. The latter have
fllrnaces usable in the temperatun: range from - 160 to 24oo"C. For DTA.
the Model 404 series covers the temperature range from -160 to 17oo'c
:n 12 different models. A heat-flux system, the Model DSC 444, is ba..>ed on
the Tian-Calvet principie. It :5 operable from - 140 to 5()(rc.

The C[vac-Riko thermal analysis equipment includes a number ofDSC and
DTA systems covering a wide temperature range. The DT-1500 series of
DTA instruments is usable in the temperature range from. ., 150 to 1500c C.
For DSC, the DSC-15oo series covers the temperature interval from - 170'
to 550"C. Temperature programmers and infrared image furnaces are also
available.
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CHAPTER

7

APPLICATIOi\S OF D[FFERE~TIAL

THERMAL A~ALYSIS A~TI D[FFERE~TlAL

SCA~"NING CALORIMETRY

A. I:'ITRODt"CTION

As previously discussed in Chapter 5. the DTA or DSC curve consists of a
series of peaks in an upward or downward direction On the /), T or heat-flow
axis. The positions (on the temperature or X axis), shape, and number ·Jf
peaks are used for purposes of qualitative identification of a substance. while
the areas of the peaks. since they are related to the enthalpy of the reaction.
are used for quantitative estimation of the reactive SUbstance present or for
thermochemical determinations. Because of the various factors which
affect the DTA or DSC curve of a sample, the peak temperatures and the
shape of the peak are rather empirical. Generally, however, the curves are
reproducible for any given instrument, so that they can be useful in the
laboratory. By use of various calibration substances, the areas enclosed
by the Curve peaks can be related to heats'ofreaction, transition, polymeriza
tion, fusion, and so on. Or, if the heat of the reaction is known, the amount
of reacting substance can be determined.

Some origins of the endothermic or exothermic curve peaks are sum
marized in Table 7.1. Any phenomenon that produces an enthalpic change
or a change in heat capacity (second-order transitions) can be detected by
DTA or DSC techniques provided that the insuument has the required
sensitivity, These phenomena are caused by fundamental changes in state.
chemical composition, molecular reactivity of the substances, and "So on. The
shape of the peaks, and also the peak maximum (/),Tm..) and peak minimum
(6 T"'l.J temperatures, are controlled basically by the reaction kinetics,
although they are also inl'luenced by the sample packing and geometrical
parameters, the heating rate, the furnace atmosphere, and the reference
temperature source. Even more subtly, the changes of the baseline can be
related to the change ::1 specific heat of the sample; this is an important
parameter in the detection of glass transition temperatures, 1~, in poiymers.
The area of the peak is cetermined by the enthalpic change and also by the
instrumental factors such as the size, thermal conductivity, and the specific
heat of the sample.
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Table 7.1. Pbysicocbemical Origin ofDTA and DSC Curve Peaks (57)

Enthalpic Change

x
Change of baseline. 010 peaks

x
Change of baseline, no peaks

Ch~mjCllI

~, '

Phenomena

Crystalline transition
Fusion
Vaporization
Sublimation
Adsorption
Desorption
Absorption
Curie point transition
Glass transition
Liquid c~ystal transition
Heat capacity transition

Endothermal

Physical

x
II;

x
x

x

Exothermal

being made co all the sciences, Specific areas of investigation are summarized
in Tables 7.2 and 7.3. Indeed. nearly every chemical field has been touched by
this technique, although much of the recent emphasis has been in the area of
polymer chemistry, Perhaps the larges: use of DSC has been in some phase
of polymer characterization.

Because of the large number of applications of the techniques of DTA and
DSC, the applications described here will be concerned mainly with analytical
chemistry problems. In this area, DTA and DSC can be used as a control or
a routine tool for comparing similar but not identical materials. As a control
technique, it may be used to distinguish between raw materials quickly and
easily in those cases in which the treatment of the rc.aterial must be modified
if slight changes in the material are encountered, As a comparison teChnique,
DTA and DSC may be used in some cases to detect materials that yield
anomalous results by other testS. Lastly, by suitable calibration of the
instruments these techniques may be used for the quantitative estimation of
a substanc; or mixture of substances, or for purity determinations (see

Table 7.2. Specific DTA and DSC Applicatious in Chemistry
Chemisorption x
Desoivation x
Dehydration x
Decomposition x x:
Oxidative degradation x

Oxidation in gaseous atmosphere x
Reduction in gaseous atmosphere X

Redox reac;tions Jl x
Solid-state reaction x x
Combustion x
Polymerization x
P~ecuring (resins) x
Catalytic reactions x

The technique of DTA has been employed by geologists, ceramicists. and
metallurgists for many years. DTA proved to be a rapid analytical tool for
the determination and identification of clays and other minerals, phase
transition~ and phase diagrams. high-temperature kiln reactions. and so on.
~ormally. the technique is supplemented by X-ray diffraction, dilatomctry,
thermogravimetry, electrical conductivity. and other techniques. Only in
fairly recent times has the chemist become interested in this technique.
although many classical chemical studies were carried out tn the 19308,
Mention should be made of the early studies by Kracek (58. 59), The list of
applications to chemical problems has grown very rapidly. with application~

i,
\'~.

j

Materials

Catalysts
Polymeric; materials
Lu.bricating greases
Fats and oils
Coordination compounds
Carbohydrates
Amino acids and proteins
Metal salt hydrates
Metal and nonmetal oxides
Coal and lignite
Wood and related substances
:"iatural products
Organic compounds
Clays and minerals
Metals and alloys
Soil
Bioiogical materials
Pharmaceuticais

Types of Studies

Decomposition reactions
Phase diagrams
Reaction kinetiCS
Solid-state reac;tions
Dehydration readons
Radiation damage
Cdta:ysis
Heals of adsor;Jtlon
Heats of reaction
Heats of polymerization
Heats of sublimat ion
Heats of lransition
Desolvation rcac;;:or.s
Desolvation reac::ons
Solid-gas react:or.s
C'Jrie poir.: determinations
Purity :.Ietenmr.at:ons
nerma: stabilit:
Ox:dation stability
GillSS transillon .ietcr.r:inations
Comparisnn



B. APPLlCA'flONS TO .BIOI .OGICAL ;\'1ATERIALS

Chapter lO). An attempt is made he~e to :r.clude only illustrative types of
applications, and it is not intended to be comprehensive.

363APPLICATIONS TO BIOlQGICI\L MATF'.R1AlS

Most of the applications of DTA to biological materials have been for
identification and characterization. However, perhaps this is to be expected
because of the complexity and hetereogeneity of these :naterials: compare a
sample of peat with benzoic acid or other simple organic compounds, The
DTA curves are frequently quite broad and are devoid, in :nany cases, of
narrow endothermic and exothermic peaks. Many of~he older investigations
in this area were done under rather uncontrolled conditions of furnace atmo
sphere and heating rates, ·so they cannot be compared with data obtained
with modem instrumentation.

The application of DTA (and other :.hennal analysis techniques) to bio
logical materials has been reviewed recently by Mitchel! and Birnie (118)
and Pfeil (119). The former is mainly concerned with tlJe DTA studies of
fresh plant material, bacteria, partially decomposed plant material, peat, and
soil organic matter. Pfeil (ll9) discussed the application to human materials
such as the liver, endema in bums, bones. and so on.

A summary of some of the applications of DTA and DSC to biological
materials is given in Table 7.4.

Labowirz (l38) reponed a phase transition in anhydrous choiesterol at
37"C which had ~H = 0.66 kcal/mole and AS = 2.1 cal K - I. This transition
has been discussed by others.

The heat capacity of anhydrous ovalbumin and p-Iactoglobulin was
determined using DSC by Berlin et aI. (l37). A linear relationship was found
between the specific heat and moisture content with hydrated samples which
contained 0.03-0.21 g 50rbed water per gram of protein. Berlin et al. (l39)
also determined the heat of desorption of water vapor from amorphous and
crystalline lactose by DSC.

Olafsson and Bryan (141) determined the thermal stability-of 19 amino
acids using DSC. They used the AT"'in temperatures as the decomposition
temperatures of the acids. In some cases. the unique shape of the curves and
the number of peaks into which it could be resolved were used to characterize
the compound.

The DTA curves of several bacterial dextrans have been detennined by
:\1orita (l421 in order to study certain relationships between the OTA (;urVe
peaks and their molecular constitution.

Tbe characterization of starch and related polysaccharides by DTA !las
been carried out by :\1orita (l431. T!le OTA curves obtamed for several

.'
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Figure 7,1. DTA curves ofpotato ar.d com starch. a. po:ato starch: b. potato starcn. OUpl1:a::
run: C, corn starch. d. :::ethanol-e~lracted com SlarCn; e, ammo::in.pregelal:nized COr,1 starer.
(143).

probably quite complicated. The DTA curves serve not merely to characterize
or identify these carbohydrates, but will eventually lead to informatior,
pertaining to the relationship between molecular composition and chemica.
properties.

Morita (144) also studied the DTA of several :x- and f3-linked polygluco·
sans, as well as rice starch. An interesting feature of this investigation wa:
the study of the effect of moisture on the DTA curves obtained. This wa:
illustrated by the study of rice starch stored in various types of atmo~phere,
such as vacuum. 100% relative humidity water vapor, and ~o on. Th
presence of moisture altered the endothermic peak with a f1 Trr,;o of 130''C
but not the 275 or Jl0"C peaks. The results suggest that the original IJO'C
peak is not entirely due to the loss ofresidual moisture and that the dehydra
tion process is not completely reversible.

The technlque of DTA has been used to study the thermal degradation 0'

balsam ~r wood by Arseneau (l34), L"sir:g air-dr:ed wood and also variou:
samples of wood that had been extracted with ~everal reagents. Arseneal
attribukd the vanous DTA curve peaks 10 the reactions sum:narized if.
ruble 7.5.

Blankenhorn el al. (219) studied aspen wood specimens that containec
either wh::c- or brown-rot fungal degradation usir.g DSC and adiaba~lc

:'
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IJTA. DSC
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DTA
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DTA
DTA, EGA, TG
DTA,TG,MS
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DTA
OTA
OTA
DTA
DTA
OTA
DTA
DT",DSC
OSC

Material

Table 7.4. Applil:ations of DTA and DSC to Biological .'Haterials

Fats, Oils, and waxes
Human bone and hemoglobin
Tobacco
Polynucleotides
Protein denaturation and others
Skin, skin constituents
Biopolymers
Yeast and blood cryobiology
Human liver-hepatoma
Edema ;n burns (human skilJ ti.<suO')
Grain (corn, wheat. oars. etc.)
Fr~"Sh plant material
Bacteria and actinomycetes
Peat and partially decomposed plant material
Soil organic matter
Wood
Cellulose
LiChens
Cholesterol
Lacto~

samples of palata and corn starch are given in Figure 7.1. The samples were
prepared into a compressed "sandwich"-type packing prepared by placing
150 mg of sample between two 200-mg layers of (;alcined alumina and
compressing at 200 psi.

. The DTA curves of the starches were characterized by endothermic peaks
m the 135-310"C region, follcwed by two distinct exothermic peaks in the
375-·520°C range. The curves illustrale very nicely the effect of pretreatment
on the starches.

Since starch is a polymeric glucoside composed of:x-l.4- and .x-1,6-linked
glucopyranosidic units. it Was of interest to examine the ther:nal properties
of the linear polymeric fraction of starch. namely, that of amylose. The
DTA curves for various amylose fractions. prepared from the same starches.
have been reported. Examination of the three fractions reveals three distinr.:t
features: Ihe endothermic peaks with in;";,, of about! 50 and ~::5:C. and a
shoulder peak with a td;"in of 3! 5"c. There were pronounced exothermiC
peaks in the 490- 51 DoC temperature range.

The mechanism of the thermal degradation reactions is not i.:nown and :~

il
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Table 7.6. IJ:.1\lUllically :\leasured Oxidation Temperarures In OX~'gen of Some
Edible Fats and Oils Between 90 and 19O"C (::'::l)

S~n~ower oil
C'>l,;':mgoi!

',~;gh :cr.pcmtur<: resi.s:unl1
L' ;.:d cook ing ",il
BUller

L:!rJ
Repr"d~c"bll:,,'"

Figure 7.1. SChematic diagram .If ;he determi~ation ", the <",dation ~empera[L~e l~~I,

Compound

Alcohol-water extract
Akohol-watcr extract
Cnaccounted
Possibly acid lignin
Benzene-alcohol extract
Sum of benzene-alcohol extraCt and ac:d lignin
Cellulose
Same as (6)

Peak
t"c)

Table 7.5. SllDJJJlaryofDTA CllTYePellofor Air-dried Wood (l34)

(ll Endotherm at 145
(2} Endotherm at 163
(3) Exotherm at 210
(4) Exotherm at 265
(5) Exotherm at 285
(6) Exother:n at 300
(7) hotherm at 330
(8) Exotherm at J60

oxygen bomb calorimetry, The DSC curve peaks ofnondegraded and fungal
degraded wood differed from each other at all levels of mass-loss.

Edible fats and oils have been extensively studied by DSC. Information
obtained is concerned with the crystallization from melt, heat of fusion,
oxidative stability, characterization of glyceride groups. adulteration, solids
content, and polymorphism of the fat or oil (220).

In the oxidative stability of an edible oil or fat (221, 222), the temperature
at which oxidation begins is illustrated in Figure 7.2 (221). A regression
line is drawn tbat follows the DSC curve before tbe start of oxidation. A
second line is drawn as a tangent to the deflected curve through a measuring
point which is at a defined value 01T the baseline. The intersection b of the
two lines is the oxidation temperature. In addition, point c on the curve is
useful. Some examples of dynamically measured oxidation temperatures are
given in Table 7,6 (221).

Bihari-Varga (223) used DSC for the assay of glycosaminoglycans (GAG)
and for the characterization of the stability of crosslinked proteins in intact
human and animal tissues. By this method. age-related and patbological
changes and repair reactions could be studied in various connectiv~ and
vascular tissues. A typical DSC curve of human serum lOW-density lipo
protein (LDL) and of an aortic-GAG-LDL complex :5 giv~n :n Figure 7.3.
A reversible endothermic transition took place in the LDL molecule at
33°C. Cholestery) esters within the LDL core existed as an isotropic solution
above this temperature and in the form ofrhe smectic liquid crystals below it.
When LDL was converted to GAG-LDL complexes, the transition tempera
ture was increased to 4O"C.

Deckelbaum et a!' (224) found that this behavior requires the rres~nce

ora region rich in cholesterol ester withill the lipoprotein.
The heats of denaturation of myoglobin. lysm:yme. und chymotrypsin

/.

til
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-:-emperature. 'C

Figure 7.3. OSC curves orhuman serum LOL (u) and oraortic-GAG-LOL complex (b) (223).
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Locke and Rase (281) pointed out in 1960 that DTA is both a rapid and
inexpensive method for screening potential catalysts, evaluating the effects
of various pretreatments, and determining the poisoning lendencies of sub
slances added to either the gas siream or catalyst. This speed and simplicity
provided opportunites for extensive surveys lhat arc otherwise inconvenient.

~ore recently, Gallagher et a!. (282) and Dunn (283) reviewed the applica
tions of DTA/DSC for the study of catalytic activity and other processes. The
technique is used to optimize the perfonnanee of a catalyst system: to study
the effects of variables such as catalyst composition, tempe:aturc, and gas
flow rates on reaction rates; to prepare catalysts; to determine the most
effective catalyst for a reaction; and to find the effects of poisoning on the
catalytic activity (283).

rshii et ai. (284) used DTA to study the effectiveness of a series of V~051

alkali salt catalysts on the oxidation of S02 to 50 3 ,

The use of DTA to screen catalysts and to rank them in order of activity
for a given reaction is illustrated in Figure 7.4. The catalytic activity is
related to the area under the reaction exothermic peak; the :arger the area is,
the greater will be the activity.

The amount of metallic nickel in catalysts was determined by a DTA
method by Macak and Malecha (84). !'Iickel produced by the reduction of
nickel oxide was reoxidized by oxygen and the!!.Tof the oxidation reaction
was determined by the apparatus. The maximum value of !!. T between ~he

reactor for catalytic reaction and that with inert Si0 2 packing was pro
portional to the amount of nickel in the catalyst sample. Accuracy of the
method was about ::4%.

604020

T
i
:C.25 mJls

-10 0

) b

Sample we;ght:
10.04 mg

AH = - 10mJlmg

were determined by DSC by Cassel (225). Also, using high-resolution DSC,
Cass~~ (226) measured the thennal transitions in dipalmitoyllecithin.

Blhadens (227) recently reviewed the use of DSC in food research.
Raemy an.d Lambelet (228) used DSC to determine the specific heat of

coffee and chIcory products and to study their thermal behavior above 20c C.
!ntenslve exothennic reactions were evident when measurements were made
III sealed cells. The thermal behavior of cereals above 20c C were also studied
by DSC by Raemy and Loliger (229~ The roasting and carboni7.ation of the
cereals above 170"C were attributed to their carbohydrate content.

Bren~an review~ the application ofDSC and other TA techniques in Ihe
food, dairy, and agncultural industries (230) and in biology and biochemistry
(231).

Joseph et al. (232) studied a series of rae- L 2-diglycerides with substituled
Phen,yl g~oups or a benzyl grou~ on Ihe 3.-position by DSC. This technique
shao,a,cd .hat the compounds eXisted In dl1ferent polymorphic forms. In all
cases, solvent crystallized forms were different from those obtained by
COOling the molten compound.

A method for determining the heat of transition oflipids was developed by
Baker 1233).
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Reaction of hydrogen, under pressure in a DSC cell, was used as a mechod
for the determination of ptatinum or palladium in various catalysts (85).
About 5 mg of catalyst arc introduced into a DSC pan and the cell is pressur
ized to 150 psig with helium. The temperacure is then increased to 75"C and
the helium gas replaced with hydrogen at 200 psig. From che area of the DTA
curve peak (versus time), the amount of platinum or palladium ean be
calculaced.

Pressure DSC was used by Hassel (285) to evaluate catalyst activities.
Hydrogen gas was added to a DSC cell containing the PdO/carbon catalyst,
previously pressurized at 150 psig with helium. As the hydrogen replaced
the helium gas, an exothermic reaction was observed, the peak area of which
was proportional to the heat of reaction. The average heat of reaccion, as
obtained from six runs, was 19.5 ± 0.25 mcal/mg of catalyst.

DTA was used by Johnson and Gallagher (286) to detect the onset tem
perature and the extent of the catalytic oxidation of I % hexane and to a :esser
extent, 3% CO, in air. The onset or lowest temperature of reaction for the
catalyst, Lao.:;Pbo,:;Mn03, for 1%hexane in air, is illustrated by curve (a)
in Figure 7.5. This temperature, 14O°C, was deemed too subjective for
purposes of comparison so the !iT maximum temperature of 365'C was
chosen. However, the peak does not always occur at the same temperature
for each material so the temperature at which a 2°C rise in!iT was employed.
This temperature is 306c C for curve (a). Using these criteria for cataiytic
activity, the effects of surface area, acid treatment, variation of ~ in
LaO.7Mo.3Mn03, and so on, were evaluated. The activity of some rare earth

T of Calcination Healing

COr:Jpounc. (C) l°C)

- - -- -
LaCoO j 500 277

[050 350

PreoO) 500 344
[050 343

LaMnO, 900 352

1050 359
LaCr03 1050 375

- .-

'LiT <2'C.

L-

Tal ilT : ::,
-_. ---------------'-

Table 7.7. Activity of Rare Earth Transition ~Ie~

CompoUDds Prepared from Cyanide Complexes (~o

(Atmosphere is t% hexane in air)

40030e2COleoo

u
E
<;

!£
-0
><

2"CI. e..
!

T'
'<:

'i1

figure 7 5 DTA c.rves of lao., Pbc., \1 nOJ cerived f~o:n cop:-ec'p;:a:ed hydroxides calG,ned
u: 540' C for ',6 ~ours in air a'1d diluled will'. varylr.g <lJl)""llIS oi al'Jmmo. A:mosp~= " I"
~e"ane;n air, (1. 3";, A:, OJ .1,. 50"~ AI, 0, ; c. 75"., AI, 0 I; d. ~7 5",. A., 0 J. e, 100.... 1\1 ,0, :2~6i

Figure 7J,. Melhan<i~jcl1 :-eiJ.clion lln ~ ..... I.V10V.z.I.A'.!' ... ).j C;I\LlI ..... • _.,r.

8.20:40 m: min". C. 30:6() rd m,;: ': D. 4O:~O ml """
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transition metal compounds prepared from cyanide complexes is shown in
Table 7.7. They all indicate some activity, however, LaCo03 exhibits greater
hysteresIs than do others. .

Reddy et aI. (291) used DTA to study the methanation reaction

black in color at the termination of the DTA run, which necessitated the use
of fresh catalyst for each run.

Catalytic oscillations were detected for various catalysts using DTA
techniques by Gallagher and Johnson (287). The rapid response and high
sensitivity of DTA make it suitable for the study of these oscillations which
may be more difficult to detect by other techniques.

Table 7.8. lSi:'v100. Catalyst McthanadoD ReactiOiI Temperatures (29J)

~sing r-;i~oO.4 catalysts. This reaction, using one ofthe catalysts investigated.
IS shown In FIgure 7.6: All t~e DTA curves showed that ;...ri\1004 catalyzed
the methanatLon reactlon. Slllce the reaction is highly exothermic ~H -

'718k.J l-1 ' soo-- ~ mo e , all.th~ curve peaks arc exothermic and very large In magni-
tude. The :nLtlal.devlauon from the baseline varies with change in composi
tion (Hz:~O ratio), ~ow rate, and composition oFthe catalyst. Also, the curve
peak maxuna vary with the same parameter. They tend to be largest with the
greatest flow rate but there are some exceptions, The initial curve deviations
(7() and peak maxima temperatures (~T",) are listed in Table 7.8. As shown
by these data, the II values tend to decrease with an increase in flow rate for
~ach Hz:CO ratio and catalyst composition. The same appears to be true
l~ the case of 1\ Tm val~es. A complicating factor with all the catalyst composi
Hon and Hz:CO rauos was the deposition of carbon. All the catalysts were

F:ow Rate
H,:CO Iml min-f)

10:10
20:20
30:30
40:40
50:50

10:20
:'.0:40
30:60
40:80
20: [0
40:20
60:30
80:40

•T, temperatures.
'(\ T, temperatures.

;\IiMoO. Catalyst l°e}
---

t'o.1120-135 1'0.1140-1 [0

569" 697'
541 706
564 702
508 654
515 71 I

560 7[6
550 737
532 735
5~8 709

No. 1164-33

532 685
WI 692
508 687
504 687

"

O. APPlICATIO:--;S TO CLAYS ,\..'10 :YIIlSERALS

One of the early fields of application of DTA was in the area of clays and
minerals. These compounds. which gave birth to the theory and instrumenta
tion of the technique, have been widely in vestigated. DTA was used to ide:ltify
clays From various locations throughout the world and was widely used to
determine the free quartz content of minerals. !"umerou5 other applications
were made ofDTA; DSC was little used due to the low-temperature capability
of the latter. Most of the interesting thermal behavior of clays and minerals
occur above 500°C, and frequently above lOOO'C. The applications of DTA
to these materials is discussed by Mackenzie et al. 16::, 186-188) and many

others.
L'sing the DTA technique for quality control purposes, Gam and Flaschcn

(113) studied the thermal decomposition of different samples of magnesium
carbonate and talc. The curves for the magnesium carbonate samples showed
distinct differences due to their different thermal histories. Each of the talc
curves exhibited a strong exotheI:Tlic peak, starting at about 850~C. The
magnitude of the reaction was about the same in each case, but differences in
impurities caused pronounced differences in the curves. The Montana and
Sierramic tales gave a small endothermic peak at about 570

c
C, while the

latter talc gave a pronounced endothermic peak at about 700°C.
The determination of goethite (x-FeO·OH) and gibbsite rAI(OIlh1 by

themselves, and in mixtures, has been carried out by a. DTA method by
Lodding and Hammell (114). If goethite is heated in the controlled a:mo
sphere DTA apparatus in a reducing atmosphere (hydrogen', it dehydrates
below 300°C and the iron(llll ion present is immediately reduced to amor
phous Fe

J
04 which recrystallizes [0 magnetite between 300 and 360"'C.lit~e

hydrogen atmosphere is now replaced by nitrogen after reaching 400 C. and
then by air, an exothermic peak is formed due to tl:e o;ddation of magm'::i:e to
maghemite, i'-Fe

2
0,. A second exothermic peak, due to the conversion llf

i-FeJO J to X-Fe20 " occurs at 775· 836'C. This peak is usually a doublet
and the integrated area under it :s proportional to the amount of r:cwly
Formed hematite. whil,;h is, therefore. equal to the llmount of hydrated ;ron
oxide present in the original sample. The amount of gibbsite can the:1 :JC
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5Q°C

I

l00 Cl C

(a)

TemoeralurE!~

!b)

(III DT-\ 'U:,\·" A,!y>'-U'll, (hI DT\ ct:;-\e ,':rOCl-,e, oli· p"", [1'1~,

ExotherMio

for the dehydration of gypsum in figure 7.8a. it :5 seen that the peak at
6 T

roto
Df 142"C is due to the dehydration of the f.rst 1.5 moles of water per

mole of salt. The second endothermic peak. at Ll T"'in of 198'C. is due to tho:
evolution of the remainder of the water. Thus. the presence of gypsum in
plaster of Paris cDuld be determined from the DTA curve in Vigurc 1.gb if:l

J

Gibbsrte

I '

o

Goethite

42 6 8 !Q 12 :4 16 18 20
Size of peak, C!'1 ~

CailbrOli,m ~;:rve, "j peak arC3~ for deh\dr~t:,'n "j g ob,,:e and ~e,,:h'le (: II),

determined by the difference frDm the area under the dehydration peak. The
hematite or magnetite present jn the sample was said tD have a negligible
influence on the area of the conversion peaks.

The calibration curves of peak area to amounts of goethite and gibbsite
present in the mixtures are given in figure 7.7. A similar curve for the
"I ~ .%-Fe2 0 3 conversiDn was alSD presented by LDdding and Hammell (114).

Berg and Rassonskaya (115) prDposed the use Df a high-heating-rate DTA
apparatus for rapid analysis of minerals and clays. The high heating rate,
80-IOO°Cjmin, was obtained by placing the sample holder into a previously
heated furnace, preferably 300°C higher than the final sample temperature
desired. It was claimed that the peak temperatures at this high heating rate
for melting and bDiling transitions were the same as those obtained at the
3-6°C/min. heating rate. Judging from previous studies, it is difficult to see
how this could be true. Similar results were found for the peaks resulting
from the dissociation ofmetal carbonates and for solid-state crystalling phase
transition. The advantages claimed fDr this technique are: (I) speed Df
investigation, 3-10 min; (2) small quantities of sample required, 20-100 mg;
(3) simple regulation of heating rate; and (4) cheapness Df analysis.

Using sealed glass or fused silica tubes for sample holders, Bollin et al.
(116) fDllowed the reaction of two Df more solid substances by the technique
Df DTA. The procedure they used, which was later elaborated on by Bollin
and Kerr (117), was called pyrosynthesis.

The technique ofDTA can be used to determine the amount of uncalcined
gypsum tCaS04,'2H 2 0) in plaster of Paris (CaS04,'0.5H 20). FrOID the curve

Fi~ure 1.7,
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technique to estimate the concentration of CaS04 '2H l O, ~g(OHh

Ca(OHh, CaC03, and ~gO in white coat plasters.
The quantitative analysis of the clay minerab, kaolinite, gibbsite, ane.

goethite was described by Davis and Holbridge (109). The heats of de
hydroxylation (dehydration) of two kinds of alunites were determined b'
DTA by Cohen Arazi and Krenkal (1l0). Reddick (111) determined tht
AH of decomposition for calcite, magnesite, rhodochrosite, and siderite a:
wen as for ankerite. The relationship between the magnesite peak temperc
ture and the magnesite content for various mixtures was reported by Warne.
and Mackenzie (112). The lowering of the peak temperature on dilution I.

virtually identical whether the diluent of the magnesite is alumina or othc
carbonates.

I icctorite was investigated by DTA by Eamesl (189) using furnace atm0
spheres of dynamic nitrogen, air, carbon dioxide, and static air. Hectorite..
specimens found in Cal[fornia arc always associated wilh large amou~[s a
calcite and, in S<Jme cases, varyi!lg amounts ofdolomIte. Thus. most pubhshe~
T A. curves reflect not only the thermal behavior of hectorite but also that 0

the carbonate contaminant. A typical DTA curve of heetarite is shown in Fig
ure 7.10. An endothermic peak al .iT."jn of 121 'c ;s caused by the inter/ave:

ea S04' 2HLo ,~g

10 1.:10.5

I
4"
I
I

I

3J

I

0-

- I 4;)1 Peak Area 10

peak at about 142°C appeared. The peak area would be proportional to the
amount of gypsum present in the sample (106).

Gill (50) determined the gypsum content in a plaster of Paris-gypsum
mixture from the All of the 142°C endothermic peak. The relationship
between the IiII (meal/mg) and weight percent of gypsum was a straight line.

Dunn et al. (195) described a DSC analytical method for the determination
of set plaster for gypsum and lime, using I 2 mg size samples. A plot of the
area of the gypsum dehydration endothermic peak is shown in Figure 7.9
verSUS the mass of CaS04-2H20 in standard samples. The coefficient of
variation for gypsum was 3.65%, whereas that for lime was 5.9%. The results
for both gypsum and lime indicate that the DSC method can provide a rapid
and accurate method of analysis for samples as small as 0.5 mg.

Ramachandran and Polomark (196) developed a DSC-DT A. combination

t ,

II

.,

, I

,
,"

• '1,
;.

I I.

I

Figure 79. Caiihra~:on curve for g:-psum i:l >landard <a,"p: •., r195). Figure 7.:U DTA L:urve pr"'.ci:lnr'.Ic '11 J J;'·h.Lnll ...· :Jlr :~ll::p..;rd... l:'



water loss, w~ereas the 829=C peak and 752c C shoulder peak are due 10 tbe
dehYdroXYla~lOn!carbonate decomposition reactions. A narrow exothermic
peak at 1098 C lS followed by endothermic peaks at 1119 and 1240=C. The
latter are probably due to the formation of clinoenstatite.
.On~ of t~e first days to be studied by DTA was kaolinite, and it still is

bemg Investlg.ated by modem OTA and other T A techniques. A typical DTA
Curve of kaolmlte, as determined by Earnest (190), is shown in Figure 7.11.
In general, the 01'A curve peaks are due to the following processes:

1. Desorption of Water-Ambient to llO"C-Endotherm·-.Minor. Sel
dom obscrve~ by DTA except in highly disordered species. Easily
observed by 1 G and DTG.

2. Dehydroxylation oj Crystal Lattice-450 -7000 e Endotherm
Major. The main endothermic peak. ObserVed in aU members of the
grou~ excep~ allophane. Peak temperature, symmetry, and magnitude
are diagnostic tools.

3. Structural Orqanization-900 -1oooo e- Exotherm-Majo/'.

4. S!7'Uc.tural Or~anization ~nd Rearranqement-1150c e r..tp-Exotherm
-lvfmor. (VarIable). This represents the formation of" mullite and
Cr1Stob~lite..Thc intensity varies witb impurities or additives as well
as partIcle sIZe. --r-------------r------

In general, the smaller the particle size is, the lower will be :he AT."," for a
given peak. and the nar~OWer win be the peak.

Dunn {i9l) described the application of OTA to clays and minerals.
Application of the Oerivatograph to rock ana;ysis, clays. and minerals has
been described by Selmeczi (192) and Paulik and Paulik I: 93).

The oxidation of natural pentlandite. (FcNi)9SS, has been studied ':Jy
OTA and atherTA techniques by Dunn and Kelly (194). D1'A ~urves of tv. 0

samples of this mineral, one heated in oxygen and the other in aIr, are
illustrated in Figure 7.12. The exothermiCJleak at 790-C and lheendothermic
peak at 830°C appear to be independent of oxygen partial pressure, but tbe
exothermic peaks at 575 and 725:C both changed in an air atmosphere. The
various reactions that take place in this mineral, as determined by DT.\.
TG. ~S, and XRD arc summarized in Table 7.9. Because of the cornplexily
of this system. some of the reaction assignmems must he considered kntalh e.

Crystalline quartz, when heated, undergoes a solid, -~ solid1 phase transi
lion (IX ..... (3 quartz) at abollt 573'C. Keith and Tuttle (107) found that in a
study of 250 quartz samples. the inversion temperature range was 38'C in
natural quartz. allhough most of the samples were within 1.5 of 573°C. This

379AP'PLlC"T10~S TO CLAYS A1>i:J MINERALSAPPLICATIONS OF DlFFERE:-<TIAL TliER."'AL AXALYSlS378

The 01'A curve does not have an endothermic peak for the loss of de
sorpted water which, j~ this case. amollnts to 0.2% by mass. Many studies
have been concerned with the effect of particle size on the DTA curve peaks.

o
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II

Temperature
('C)

<460
460-640
460-715
520"
575'
640-760
700-740

775-805
>800

Reaction

Pn\ --+ Pn2 + ~iS I reS
f'eS t· 20 l .• FeSO.
T'iS - 20, • ~iSO.
2FeS - 3,50, - Fe,O, + SO,
Pn2 + 0, - ~i,feO• .,. S02 - :-JiO + Fe10,
2FeSO... --+ Fe,O, - (2S0, + 0.50,)
Pnl --+ Ni,_.S, - Pn2
Pn2 I 0,- --+ ~ilFe04 .•. SOl
~iS + 1.50, --+ NiO· SO,

~i3±.S' ~ :\iO • (501 .,.. 0.501 )

NiSO... - :\iO ... (SO, ~ 0.50,)

f G:i 't\in I

1-
;rrne

figure 7.13. [)TA cooling cu:-veshowing how peak heig.hl is dCle:111ine<l (2881.

Table 7.10. Determination of Quartz Content in t1ay~ by DTA (288)

'In these cases tho reaction :empeTature rangeis di!!'.cult 10 dcter:ninefrom
the c~rves, and the DTA peak :empetalure alone is quoted.

DTA Chemical Analysis

Sample Xo Xo

where q is a known weight of quartz added to tl1e sample and B is a coo stant.
Results of the dett:rmination arc show:l :n Table 7.10. The DTA ::lc!hod is
time-consuming but is superior to the X-ray and chemical analysis metl1llds
and gives Ihe best cxperimental precision. TypicaIly. the relalivc standard
error is about 10% on an :Co value of 0.04.

inversion temperature was attributed to solid solution of varying amounts of
other ions in the quartz. Since the amount of solid solution is influenced by
the temperature during formation, the inversion temperature can be used as a
criterion of fonnation temperature for samples crystallized under similar
chemical environments.

Rouse and Jepsnn (288) used DTA to determine the quartz contents
(4 wt %maximum) of four clay materials and tourmaline. The sample was
first heated to 7()(}OC, whicl1 del1ydroxytated ~l1e kaolinite. A DTA Curve was
then recorded at a cooling rate of 10<C/min during which tl1e fJ - ~ quartz
transition was observed at 573'C Some eight dtffercnt methods were used tll
determine the peak area and/or peal< height of the tjuartz transition: the
peak height metl1od. illustrated in Figure 7.13, was finally adopred. The peak
height. h, was proportional to tl1e amount of quartz. :Co. in the mixture by
use of the equation

where OY is the oil yicld of the shales. t\ precision of oil yield of =8 L, metrit:

ton is estlmatcd.

Oil shalcs were characterized using DSC by Rajesl1waf et at. (2351; a ~ypic.al
DSC curve ofa Green River oil shale is shown in Figure 7.14. The endother
mic peak in tl1e 250-450'C temperature range corres~onds to the thermal
decomposition of oil shale kerogen. The area under thiS peak. the enthalpy
value. was found to be directly proportional to the amou~t of keroger. m we
.hale in the absence of minerals that are :hermally active In t!lIS ~emperature

range. A :east-squares I1t of tl1e tJ.H obtained experimentally follows the

cqucllion

(7.21

-0.002 ± 0.003 0.0094.0.0092, aJXl9D. 0.0084
0.003 ± 0.002 0.024
0.035 ..:. 0.003 0.052. 0.050. 0.050. 0,050
0.001 =. 0.002 0.0036.0.0024.0.0020
0.037 ..:: 0.002 0.234. 0.177. 0 [22

MI ~ -0.90 + 0.25 (Oy)

2.15 :.. a.as
2.26 :. 0.07
2.03 :- 0.07
\.98 ::. 0.05
2.34:: 0.04
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Table 7,11. Softening Points and GI85S Tl'lIlIsilions (DSC) for Isotropic Pitches (238'
"

f
G:ass TrJ..'tsirtorl (T,) by DSC ('C'

Mettler Softening Point -- -
Pi:l:h (1;) 1'C1 Onset Span

•
Coal tar 1[0 14 38

126 3& ::8
\51 60 43

! 73 83 30

Petro,eum 12::: 50 18

130 55 20

:52 [(3 20

t 17[( 102 21

Hi8 ;CS :!

I ?:02 103 ~9

ZJ4 IH :9

I AcenaphlhyleT1e
-- --- - --

points for !solropic pitcher are listed in Table 7.11. For each of these pitches.
changes in the softening point are paral1ed by chang.es in the Tg temperatuf='.
The Tg ra::lged from 18 to 43'C for the pitches slud1cd: .

DTA studies on coal I:Ind relaled substances have Deen ::amed o~t by 
large num ber of investigators, including Breger and Whitehead (j 7) anc

G1imel and Smothers (1). • . d thr
Breger and Whitehead (37), using a vacuum DTA apparatus, s,udlc -

Fillure 7.1~. OSC curve f!Dr "olrop;o
pe7roleuro pi:ch, (u) first hea,illg: If,) s~"Co~c

healing Oil qucr.ched sample (238).
14080 ,00 ,2C

~E'vlPERATLRE. t'e}
60

EXO

I
"q

t
ENDO

"

HootJng Ro'e: IO'C Imin
Alma.phlto: Fla.... inQ N.
Sampl. hla.. ; 13,3 mg

---_. - .....' -_. ~--'-----'-----'
300 400 500
Temperature. 'C

F:g~re 7.14. Typical DSC c'~rve of a Green River oi~ sllnie, oj; yie:d of 316 L/metric IO~_

Open AI sa.~ple container (235).

Also, using DSC, the specific heats of Colorado oil shales were determined
(237).

The heat of combustion of an oil shale Was determined by DSC by Cassel
er aI, (236), It was necessary to grind the sample to 100 mesh prior to pyrolysis.
The area under the curve gave the calorific content directly.

Yang et a1. (289) used DTA to characterize the reactivities of three car
bonaceous :natcriaJs toward oxygen and carbon dioxide. A pseudo-third
order reaction can give a bifurcated peak in the DTA curve. The idea of the
existence oftwo kinds of carbonaceous materials based on a bifurcated peak,
as has often appeared in the literature, should be asserted wilh caution.

Noel and Corbett (00) applied DSC to the study of glass and melting
transitions in asphalts. The Tg values obtained agreed well with those
previously determined by dilatometry. Heats of fusion of the asphalt waxes
ranged from 26 to 32 cal/g.

Pitches were characterized by DSC and TMA by Barr and Lewis (238), The
DSC curves ofa Iypical petroleum pitch, which had a Mettler softening poinl
of 152"C, are illustrated In Figure 7.15. An endothermic peak in the vicinity
of the expected Tg point was found in the initial DSC curve. A second run
of the sample, after cooling it rapidly from 240 to IO"C, :ihowed a well
defined ~ with an onset temperature of 83"C. lbe endothermic peak wa.~ no
:onger visible in the curve, Glass traJlsition temperatures and soften:ng

I'



Table 7.13. Calorific Contents Obtained b~'

DSC aod the ASTM :vJethod (241)
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thermal properties of cellulose, wood. lignite, and various coals. It was
found that the low-temperature peaks for lignin disappeared or were masked
in peat and then reappeared in the lignites. The decomposition peaks for
lignin were suppressed in bituminous coals and were absent in the curves for
anthracites.

Gamel and Smothers [1) related toe areas under the decomposition peaks
to the concentration of a Utah \fine coal in a coal-alumina mixture, A
linear area versus concentration curve was obtained for 0-12.0% coal mix
tures. They also found that the area under the curve pe'etk was directly pro
portional to the BTU/lb values for the coal. This relationship is illustrated
in Table 7,11.

Rosenvold et al. (239) used DSC to study the thennal decomposition of
21 bituminous coal samplc~ from Ohio. Representative DSe curves of the
coal samples are illustrated in Figure 7.16. Three regions of endothermlc
reactions are observed (1) a dehydration peak in the range 25- -150°C:
(2) a second very broad endothermic peak that spans the range from 150"e
to yield a noticeable peak between 400 Iilld 500°C; and (3) a narrower endo
thermic peak at temperatures ~ ~ 550"C. The broad reaction from 150
500°C probably corresponds to pyrolytic fragmentation of the carbon skeletal
structure in coal with the third endothennic peak due to cracking reactions
of the products evolved in the pyrolysis process.

The net area of the endothermic peak in the 1.s0-5OO°C temperature
range should be directly related to the volatile matter content of the coal.
However, the correlation is not linear with widely scattered data points.

FYlills (240) also characterized coal samples by TG and DSC and com
pared the results with standard AST:M methods. As shown in Table 7.13, the
calorific contents obtained by DSC compared favorably with the AST:M
values with agreement within ::;:3%.

Hassel (241) used pressure DSC (oxygen at 500 psig) to determine the heat
of combustion of selected coal samples. The results were in good agreement
with adiabatic bomb calorimeter results.

: !

Table 7.12. Healing Values of Selected ArkallSlts Coals llS .\1easured
Dl'A and Peroxide Bomb Methods ht BTL'jlb (t)

Sumple #-9/7

:.0' min
1~.5; ~ 12.350

l
I'
"

Sample

Paris mine
C'tah mine
Jerome mine
Quality excelsior mine

A~ea Lnder Curve,
[ir.,l)

0,345

0.460
0.415
0.470

Bt:,ljlb CLJal

J3,347
:4.476
13.994
14.531

1.:!.927

':il.lmple #4/7

20' m:n-'
}:?649
13.066

40' mill
; ~.71;
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Ikm of \'aporization, t!H,.
Gla'>S transi lions of hydrocarbons
Oxidn.ion r~L'tions

Thermal degrada:ion
Adduct and complex formation
H<:ats of :nixing
H<:aIS of sublimation
Critical t=peratures

B. .Hareriuls Srudm/

Hydrocarbons vf a,l types
Catalysts
.-\sphaits
Petrokum ""axes
Lubr.cating oils
Greases
Soaps
F<.:el:;
Cr~ce vii

Table 7.I·t .....pplications of OSC to Petroleum
Research (242)

p..'..

,-. §

l. Information is obtained quickly and reproducibly.

') Very small samples are required (milligram quanti lies VerSLlS quart
samples).

3. The eqLlipmem !las muitiple uses rather than the abiiity to do only ooe
test.

4. The information is fundamental and low on empiricism; thus, it has
research value as well as use for control and troubleshooting.

386 APPLICATIO:-;S OF DlFFERE:-STlAL TIIER..'vlAL ANALYSIS

Diffcrenlial thermal analysis has been applied to tce degradation of
hydrocarbon liquids {50 52) and has also been proposed for the quality
control of grease {53, 54). Noel {55) showed that OSC could be used to
characterize petroleum products and lhat the results could be correlated
with some AST~ tests. The advantages of DSC: over previous tests to char
acterize petroleum products are as follows:

:vIore recently, ~oel and Cranton (242) reviewed the application of DSC
and other TA lechniques to petroleum research. The DSC applications are
listed in Table 7. t 4.

Walker and Tsang (243) used pressure DSC to characterize lubricating
oils, and virgin and re-refined lubricating base stocks. At pressures of 0.7 3-4
.\1 Pa (100·· 500 psig) air or oxygen and temperature ncar 200'C, degradation
occurs with liberation of heat.

The oxidation. of an automotive brake fluid and a motor oil was studied
by high-pressure nsc (38). At an air pressure of 600 psig, indicated, the
relative oxidative stability of each of the types of materiais was determir.ed.

Blaine (244) also used pressure DSC to study the oxidative stability of
lubricating oils and greases.

Moynihan et al. (245) studied t!1e melting and freezing behavior of jet
and diesel fuels in the temperature range - 60-20T by DSC. :"lone of the
fuel samples failed to crystallize on rapid cooling On the DSC, and the
degree of supercooling was quite small. Freezing points, as determined by
DSC, tended to be several degrees lower than those measured by AST:vI
test D 3117-72.

The thermal degradation of ceU~lose ::1 air was studied by Doilimore and
Hoath (246) using DTA. Although tr.e combusion of cellL:.lose :s a high:y
complex group ofreactions. it is generally agreed that t~e degradation scheme
in Figure 7.17 applies. in the degradation ~eaction.oxygen is shown as having
an effect of the final products but not en the overall reactions. Varying the
atmosphere may calise a different pathway to be favored. but the ger.erai
scheme remains the same. Other factors ~hat can affect the reaction pathway
are temperature, period of heating {heating rate), and the physical and

I,
I
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large number of DT A applications to inorganic compounds are reviewed by
Macken7je et al. (62) and DoUimore and Heal (l85). . ' '

The effect of potassium chlorate impurily on the thermal stabl~lt~ of
ammonium perchlorate has been studied by a DTA method by PetncClam
et al. (98\. The effect of this impurity on the DTA curve of ammonium

perchlorate is iUustrated in Figure 7.20. . '
The curves clearly illustrate the presence llf an :ncreasmgly large e:".o·

Ihermic reaction aft~r Ihe 244"'C lattice transition oi the ammomum pt.:r
chlorate. In the 0.1 % KelO 3 region of impurity. the heat t.:volved after l~e
lattice transition wa.'; great enough to initiate Cllmplele [h~rma~ decompo~l
tion of the sample. This represents an effective ISO' lowering ot the thermal
decomposition tern pe:ature 0 f the pore rna te rial. w ~ ich r. ormall y decom poses

500 7CO
---:-er.1~. DC __

-,---~--

F. APPLlCATIO:-;S TO INORGA:,\IC\OIATERIALS

Fig~re 7,18. DTA curves ofcellulQse, (II T axis is sampie lc:nperalcre: (Il) T axis is <e[erene/"
temperalcre (246).

cnemical properties of the cellulose. DTA curves of pure cell ulose are given
in Figure 7.18 (246). The curve consists of an endothermic peak at 349°C
followed by tnree ex.othermic peaks at 404, 465, and 507c C. The DTA curve
for a cellulose sample diluted with alumina was more difficult to interpret;
it consisted of a single peak with two shoulder peaks. The three exothermic
curve peaks in Figure 7.18 are though t to result from pyrolytic and oxidation
processes. In a nitrogen atmosphere, there is an endothermic peak at 35ffC
followed by an exothermic shift of the baseline.

The DTA of cellulose, cellulose nitrate, pentaerytnritol, pentaerylhrityl
trinitrate. and other compounds of this type has been studied by Pakulak
and Leonard (135), When a thermistorized DTA apparatus was used, Ihe
upper temperature limit of the instrument was only about 200"C; hence.
cellulose and cellulose acetate did not give any peaks, while cellulose nitrate
gave an exothermic peak with a ~Trrnu of 180~C. Similar results were nOled
for the pentaerythritol series.

The applications of DTA and DSC to inorganic compounds are similar 10

those discusscd for organic compounds. Endothermic and exolhermic
\leaks are caused by phase transitions (melting. boiling, polymorphic
changes), dehydration. dissociation. isomerization. oxidation-reduction
reactions, and so on. These applications arc summarized in Figure 7.19. A
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and ~-Fe~Ol additives had no effect on these ;:Jrocesses. KCO.. showed tWo
endothermic peaks at 605 aod ,SO C respec~i ...ely. and a narrow exothermic
peak ilt 615'C. The 60S Jnd 7S0'C peaks are due to the fusion of KCI0 4

and KCt. respectively. whereas the t' I~ C peak is caused by the decomposition
of KC10.. to KCI in the fused stale. Additior: of x-AI 20; lowers the peak
temperatures of lhe 60S and !~o C peaks :0 :525 and 535 C. respectivcly.
Although x-Fc2 0 3 accelerates the Jceomposnion of KCO.... no chemical

reat:tion occurred bctwee:1 the:n.
For KCO) (curvc.J). the endother:r.ic peak at 37ST cor,esponds to the

Figure 7.2:. DTA curves or Keo, and KeD, ,yste:-71s ir. s~at:c a:r 164). I. KCO,; ~. KClO.
+- ".;\1,0,: 3. KCIO, -.,·F<,O,: 4. h-CO,. 5. KCIO, - ,.1\[,0,.6. KeO, + .,.re,O,.
Hea[ing rate = 5'C min : mi"::lg ",:;" "i .ampk 10 addi:,," '"' 1.1 b" w<:gr.!. ,\rwws "~. :~e

curves .how le::'peraluros a[ which :he X·ra~ <ampks were taken.
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F'gure 7.:0 DTA curves of -.: H,CiO-, containing various amounts of KciO l (9kl.

at about 400' C. The UT A technique could be used to detect the approx imale
amount of impurity in Ihe ammonium perchlorate.

furuichi et al. (64) studied the effect of additives on salts of halogen 0)<,0

acids. metal oxalales. and other compounds. using DTA and othcr TA
techniques. The thermochemical changes to these compounds m,ly be due 10:

(I) a Chemical reaction occurring between ~eaclant and addilive ~o :orm
intermediate stable compounds or (2) the catulyllc <l>:lion of 'lddilives
a~celeTating or decelerating the reaction. DTA is itn t:special!y usefal tcch·
ntquc for this type of study because it gives ex:cr.sivc information on ~l:e

reaction covering u wide temperature range in a single c:<.perimer:..
DTA curves of KClO~ and KetO J. in the pure sial.;: and <lIsn wit;' va,ious

additives. arc shown in Figure 7.21. The endotherr.1ic peak ~t 3 to C (curves
11 3) is due 10 crystalline phase trar.sitions of KeO... Addilion of x·Al 2 0 J

I.
t

".
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Present Study Literature
- .._--

Heatll of Heats of
Transfonnation Transformatioll Measurement

Compound [';al g"\) (cal g '1) Technique Referer.ceI
II SaC10. 3.88 ± 0.04 6.6 DTA 32

4.9 :: 1.6 DTA 33
I· KelO. 24.49 :::: 1.10 16.80 DTA 32

23,75 DTA 33
RbCO. 20.87 ~ 0.05 36.9 DT.A 32

16.22::: 0.54 DTA J3
CsClO. 10.16:::: 0.25 8.61 :: 0.43 OTA 33

26.1 DTA 32
:"1H.ClO. [9.34 ± 0.10 19.58 -t 1.70 DTA ]3

19.58 OTA 34
20.3 ± 0.6 OSC 35

internal standard ofCaC03 was used Co caiculate tne enthalpy changes which
occurred during tl:e reaction

Results of these enthalpy changes are glven in Table 7.16.
Heats of transition of a number of inorganic compounds were determined

using several new methods of quantitative DTA (74. 751. Results for one of
the methods are summarized in Table 7.17 (75). It is interesting to note
that a value of 25.2 cal/g was obtained for the melting transition in KN0

3
•

which agrees fairly well with the 27.7 caljg reported previously (76). The
value obtained with the Du Pont DSC cell was 22.7 calfg. which is in agree.
ment with another literature value, 22.7 caljg (77).

An investigation Was made by Barral! and Rogers (78) to determine
whether the precision of DTA measurements could be increased by using a
reference compound as a thennochcmical standard. The reference slandard,
in this case, was silver iodide. The !l.H of transition found was 216 ± 20 caL
which is compared with a literature value of 205 7: 30 cal. Using an inert
substance as the reference, a t!.H of 200 .:: 90 cal was obtained. Thus. there
was some improvement in the calorimetric accuracy obtained using this
method.

Wendlandt (79) found that by using the sealed-tube technique. heats of
dehydration of metal salt hydrates could be obtained w!l.ich would be impos.
sible using conventional open tubes or crucibles. T!lis approach is illustrated
by the DTA curves for CuS04 ·5H 2 0. In the oper.-lube Curve, the pt:aks are

(7.3)

(7.4)

(7.5)

(7.6)

CaHP04 --I- tea2P20, (Y) - tH 20 (g)

!CaZ P2 0 , (t) --+ tCa2P2 0 7 (f3)

Table 7.16. Enthalpy Changes for CaHPO, SH,O (731

Ht::lting Rate J.H"
ReacHor. I C ;n-I) 1'1 Cl I ken: r:lO:e)

-- --
-t 1]5 21-3.2D.9, .. 4]0 6.9.7.5-

3 10 850 -0.:7. -0.23.. :0 1221) lJ.l\5.0.68
-.- -- --

melting or this compound, whereas the broad exothermic p.eak betwe:~ 500·
and 600°C is due to the decomposition of the molten salt. With the addition of
z-Al 0 the peak temperatures are Shifted from 375" to 3650 for the fusion2 3, • .
reaction and from 500· to 600"C to 4500 to 550"C for the exothermic reactIon.
In the case of the ex-FeZ03 additive, the fusion peak disappears and two
exothermic peaks appear in the 250-350°C temperature range. Similar
behavior was noted for the other reaCtions.

Rajeshwar et al. (180) used DSC to determine the enthalpy of crystal
structure transformations ot MCI04 salts, where ,'oJ = ~a. K. Rb, es, and
~H4' As illustrated in Table 7.15, inconsistencies in the literature data are
striking, especially with :vi = Na., K, Rb, and es. ~ost of the earlier studies
used DTA techniques to determine the enthalpy changes. However, the
literature values for NH4CI0 4 are in good agreement with the author's
results,

Erdey and Paulik (100), in a simultaneous DTA-TG study, investig~tcd

the thermal decomposition of barium, strontium, manganese(U), calcIUm.
magnesium, and zinc oxalates in air and nitrogen atmospheres. It ~as found
that the evolved carbon dioxide formed in the reaction played an Important
part in that it may inhibit the progress of the reaction and shift the peak
temperatures to higher values. .

The changes in enthalpy which OCCur when CaHP04 '2H 20 IS heated up
to 1300·C were determined by a DTA method by ~esmer and frani (73). An

Table 7.15. Hellts of TrlllJSformatioll of MCID, Compounds by DSC (l !lO)

II
i
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Similar studies were carried out on the deaquation of [CrC"';H JlsH 2 0JX:
(80) and [CO{~Hl)sH20JXJ(81) complexes.

The DTA curve of sulfur, as recorded by Chiu 182\. is shown in Figur?
722. The enantiotropic change from the rhombrc to the monoclinic fom
is indicated by the 113"C peak, while melting was ubsen'ed during the 124'(
peak. Further transformations in liquid sulfur were observed at 179°C, ant
finally the boiling peak at 446°C.

Detection of organic contamination in ammonium nitrate is shown by :h<
twO 01A curves in Figure 7.23 (83). The exothermic peak begins at a low
temperature in the sample with organic mater-a! conlamination.

Brown et al. (51) used DSC to determine the ~ of dehydration
~nC204·2HJOand the!J.H of decomposition of \-lnClO-l- in nitrogen a
in oxygen. The DSC curve of this compound in nitrogen is shown in Fig
7.24. There arc two endothermic peaks present that are identified as due
dehydration and decomposition. In an ollygen atmosphere, the hlll:
temperature peak becomes exothermic rather than endothermic, The
of dehydration, both in nitrogen and oxygen. was determined to be 130
kJ/mole or, an average of 65 ::: 5 kJ/mole H20. The :lH of decomposl
(or oxidation) was found to be 250 ± 25 kJjmole in nitrogen and - 300 
kJ/mole in oxygen. The thermochemical evidence supports the claim tha
decomposition residue is nonstoichiometric.

Rajeshwar and Secco (52,53) used DTA and other TA techniques to •.
the solid-state synthesis of 13 ammonium fluorolanthanates from .L

::,·a·f4F reaction mixtures. Two types of fluorolanthanales aOneared
reaction products, ~H4LnF-l- and (KH..hLnlF9'

(7.10)
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Table 7.17. Heats or Transition Obtained by Ozawa et al. (75)
----_. -----

p(CSCrl! Wark Literature
.---

[emp. All Temp. AH
Sampie i'C) (eal/g) ('C) (cai/g)

Benzoic acid 122 38.0 35.2
34,8

K:-I° l 129 13.2 128 13.8
l27,S : 1.78

12.83
127.9 [2,05
127 13.0

K:-I°3 336 25.3 338 27.7
334.3 22.75

27.20
331 28.1

Ag~O] 161 3.42 160 3.9
160 3.44

t58.9-160.6 3.49
164 3,03

AgNO] 206 17.7 211 16.2
210 17.57
207 17,0

Al 658 1025 659 95.2
660 96.3

due to the following reactions:

CuS04'5H.O -I> CuS04·3H l O + 2H l O (I) (7.7)

2H 2 0 (I) --> 2H2 0 (g) 17.8)

CuS04 '3H zO -I> CuSO.:H.O + 2H 2 0 (g) (7.9)

For Ihe sealed-tube curve, the first peak is due to reaction (7.7), while the
origin of the second peak is not known but may be due to the reac~ior;

.. I

.1

I
~ I

,I

.' J

~

Thus, Ihe scaled-tube sample holder permilled the determination of the t\1I
of reaction (7.7), Which was 12.9 :::t 0.6 kcai/molc, Fil,ture 7.:2:. DT 1\ ~Urve ,.
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Figure 7.23. DTA curves ofl\H.:-40, in the pure state and contaminated wit~ organic lIlalenal
IS)).

Figure 7.24. A ~presen,ative DSC curve for ~hc detlydralion C\tcd dccolni""i'.;\1;\ rcac\lI,n;
de:ected on hC':lIlng rat :;.0 K min '). 5.21-mg sample of :nangar.e~(Ii) "xalale d,hydr.'e in
nitrogen using a gold sa::",ple pan. Water 10", und anion breakdow:i are disl,""t ar:d ;;Cpar.iC
pro<:esscf,. The !atter ",,,,o'.:on ;; co",pk~: the ttlree areas marked are ',,, Ihe ra I:nn 63;~;:9 ~'"

I ;2 ;3, respec:ive~y; the do::ed line indicates :tle !Juseline lrace during surr,pie rerun (51:.

•
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(II)

349 -'- 1 K _ 40~ K _ ,
----., TllS0 3 (hexagonal) - -----+ Tl~03 (euine)Tl0i0 3 (orthorhombic)

(III)

Ganguli et al. (56) reinvestigated the phase transitions of TI:--;O 3 using
DSC and other techniques. The transitions observed were

On cooling and storage over PzOs again, the same 378c C peak appears on
heating. :\1oisture absorptio:1 :JY the compound was found ,0 increase the
tranSition temperature. This transition and others can be explained by the
reaction sl.:heme

The curve peak maximas depend on the particle size. moisture COnten!., and
thermal history of the sample. For the hexagonal-. cubic tra.nsitiol)., two
peaks at - 409 and 413 K, respectively, were observed.

The decomposition temperatures of l\aNO), K)iO). I~a. K)l\03.
~al\02' and KN0 1 were determined by DSC (63). Sodium nitrate began ~o

decompose at 840 ± 10 K, potassium nitrate at 820 ± 20 K. sodium and
potassium nitrites at 800 :!: 10 K. The sodium/potassium nitrate was more
stable than the simple salts in that it did not begin to decompose below 990 K,
the upper temperature limit of the investigation.

The phase transformations ofpotassium nitrate have been studied by DSC
(65-67). The heat of transition of the phase change. II-I at 129TC. is
dependent on the thermal history of the sample, since it invoh e:; two steps.
II - III and III ..... I, at 2 degree intervals Phase II has an orthorhombic
structure, whereas phase I is trigonaL DSC curVeS of K:'-l03' as determil'ed
on a Perkin-Elmer DSC-2, arc illustrated in Figure 7.271651. Curve III is the
tirst experimental run of tbe sample that had a measured ,\If of I 1.89 cai/g.
Reheating the sample, curve 12). results in a sharper, more symmetrical curve
peak. After fusion of the K:-.I0 3, cooling. and then reheat::1g. cun e /3) was
obtained which has a shurtler peak with a peak area about 50""';' of :he other
two peaks. The .1.H of this transition was about 5.95 eai g. a:1d c"orresponds
to ~he transformation of the metastable II I ..... I. Shoe!;. co0iing of the
sample from 142 25"C, ar.d :hen rcheat;ng of it gave cu~\e I~I. Th: area of
the curve peak was about twice that of;:lIr'1,t: 1.1). This tra:ts:l:on -:crrcsponded
to the change from form II to 1 with a (l,}f of 11.9 ± n.! cal ?

CuJorz:netric data on the va;ious phase transitiQr.s arc given in T:lble 7,18.
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I Coni i'lmlnSlf!Id with carbcln
I

The thermal decomposition of magnesium formate 2-hydrate was studied
by DSC and other TA techniques by DoJJimore et al. (54). As illustrated in
Figure 7.25, the DTA, TG, and DSC curves are dependent on the furnace
atmosphere. An exothermic peak with a .1. T",", of 265"C occurred in a tem
perature range at which no mass-loss was observed on the TG curve. This
peak was not altered when the furnace atmosphere was changed. Increasing
the heating rate from 0.2 to 1DeC/min had no effect on the curves. A schemat:c
diagram for the decomposition of this compound is shown in Figure 7.26.

An unusual phase transition was observed in Ba(T0 3h by Biswas et a1.
{55) at 422°C, which on cooling did 110t show an exothermic transition.
indicating that the transition is irreversible. However, when the sample i~
cooled and then stored over PzO j for a few hours, an cndothennic peak is
observed on reheating. In the: laller CilSe, the peak temperature is 378"C
and the shape of the curve is quite different from that observed at 422'C.
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(7.11)

500

l

O.25K

x = 0.498y - 2.52

. 1. . _
"cclOa

~T

,

Figure 7,"8. DTA c~rve of ;l ~IXlure or 40':. A~,COJ ~r.d 60"" AgO_ I-leuu~g rule or 15
K lr,lr.·· '" 11 n"rogen atmosphere (67).

t

A least-squares method gave a straight-line calibration graph with the rela
tionship

where y = the peak area ofAglCOJ peak and x = the percentage of AglCOJ

in the mixture. The mean deviation from the line was 3.0% above a level of
20% AglCO j. Below this limit, because of the decreasing size of the silver
carbonate peak, the results were less reproducible.

whereas the second, which is endothermic, is due to the first step of the thermal
decomposition of AgzCO J :

Barnes and Tomlinson (68) used DTA to analyze a mixture for silver(l)
carbonate in the presence of silver(lI) ox.ide. The method, as based on the
DTA curve in Figure 7.28. is applicable quantitatively for mix.tures containing
more than 20% Ag2C0 3 and semiquantitatively for 5%. The first curve peak
is caused by the exothermic dissociation of AgO. or

tJ.H

130

I
~'III
IT
IT
'TI,
II
II
II
II
I! ....t4J
.'~
~II
/Ill
III !
Ir '
I I
I
I

~j
II
I
J

t20
DC

Figure 7,27. DSC curves of KNO, under variou~ conditio!:. (65).

Table 7.18. Calorimetric Data for KNOJ Crystalline TntnSitions

Temp.
Transition ('C) (10) Gray (6S) Wang 1671

-----
n -~ I 129.7 11.82 ± O.Og caJ/g 1291 =13 cal/r!lole

III ----. I 128.8 5.96 ~ 0.05
I -III 120 --6.02 ± 0.15 720 :- 7

I -. melt 334.4 23.50 =0.22
III _ II 94 57l ± 6

--- -

400

I.



402 APPLlCATTOSS OF DIFFERENTIAL THER..\fAL ASALYSlS APPLlCATlO:-;:S TO [KORGA:-':IC MA TERlALS 403

Other DTA studies were carried out on "active" and "inactive" forms of
silver carbonate by Barnes and Stone (69).

Wendlandt (290) studied various mercury(l, II) compounds using DTt\j
DSC and other TA techniques. The DTA/DSC curves of the yellow and n...d
forms of mercury(lI) oxide are shown in Figure 7.29. The initial procedural
~T deviation temperature (~1;) was about 475°C for the yellow form and,
as expected, 550

c
C for the red form. The minimum procedural ~T tempera

tures (~T",) were 575 and 655°C for the yellow and red forms, respectively.
Using the DSC data, ~'Ii and ~Tm values of 450 and 550T, respectively, were
found for the yellow form, In both the TG and DTAjDSCcurves of the yellow
and red forms of mercury (II) oxide. the lower procedural dissociation
temperatures for the yellow form are consistent with a decrease in particle
size. It is well known that a reduction :n particle size of a compound such as
this lowers the 'Ii (or ~ 1;) values. The extent of the lowering, however, Cannot
be predicted.

The DSC curves for the mercury(I, II) halides are illustrated in Figure
7.30 (290). Except for :;(-HgI2, all the compounds exhibited a single endother
mic peak in the DSC curves indica tive of a sublimation process. The ~ 'Ii and
~ T", values for the halides are: HgCl2 (loo, 185"C); HgBr l (125, 185°C);
Hg2Tl (125, 200°C); and Hg12 (140, 20re). A small endothermic peak, due
to the a -> f3 crystalline phase transition in HgI., is observed at ~ Ii and ~7;"
values of 125 and 12TC, respectively. All the curves were obtained using
aluminum sample containers except for that of IIgCl 2 where a platinum
container was used due to a displacement reaction between the aluminum
and this compound that resulted in an exothermic peak.

I 200 400 r 600 'C

Il'.~ \/
I V

- ...L- . .L- -'-- _L--.c
-F.I>l~ 'C

FigJre 7.19. DTAI DSC curves of vellow and red fOITr.s of mercurv Ilil "'Ide "I : 0 C ,,",:n
'n S ,. ~. red form: n, ye::" ..... form (b'y DTAL c. yellow f,,,,,, (by DSCll ~~11).

AT

figure 7.30. DSe <:!:rYes of mercury (I. II)

ba!ides at 10"e m;n-' in N, [2901. .-1. Hg,I,:
B, Hgl,: C. HgBr,: D. HgCI,.

The sealed-tube DTA (see: Chapter 6) curves of the mercury (1. TIl halides
are given in Figure 7,31 (290). Only the first-order phase transitions are
observed by this technique, which in the case of these compounds. involves the
fusion transitions. Since it is a sealed system, sublimation (or vaporiz.ationl
of the com pounds does not occur as was found in the case of DSC cell slUdies.
The fusion endothermic peak temperatures agree fairly well with the melting
point values reported in Table I. The ~1; and ~T", values found are: HgCl 3

(252, 257°C); HgBrl (235, 240°C); and :x-HgI.(252, 257°C). In the case of the
:x -> Ptransition in HgIl, the peak temperatures are somewhat higher. 135
aod l40c C, respectively. Boiling points of the compounds, of course. could
oot be determined by ~his techniq ue,

__----L ,. -..1-, ~_
()C 200 JOO 40C·"

TEI>l?

F'gere 7.31. Sea:ed-'ube DT.-\ .,,'""", "f Hgl,. HgB:,. "r.d HgCl, 1:901.
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DTA was used to study the thermal decomposition of boracites.
M

J
B7 0 13X, where M is Mg, Cr, :vin, Fe, Co, ~i, Cu. Zn, or Cd, and X is

OH, F, CI, Br, 1, or NOJ , by Tissot et al. (70) and Gallagher (71).
Pyrotechnic compositions containing inorganic compounds have been

investigated by DTA by numerous workers. Among the pyrotechnics studied
were those comaining titanium (109); KClO J and lactose (110): boron
silicon·K~03 (III); tungsten and KZCr2 0 7 (112); and boron-MoO) (177),

The reaction

so that the beat {).H T, at temperature 7; of the reaction is given by

{).HT , = (a ~ b - c +- d) - (Tf - 1;)[mproo 'Cp ,prod + 1n1L ·Cp. L ] (7.12)

Only one balf the term mL' Cp.l. is induded because the ligand is liberated
from the system, between 7; and Tfl at a Tate which is approximately con
stant. Tbt: heat, AliT"" at some olher temperature, T"" is given by

since

,
was studied by DTA and other techniques by Sastri and Hill (178).

Deuterium isotope effects in tbermal stabilities and entbalpy changes in
the thermal dehydration of CuS04 ·5H10 were studied by DSC by Tanaka
(179).

The thermochemistry of a large number of transition-metal complexes of
the type ML)(l bave been investigated using DSC by Beel:b el ai. (&9-91).
These results as well as others are discussed in a book by Mortimer and
Ashcroft (93). The overall decomposition reactions of the complex \U'4Xl
are as follows:

and b = c (approximately), the heat, {).H T ", , can be written as

{).HT", "'-' a + b

(7.14)

(7.15)

(7.l6}

(7.17)

ML 4 X Z (c) .... ML:\X2 (e) ~ 2L (g)

MLzX2 (e) -+ Ml.X 1 (I) .;. L (g)

MLX2 (I) -to ML2I3X2 (I) ~ 1-L (g)

ML zl3 X 2 (I) -to MX2 (e) -:- 1L Ig)

The decomposition reactions are recorded by DSC for tbe reaction (89}

Tbermochemical data for the compounds Co(PYhX 2 are given in Table
7.19.

Differential scanning calorimetry has been used to measure the heats of
transition of some sodium, potassium, and silver compounds (94). The
agreement of the experimental values with the literature for KSC~ and
K~Oz was very poor.

Table 7.19. ThennOChemicsl Data for Co(py),X, COlllplexes (89)

• Refers \0 blue (orm; ·.rallSitmn of violet - blue is J',.1f = \.02 ± 0.01 kcal/mole.
'Heat affusion of COl py),J, :c) is 11.3 := 0.3 i<.cai/mo.e.

Tbe area, (a -r b), is 11 measure of this reaction, at a mean temperature. T",.
In the absence ofa sample, no additional heat is required to raise the tempera
ture of the empty sample pan, compared with the reFerence pan, as indicated
by tbe horizontal baseline marked ~empty pan." With a sample of mass
nIr••CO and specific heat CP. r••c' present in tbe pan, the baseline is displaced
by an amount corresponding to mr.,cl· Cp , prod, the product of the mass and
specific heat of ~LX~. The ligand, l,. of mass mi. and specific heat Cp.L , has
been lost as a gas during the reaction. Th~ mean temperature. T.. , is equal to
~Ui - 1i}· TOlal beat absorbed is represented by :be area (a + b ~ c - d),

Paramctcr

\'f.P.. K
t>H. kcal/mole
Heatir.g rate, I< mm - I

T,.K

Cl

28.5 =OS
8

420

510
600

Be

440
27.3 ::: 0.9

16
overlaps

m.p.
520
540

450
12.3 =0.3"

16
590

610
630
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F:gt:re 7.32. DTA and DSC applicm:o;ls 10 ~~ga~,c ~~mpou"<i,,

Idenriticatlol1

The thermal decomposition of u numbcr of o~ganic acids has been stud:ed
by UTA by Wendlandt and Hoiberg l5G. 5\). Sir.ce :he acids \lim: decomposed
in an argon atmosphere. only endothermic peaks were observed in the DTA
(.'Urves. These peaks wcrc caused by such reacIions as dehydration, decar
boxylation. sublimation. dccompos:t:on. u:ld phase transitions from Ihe
solid to ;he ;iquid slate. The :naximurr. peak temperatures for the phase
tranSitions \\'~re 10 to 30· higher than the ~eported rr.elting-polnt tempera
tures, The DTA curves :or wme orthe acids are g:ven in r-;gure 1.33,

The DTA wrvc for oxaiic acid dih~drat~. the only acid studied containing
water ofhycrati~,r.. had dehydra::on peul;s with 1\7;"" values or 11 D. 120. and
12SC. respectively, A;: other curve peai\s for :he organic acids were caused
by rUSlOn and decomposit:on ;cactinns. For exa~ple. [he second e:1duthermlc
peai( in :he succinic ac:c tun'e was probabiy c:ll.:scd ':Jy deh)'dr:ltio:l reaction.

Stmchen (95) pointed out that the dissociation temperature of;\[aHCOJ of
270°C commonly reported in many handbooks, is grossly in error. By use of
DSC, the decomposition temperature was found to be about 100°C.

Block (96) reported an analytical method for chloride-bromide mixtures
utilizing DSC. The fact that the heat of fusion of an ideal solid solution of
the type A",xn - B",X. or A",X. - AmY. is directly proportional to the
concentration of solute ion Was used to determine chloride-bromide mixtures
in the concentration range 0-100%. Solutions containing both chloride and
bromide are precipitated with silver nitrate, forming solid solutions of silver
chloride-bromide. The heat of fusion of the mixed crystal is then determined.
and the percent chloride or bromide obtained from a previously prepared
standard curve.

:-lumerous other metal complexes were studied by DTAJDSC and other
TA techniques including :-litH). Cu(H) and Co(m, and Co(ll) diethyldithio
carbamate complexes (72); bis(2,4-pentanedionato)beryllium (II) and tris
(2,4-pentanedionato)aluminum (III) complexes (101); dihalogendi(tertiary
phosphine) cobalt (H) complexes (102); bis(trispyrrolidinophosphinc oxide}
tetranitrato uranium(IV) (103); Co(II), CU(II), and Cd(H) xanthine complexes
(104); and alkali and alkaline earth monomethyl violurates (105,108).

G. APPI-ICATIONS TO ORGANIC \1ATERIAI.S

The applications of DTA and DSC techniques to organic compounds are
quite diverse, as is seen in Figure 7.32. It is difficult to point to one of the
applications as the most important, or, for that matter, the most widely used.
In the pharmaceutical and organic compound manufacturing industries,
purity determination is perhaps the most important application. In other
areas, fdentification only may be of vital interest. Only recently. due to the
use of sealed-tube DTA and DSC sample holders, the study of organic
reactions has assumed some importance. Information can be obtained from
a single run which would normally take hours or days to complete by
standard methods.

The enthalpic changes which occur in organic compounds are considerably
less complex than those for organic polymers. However. they may exhibit
various polymorphic changes which can be detected by DTA and DSC. The
main sources of endothermic and exothermic enthalpic changes in organic
compounds ate fusion, vaporization. solid-solid transitions. sublimation.
dehydration. decomposition, and combustion.

The applications of these techniques to organic compounds have been
extensively reviewed (2-8). Specific DTA applications are reviewed by
:vfitchell and Birnie (2), while DSC techniques arc discussed by Gray (4).
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resulting in anhydride formation, of the type.
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conditions for this reaction. It was found that comenic acid is formed b'
decarboxylation of meconic acid in a reaction giVing an exothermic peak
at t. Tmax of 240D C. At and above this temperature the product sublimes.

The boiling point ofbenzoic acid is shifted to higher temperatures by use o'
high-pressure DTA. Levy et aI. (38) obtained the DTA curves of pure bcnzo;'
acid at ambient pressure and at a pressure of 2000 psig, as shown in Figur
7.34. Curve (a) indicates that benzoic acid melts at about 122"C. Cnder 2()(
psig nitrogen pressure [curve (b)], the melting-point endothermic peak
remains unchanged while the boiling point is elevated to 378°C. In order tc
avoid sublimation and evaporation and to ensure equilibrium condition:
the samples were run In a small hermetically sealed aluminum pan whicr
contained a small hole (- 0.002 in.) punched in ~he top to equalize t!"
pressure.

The precise determination of melting and boiling points by DTA w
first discussed in detail by Vassallo and Harden (10). They obtained a 01

cision of ±0.3 D C over a wide range of heating rates and Were able to ma
determinations in the temperature range from -150 to 450D C. The temo'
tures estimated for melting point, Tm , or boiling point, Ta, were selectee Ir
the most often recommended portions of the DTA peak, as shown in Fig
7.35. Point A is the intersection of the extrapolated straight-lioe portior
the low-temperature side of the peak with the baseline, and point B If

inflection point of the low-temperature side. Point C is the extrapolated
temperature, while D is the extrapolated return to the baseline. The S~

and reference temperatures at which the various points occurred duri~

melting of benzoic acid and the boiling of toluene are shown [n Table

Figure 7.33. DTA curves of some organic
acids: a, ollalic acid dihydrate; b. majonic acid;
c. succinic acid; d. glutaric acid (60),
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It has long been known that meconic acid (I) (3-hydroxy-4-oxo-4H
pyrane-2,6-dicarboxylic acid) can be heated in air to 120-220D C to form
comenic acid (II) (00). DTA was used to establish the best preparative
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figure 7.34. ;)TA cUrves m tle"''''C ","", ,"' .
psig of nilroger. (h) (3S),
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'!':BS. mp = !21.8"C,
'Merck. bp = 1.0' bailing range including I !0.6·C.

Table 7.20. ComparisoD of Various Methods fOf
Transition Temperature :\'tell5llJ'emeot (10)

Boiling Point (T"C

Found Reporlet.

-0.5 -0.55

36.2 36.0

69.0 68.8
98.2 98.4

125.6 ,25.6

150.2 150.7
173.0 174.0
215.5 216.0

100.0 100.0

111.1 1,0.6

80.5 80.1
~ \8.4 1~8,l

~T_.,

-0.5'C

·135.5
-129.7

-95.3
-90,6
-56.8

Reponed

121.8 121.8
0.0 0.0

5.2 5,5
~5j :6.6

110.5 110S
134.2 134,S'
327.5 327ft
2720 272.5'

170.5 171.0"
---'

Found

Melting point (roC)

-135.0
-129.5

-94.5
-90.3
-5i.O

ti.1~..
-135' C

I I I : I

EndO

t
ti.T

+
Exo

-:50 -125 -100 -75 50 ~2.5 a 0+-25
Temp., 'C

Figure 7.36. Low-temperature DTA curve of n-bulanc (I~

Table 7.21. Transition Tempel1ltures Determined by DTA (tU'

/I-Butane
II-Pentane
n-HeKane
/I-Heptane
/l-Octane
/l-~onane

/I-Decane
n-Dodecane
Benzoic acid
Water
Toluene
Benzene
Acetic acld
Alathon 10 polyethylene ~esin

\1arlex 50 po:yctr.y~ene ~csin

Teflon TFE ~'Jorocarbon resin
Teflon FEP fluorocarbon resin

Deirin acetal resir;

'Melting ~a,nts tdxen with Kofler hot stag" :'fl,ccoscope, or by X-ray tech,,'ques.

Compol:nd

D
116.2
j ~8.8

C D

C
115.9
111.2

H

B
114.2
~ 13.2

Figure 7.35. Transition temperature estima
tion :nethads (: 0).

A

A
112.5
114.6

Benzoic Acid," Melting Point ('C)

121.1 125.0 128.0 131.0
110.3 111.0 121.7 :31.9

Toluene' Boiling Point ('Cl

Method
Reference
Sample

Reference
Sample

Temperature
\1easured

Temp. increasing

Wi:h Ihe exception of D. Tm estimates using the sample :emperature are
generally closerto the true value. The dosest estimates ofT", were achieved by
use of the sample temperature at point C or the reference temperature at
point A. The 7;' estimaled for toluene at points A. B. and D were higher than
at point C. and this is probably due to superheating effects.

A law-temperature DTA curve of I)-butane llO) is shown in Figure 7.36.
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ln the temperature range -ISO" to 10"C, the endothermic peaks for boiling
( - OYC) and melting ( - 13S"Q are narrow and well defined, Melting and
boiling points of a number of organic compounds aTe given in Table 7,21
(10).

Banall (39) has discussed in great detail the precise determination of
melting and boiling points by DTA and DSC. Many differeni methods are
available for these delerminaiions; however, BarraJl's melhod gives a con
sistent technique which is readily adaptable to commercial instrumems and
will cover a wide range oforganic and inorganic materials. The data obtained
are more consistent than those measured with the hot-stage, oil-bath, or
capillary-tube techniques. Boiling-point data oblained by DTA and DSC
are far more reproducible and usually more closely comparable to equi
librium-still results than data from microebulliometry, and they are certainly
morc rapid.

The experimental conditions of DTA necessitate that the AT parameter be
plotted as a function of sample temperature, while in DSC the differential
power curve is recorded as a Junction of time. For melting-point determina
tions, the sample may be encapsulated; in the case where the thermocouple
must be inserted into the sample, a sample diluent mixture must be employed.
The encapsulations are usually in a tightly sealed metal container of high
thermal conductivity. In the case of boiling-point determinations, provision
must be made for (1) equilibration of liquid and vapor and (2) control of
atmospheric pressure. BarraH (39) described in detail how these two criteria
can be met.

If an encapsulation procedure is employed for determining the melting
point, an extrapolation procedure is used to correct for the Ihennal lag in the
system, as shown in Figure 7.37a. The true melting point of the compound
is obtained by the extrapolation of the leading edge of the peak curve to the
isothermal baseline. If the sample is in direct contact with the thermocouple.
the true melting point is Tb in Figure 7J7b. Other terms to be defined in the
latter are the minimum in the peak., T.. , and the temperature at :he end of the
peak, 1;,. The range between T" and T.. is a function oflhe purity ofthe sample.
Due to baseline drift, T" is occasionally difficult 10 locate in impure samples.

In boiling·point measurements, T.. is or little significance. It is a function
only of various instrument parameters, the rate of vapor diffusion, and the
amount of sample present at the onset of boiling. The temperature al the
beginning of the curve, Tb• corresponds to the boiling point of the compound
(after suitable correclions).

A microboiling and melting poinl procedure using DTA was described by
Kerr and Landis (11). The 2 S-;.t1 samples were trapped al Ihe exit port of a
GC column and transferred with a lQ-IlI syringe to a capillary tube for nTA

I'

",
I!

I i,
II
t 1

• I

II

I'
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• I

study. Examples of boiling points of various organic compounds are illu
strated in Figure 7.38. Micromelting point determinations permitted the
estimation of the relative purity (>90%) of m- or p-xylenes.

DiJTerential scanning calorimetry was used by Murrill and co-workers
(43···45) to elucidate solid -> solid phase transitions in a large number of
organic compounds. First-order transitions were reponed for tetrahedral
compounds of the type CR 1R l R l R4

, where R is methyl, methylol, amino,
nitro, and carboxy, as well as for octahedral-type compounds. This technique
was also used to detect phase transitions in alkali metal stearates (46). some
dibenzazepines. carbazoles, and phenothiazines (16), and the half esters of
O-phthalic acid (31). The solid-state decomposition kinetics and activation
parameters of N-aryl-N'-tosyl-oxydi-imide N-oxides were determined using
DSC by Dorko et aJ. (49).

Calorimetric heats of transition for other physical proceSseS (melting,
boiling, solid-solid, and so on) have been reponed by several investigators
(22-25.31). Very careful calibration is necessary to obtain accluracies of the
order of -:: 5%.

Chiu (48) investigated the formation of an organic derivative by DTA.

He replaced the traditional method of preparing the derivative from the
sample and reagent with a one-step process. The sample was heated with a
specific reagent at a programmed heating rate In a selected atmosphere.
The DTA curve showed the derivative forming reaction. the physical transi
tions of the sample or the reagent in excess. and thc physical transitions of
the intermediates and products. Glass capillary tubes were employed as the

sample holder.
The formation of the acetone hydrazone derivative with p-nitrophenyl-

hydrazine is illustrated in Figure 7.39. Curve (a) shows the endothermic
peak for the boiling of acetone. with a ~ T-nax of 58°C. For p-nitrophenyl
hydrazine, the endothermic peak at a ~ Tnw< of 160"C was caused by the
fusion of the compound. A mixture of acetone and p-nitrophenylhydrazine,
however, in the 54-80"C temperature range, gave a complex endothermic
peak which was attributed to the net result of evaporation of excesS acetone,
solution of p-nitrophenylhydrazine in acetone, and hydrazone formation.
The fusion of the hydrazone was indicated by the endothermic peak with a
~T

m
.. of 153°C. A rerun of the residue gave only a single endotherm ic

peak, with a ~ Tm.. of 153'C. The reported :nelting point of the hydrazone
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Transi:ion-temperature d~[erminatior.s for j:quid crystals ~av~ been .:he
subject of numeroLlS ~nvestigaticns iI.:' . 201. ~ot only can tne meltmg pomts
be dctermined. but also Ihe Equid--:rystai trar.sittons. One of the first such
determinations was that b~ HarraH <:t 3,1. \1::'.) on anisaldazine, whIch ,;;
illustrated in Figure 741. A stab!e.l:near heating rate is ncccssary.bccau~e ~
1'C sudden departure for E:leanty .;:an appear as a. "glass transitIOn POint
on the DTA curve. The two .:urves in Figure 741 illuslrate the use o! tem
perature-axis amplification in orde.r to separate closely spaced ;lea!':.s. In

Figure 7..;l). LJSC curves :1f~l1e. ~e."d\OIlor PFHC-me:l1allQl ir, open \,4 C\ and ...aled ampou~e:l

(D.£)t12'4).

j

I
I

derivative is 153°(. Similar examples, such as the reactions of triethylamine
with picric acid and dextrose with propylamine, were illustrated.

The method described is rapid and dynamic in nature, and requires that
(1) a specific reagent should form a derivative with the sample rapidly; (2)
the derivative so produced should show a discernible physical transition or a
characteristic DTA curve; (3) one reactant more volatile than the other
should be used in excess; (4) one reactant should serve as the solvent for the
other; and (5) a catalyst may be used.

A Diels-Alder diene synthesis, Llsing maleic anhydride and anthracene,
was carried out Uliing DTA by Harmelin et al. (26). This technique permits
the determination of the temperature at which reaction occurs, the melting
point of the adduct formed, and the decomposition of the adduct.

Chiu (234), using the sealed ampoule sample holder (microreactor)
described in Chapter 6, studied a number of organic compounds and their
reactions. The reaction between an unsaturated perfluorocarbon (PFHC) and
methanol to form a perfluoroether is illustrated tn Figure 7.40. A weighed
amount ofmethanol was placed in the ampoule and then various amounts of
PFHC were added using a metering device. The reaction occurred exother
mically (curve D) in the temperature range from -50 to 90°C. Using DSC, the
6H of the reaction was determined to be about \26 kJjmole in a ten-fold
excess of methanol. GC was used to analY-l.e the contents of the ampoule
at the end of the reaction.

Using sealed-tube sample holders, Santoro and co-workers (32-35)
investigated a wide variety of organic reactions. Examples arc the cis -+ trans
isomerization of stilbene and oleic acid, polymerization of styrene, Diels
Alder reactions, and others. t:nstable intermediates in an organic reaction
have been detected using DTA techniques by Koch (36). If a solution of an
unstable compound is heated, temperature changes characteristic of reactions
of the intermediate can be detected. Conversely, the absence of thermal
effects indicates that no unstable product is present.

The determination of the relative purity of an organic compound by DTA
and DSC methods will be discussed in Chapter \ O. Most of the analytical
methods are based oIl the DSC technique. although DTA may also be used.

Transition temperatures for a series of cholesteryl esters (13) are shown in
Table 7.22. These temperatures are compared with those obtained by Gray
\211. Temperatures observed by DTA endothermic peak minima agree to
within::: 1· with those observed visually. The absolute accuracies of the
temperatures determined was ±0.1 0 in all cases. while the reproducibility
was ±0.05"C for an individual sample on successive remeltings.

Heats of transition for liquid crystals have been determined by a number
of investigators \14-\6). These heats of transition are very small, ranging
from 0.5 to 1.8 caljg in most cases.
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(A), the temperature span is 0 to 280c C, while ir. (B) it is from 135.80 to
183,34°C. The temperature scale in (B) was amplified about eight times over
that in (A). Amplification of up to 1000 times:n any 30W interval waspossibie
in the temperature range from -100 to 5OO°C.

Other reviews of DSC and DTA investigations of liquid crystals are by
Gray (247). Brennan and Gray (248) and others.

DSC has been applied to numerous problems in pharmaceutical science. a
representative list of which is presented in Table 7.23.

Radecki and Wesolowski (268) determined the compositions of 117 phar
maceutical preparations using DTA and TG. They included powders. dusting
powders, capsules. granulates, tablets, suppositories. ointments, and others.
(See also Chapter 4.)

DSC can be used to "fingerprint" sodium penicillins allhough Tomassetti
et al. (269) state that it was :mpossible to identify melting processes. ~ine

sodium penicillins were examined by DSC, as shown in Figure 7.42. The
DSC curves contained mostly exothermic peaks. as expected. whose orig::1
was not discussed due to the reaction complexity.

Khattab (270) investigated the Ihermal behavior, using DSC, of phenacetin.
cholestC'rol myristatc. sulfathiazole, sulfadiazine. sulfadimcthyloxazole.
sulfamcfa7ine. and sUifadimidine. The DSC curve of sl1lfathiazole is illu
strated In Figure 7.43. This dr\.lg had two endothermic curve peaks with peak.
temperatures of 166.4 and 2oo.2°C, respectively. It was observed that the
first peak is composed of three stages, the main reaction is the middle one.
Calculations of the heat of reaction gave 8.93 id/mole for :he first peak and
24. I kJ!:Dole for the second peak. The purity of :his compound could no[ be

Gray"

C I

(60.5) 97.5
(94.5) 116.5
102 116
(95.5) 114
80.5 92
85.5 92.5
81 865

779 83
(79.5) 83

s

«92.5)
(77.5)

(81.5)
71

(78.5)
(75.5)

Table 7.22. Transition Temperatures for Cholesteryl esters (13)

N D
<l
o
."
<::....

'S ~ ~lllectic; .C = cholesteric; I = isotropic liquid; 'I, ~ towest transitioll'
To :-' :nlermedlate .traI\silion; TJ = transition to isotropic :iquid; parCDthese~
mdlcate :noDotroplc metastable transition.

DTA'
Cholesteryl -----

Ester T, To 7j

Formate 97.3
A~ctale 44 81 -87 118.4
n-Propionate 99:: 1 IIO? 1153
Il-Heptylatc 114.1
n-Nona:1oate 74.0 80.8 93.0
n-Decanoate 85.7 91.2
Myristate 73.6 79.7 85.5
Palmitate 79.7
Stearate 85.•

.... 0
<l
o

'"<::....

"'0 ...
... "'..,
~O:"'"1
:: _Xl ""_

a. tS" C'B;;--------'-~=-'----'--..L...l _
US.Be 168S8

Sa'Tlp'. Temp. ·c
Figure 7.4;. OTA Curves of arllsaidaz (I 'J I ' .
point. C~rves..t and Bat L\ T.", a~5"C _Inc. .-;.' '~":on pOInt. 2. Ij~Jld crystal ;'ansilion
mY pc, 8 :n_ . . - I .n.. Till cur_e.4 ..., 1 mY per 10.; T,~ curve 8 = :

.1.

f

Tahle 7.23. Applicatioll.'! or usc to
Pharmaceutical Prohlems

Application

Melting pom:s
Purity dcter:nir.at'Qn by :nclt:ng ;Jo;nt
Polymorphism
Moisture determinution
Drug-cxeipienl interac::o:ls
Determination of inorgamcs
C:imatic stability
Shelf-life

-l13
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Figure 7.43. DSC curve of sulfathiazole. Heatin~ raJe of 10"C min- L on a sample SIze of
5.11 mg (nO).

Table 7.24. DSC Datlll lIII SalfOllBlJlide!l (270)

First Reactlon s.:cond Reaerion
Purity

Ternp_l'C) Heat of Temp.I'C) Heat of by DSC
r=;oll Reaction .'l4elhod

SflITIple Scart Peak (kJ mole-'I Start Peak \kJ mole-') (mole%)

Sulfathiazole 15.3 166.4 8.93 Ig5 100.2 2·U
Sulfadlazme 248.0 257.0 43.}{)
sulfadirnethyloxazole 170.0 1950 17.~S 201 208 1l.6
Sulfamerazine ~9.2 233.2 45.SO 99.81
Sulfadirnidine !80.0 195.4 .\4.1lO 98.16

-----

treatment of gastric and duodenal ulcers.. gastritis. and mineral deficiencies.
The advanlages of these analyses is the eliminalion of time-consuming
separalion of Ihe active components from the vehicles or additives. The
disadvantage of the method is that it cannot be used for the determination of
active components that have no distinct rherma! decomposition stages. Dr
which constitute less than 10% of the lotal contenls. II is ll:SO difficult to

analyze a samplf: for two or more acti\'e components.
Kuhnert-Brandstatter and Pro1l127::l used DSC and EGA :0 sludy: (;)

single-stage and multistage desoivation {dehydration) reactions; (2) de
solvation to a hydrate oflower water content and with subsequent congrLlent

~.,

I ,"-~"'-J _ . I

I~-~

I

:~\
I '.~.~__
sa loa 150 2CC 250 3CO 350 40C 4sa 50C'~

figure 7.42: ,. DSC curve~ ~f sodium penic!llins, Healing ra:e of 10°C min-! in oxygen. a.
benzylpenlclh:n. b. ampiCIllin. c. arnoxyciilin: d. epici::in: e. ca;benicdlin; J: melhic:l!i::. y.
o~aclilln : h. c:oxaci:1in; i, dic:oxaci::in (270). .

determined by DSC because of the presence of more rhan one crystal form
and the fa~t that the fusion peak (second peak) is followed immedi~te!y by an
exothermIC decomposition peak. A summary of Inc DSC dala on Ihe
sulfonamldes is given in Table 7.24.

We~olowski (~71) used DTAjDSC and other TA :cchniques to determine
the actlv~ Ingredient, both qualitatively and quantitulively, in pharmaceutical
preparations containing ami-inflammatory agents and formulations used for
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,loa100 2CC 30e
rerT'~)erarJre, ,;c

Fig'Jre 7.45. DSC c"rv"~ of methaqualone (29}1. u, Ma;:drn.,. h. Qutl:iluce [Mc~ical. <'.

Quiiiilude Rore: 7141CSAl: d. Sopar. Samp:e ;17.es were 3.:'.-3.6 mg

this technique could be used to identify the source of the commercial prepara
t10ns of this drug. The DSC curves of four sampl~ are shown in Figure 7.45.
The curves for the first three samples were almost identical, whereas the
fourth possessed an entirely differen t ~"llrve, indicating a different composition
in the filler or binder material. As can be seen in curves A-C, all t..1:I:-ee con
tained a narrow endothermic peak with a I1Tmin of 115'·C, a broad endother
mic peak with a 11 Tmin of about 210°C, and then another broad peak or peaks
with allTmin of about 375"C. The first endothermic peak is due to the fusion

Senl. ;>0' ::/'~.
~T D.E" C/in.

1· ,~. ~

A:m '\j~

-=tate 70Cl CJr"!ln

A: Before dry,ng
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CoO II '10 ~OHOO~C'"
I O~ ~'3 I
~------ I

I TI":amc:;n(;I:J~E!
( dlaC{lta:e

I ----=~--

I
.:or I

fusion; and (3) single fusion as a hydrate. Examples of (1) are alpha-aceto
aminocinnamic acid'2H zO, 4,4-bipyridyl'2HzO, aceclidine hydrochlo:ide
H 2 0, terpine hydrate, D( + )-trehalose·2HzO, and ~a2dimethylglyoxime

8HzO. For (2), examples studied were ethyl morphine BCI'2I1 z0, and
codeine IICI-211 20; and for (3), pecazine BCI'2E 20, and cyproheptadine
HC1'H 20 (273).

The DTA curves ofa number of pharmaceutical compounds have been
described by Brancone and Ferrari (9) in which qualitative information con
cerning purity, solvation, structural configuration, and polymorphism were
obtained. The DTA curve of triamcinolone diacetate (9), as shown in figure
7,44. 'aided in the establishment of its proper drying temperature. The solvent
peaks at 111;n;" of 142 and 166'C, respectively, disappear on drying.

For routine drug-excipient interaction studies. DSC and an isothermal
stress test are normally employed. According to van Dooren (274), DSC
curve~ are difficult to evaluate and positive conclusions are rarely obtained;
thus, the latter test is still necessary. Van Dooren claims that numerous
considerations must be made before a positive iden tification ofdrug-excipient
interaction by DSC can be made.

The DSC curves of methaqualone, 2-methyl-3-o-tolyl-4-(3H)-quinazolin
one, were investigated by Warkentin et aL (292) to determine whether or not
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Figure 7.47. Applieat:ons or DTA and DSC;o jlOly,,'ers.
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DTA and DSC instruments were developed mainly for use in polymer
measurements.

The DTA curve in Figure 7.46 illustrates bow the various thermal pre
cesses appear on a DTA curve (145). In actuai practice. however, all these
transitions arc not so well defined on the same curve-It is necessary to make
slight variations in procedure in order to show the t.ransition of particular
interest to best advantage. For example, oxidation is ::neasured on a sample
of smaller than nonnal size, and the run is carried out in the presence of
either oxygen or air. For other measurements. nitrogen or low pressures
are normally employed. The DTA or DSC equipment must be designed for

I, Thermal slabi.llY

~
O)tidatian I
rea-ction

.,'

DecOfTlocsiticn

'110
oxidation

Perhaps the greatest number of applications of DTA and DSC in recent
year:: has been in the area of polymeric materials. These two techniques are
routlnely used to measure glass transition temperatures, Tg; melting points,
:"'; degree of crystallinity; heats of fusion and/or crystallization; decomposi
tion temperatures; and numerous other parameters. Several commercial

Temperawre

Figure 7.46. Scnemut,e DTA cu:-;e of a typica: poiymer 1145).

J. APPLJCA110:"/8 TO POLYMERS

of the. m~thaqualone (mp 114°C), the second is caused by its subsequent
vaporization and/or decomposition, whereas the third region in the curve is
due to the decomposition of the filler or binder material. L:nfortunarely.
DSC could not be used to establish unequivOl..:ally the country of manu
facture of the methaqualone.

Wendlan~t and co-worker:; used DSC and TG to characterize analgesics
(293), antacIds (294), and nonprescription vitamin preparations (295) (see
Chapter 4).
. Other applications of DSC and other TA techniques to the pharmaceutical
In,dustry. include ~hysico-chemical interactions (275), polymorphism in
trIglyceride SUppository formulations (276); drug-excipient inreractions (277),
and many more. Reviews of the applications of DTAjDSC and different
techniques to pharmaceuticals include those by Brennan (27B), Daly (279),
and others (280).
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thermic peaks in the 300 4OO°C region. These peaks were believec. to be
due to the isomerization of the epoxy group to carbonyl groups (aldehydes
for primary epoxides and ketones for secondary epoxides). The appearance of
vapors in the tubes indicated that volatilization and decomposition also
occurred simultaneously with isomerization and polymer:zation. Tr.e [ndo
isomer showed an endolhermic peak because of the heat absorbed by volatil
ization. and decomposition masked a.ny heat resulting :rorn the slowe~ rate
of isomerizalion and etherification polymerization of its epoxy groups. The
peak at 6. YOl,n of \ 84-C corresponded to the melting po:nt of the Endo

isomer.
When the preceding three cpoxides were mLxed wilh the catalySIS (maleic

anhydride or m-phenylencdiamine), except for the AG-13E.'CI and CC Endo
:somer/CL, all the mixtures ~xr.ibiled two exothermic peaks and only one

25:) 120 240 360 48C 600 720
Temperalure ot sa""ple, 'C

Figure 7.49, DTA curves or ca:aiyzed and uncataiyzed epoxides. ~A ,s male:c a;lhydnde:

CL is rn-"hecyJenedia:nine; hea:; ng rate or :.5°C r::dn - , I: 62~.

PTFE

Temp,:C

DTA OJrve of a $even-comp0:lenl ,,'Jlymer mi""rc : :5-11.
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programmed cooling so that the crystallizalion temperature on cooling can
be measured.

The applications of these two techniques are schematically shown in Figure
7.47. Excellent reviews on thesc applications are given in books by Ke (146),
Slade and Jenkins (147), Schwenker (148), Porter and Johnson (149, 150),
Reich and Stivala (151), Schwenker and Gam (152), and others, and review
articles by Murphy (5-8, 153) and numerous others.

The identification of polymer blends is illustrated by the DTA curve in
Figure 7.48. Chiu (154) studied a physical mixture of seven commercial
polymers: high-pressure polyethylene (HPEE), low-pressure polyethylene
(LPPE), polypropylene (PP), polyoxymethylene (POM), :-Iylon 6, :-Iylon 66,
and polytetrafluoroethylene (PTFE). Each component shows its own char
acteristic melting endothermic peak, at 108, 127,165,174,220,257, and 340°C,
respectively. Polytetrafluoroethylene also has a low-temperature crystalline
transition at about 20°C. The unique ability of DTA to identify this polymer
mixture is exceeded by the fact that only 8 mg of sample was employed in
the determination.

Anderson (162) studied the DTA of six different epoxides, both reacted
and un reacted, with various amines and anhydride polymerizing agents.
The samples, varying in mass from I to 3 g, were intimately mixed with equal
amounts of aluminum oxide. After the mixture was placed in the sample tube,
the tube was weighed before and after the heating cycle so that the loss in
mass of the sample could be obtained.

The DTA curves of three catalyzed and un catalyzed epoxides are given in
Figure 7.49. The epoxides studied were Epon 1310 [tetraglycidyl ether or
letrakis (hydroxphenyl)ethane], Diepoxide AG·13E (bis-epoxydicyclopentyl
ether or ethyleneglycol), and CC Endo isomer (dicyclopentadiene dioxide).
All the uncatalyzed epoxides. except the LIe Endo isomers. exhibited exo-
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endothermic peak. 1bis lalter peak corresponded 10 Ihe boiling points and/or
decomposition points of both the epoxide and the catalyst.

The DTA curves obtained on the previous system may be used confidently
as a characterization index. This technique offers unique advantages over
other instrumental methods, especially Ihose involving insoluble and
amorphous crosslinked epoxy systems which exhibit diffuse X-ray patterns
and which, because of their inherent intractable physical state, do not give
reproducible infrared spe>:tra.

Murphy et al. (163) studied the DTA ofVibrin 135 resins, the results of
which are shown in Figure 7.50. Three samples of resin were studied; two
of them contained 2% rert-butylperbenzoatc catalyst, the other 0.5%.
Each calalyst-resin mixture was then heated (cured) for a definite period of
time. The DTA curves in (1) and (2) showed that two low-temperature exo
thermic peaks were observed, with ~1;"." values of 150 and 180°C, respec
tively. This first peak was missing from the post-baked (180°C for 24 hours)
sample, although the 320°C peak was found in all three curves. The presence

fj

Ii.

Figure 7,50, DTAcurves(lfVibri~ 135 ~esl~;;~:63),

429
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depolymerization reaction_ It is obvious that the thermal degrada tion mecr.
arlisms are different for the air and nitrogen atmospheres.

In the DTA curves for neoprene W. both curves exhibited an exothcrmi:
peak with a ~ 7:"in of aboul 37TC. This peak was altributcd to the climinatiol
of Ilel and the cross-linking of the residue,
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of the low-temperature exothermic peak was attributed to the further
polymerization of the undercured resin. especially the poiyester portion of
the resin. The high-temperature exothermic peak was caused by the curing
of the triallyl cyanurate por!ion of the resin.

Murphy et al. (164) further demonstrated the effect of different catalysts
on the curing of Vibrin 135 resin by a DTA method. The catalyst. be::zoyl
peroxide. effected the most complete cure for the resin.

The technique of DTA has been used by Clampitt (1651 for the estimation
of the linear content of polyethylene blends. The DTA curves for several
polyethylene blends are given in Figure 7.5L

Careful examination of the unannealed polyethylene sample curve
indicated a peak with a i\ T"'ir. of 134T, and also a shoulder peak. On anneal
ing the sample 30 min at 120'C, the shoulder peak was resolved into two
peaks, with ~1;nin values of 115 and I24"C, respectively. When the preceding
annealing procedure was used, varying the percentage of the linear content of
the samples, the DTA curves in Figure 7.51 were obtained. The curves con
tained endothermrc peaks with ~ Tm;n values of 115, 114. and 134cC,
respectively. For the pure components, however, only one peak was obtained
with high-pressure polyethylene, with a ~Tm;n of IIDce peak decreased and
the area under the 134"C peak increased as the amount of linear polymer
increased. The 115"C peak was associated with the presence of crystals of
high-pressure polyethylene, while the 134°C peak presumably was due to
crystals of linear content.

Schwenker and Beck (11J6) studied by DTA the thermal degradation of
polymeric materials used in textile manufacturing in air and nitrogen atmo
spheres. The polymers studied were dacmn, nylon 66, neoprene W, and orIon.
From the results obtained, the reactions. such as rearrangements. cross
linking, and depolymerizarion raking place in the polymers on thermal
degradation can be detected and identified. DTA can detect relatively small
changes in polymer composit:on or the presence of substituenrs on the
polymer backbone. as wei! as prove quite vaiuable for thermal degradation
mechanism studies.

T!Je DTA curves of nylon 66 fabric and neoprene W. in air and in nitro
gen. are given in Figure 7.52.

At about lOO'C. a weak endothermic peak due to the LOss of sorbed w;J.tcr
was observed in the nylorr 66 curve. In air there was an exothermic reaction
initiating at about 185°C and forming a smail endothermic peak at a ~ T.",., of
about 250"c' the latter being caused by the fusion of the polymer (mp about
255"(:). In nitrogen. the exothermic peaks were not pre:>cr:t. suggesting that
the air reactions were due ro an oxidation reaction. The two endOfhermic
peaks in the nitrogen curve were due to the fusion of the polymer and to :he

.1
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Table 1.25. Degr~ of Crystallinity of Polyethylenes
(167)

The melting points and degree of crystallbity of a ;'lumber of poiyolefins
have been studied by OTA by Ke (167). Five poiyo;efir. OTA eurves are
givell in Figure 7.53.

From the curves. the peak maximum tempera:ure. tJ. T"'in. was used :or the
determination of the polymer meting point. Results obtained by OT.-\
were within -z:: 1'C of the reported literature values, although several of ~hem
had a IS'C melti:Jg-point range, as indicated by the distance between :he
initial departure from the baseline and the peak. Isotactic polypropylene
gave a somewhat broader endothermic peak at tJ. T""n of 169°C. 1:1e end
point of the transition was somewhere ':Jeyond the peak at a point not knov.L1
exactly.

Ke (167) also determined the OTA curve of mixtures of polyolefins ar.d
found that the components could be identified if the melting points \'''cre
sufficielllly far apart The peak area were proportional to the amount of each
component present in the mixture.

The degree of crystallinity of polyethylenes was calculated by comparing
the area of the respective endothermtc peak with the double peak of dotria
contane. The eurve contains two peaks, the first of which is due to a chain
rotational transition a few degrees below the melting point. Thl: resulting
degree-of-crystallinity values agreed well with the lit~raturevalues, as sho ....L1
in Table 7.25.

The effect of dilucnts on the melting behavior of polyethylenes has also
been studied by Ke (168). A comparison between the :nclting transitions of
solution and melt-crystallized polyethyiene has been made. The measure
ment of the melting tind second-order transitions of polyethylene tereph
thalate by OTA has been studied by Scott (169). Rudin et a1. (170) measured
the oxidation resistance of var:ous polymers and rubbers by a OTA rr:.et~od.

A comparison of :he melting and freezing curves before and after oxidation
provided ,he incicat:on of the e;>l.ter,t ~o which the polyrr:.er had been darr:.
aged ur oxidiled.'.
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Fig:ue 7.54. DTA c" ......e< of wme po:yadipa;n:des and po~ysebacamid""(\ 7).
Fisure 7,55. DTA C'Jrves 111 biphe~yl. a. r.olt
irradlDLed. 1,. irradiaLed: "nJ ,'. irradiated versus

nor.irr~dialcdsamples I: nl.
400
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The meiting and glass transitions in commercial ~ylons and both homo
and copolyarnides prepared by interfacial polycondensation have been
studied by DTA by Ke and Sisko (171). The DTA curves for a number of
the polyadipamides and polysebacamides are given in Figure 7.54.

The polyadipamides were made from diamines comaining both even and
odd numbers of carbon atoms and the polysebacamides from diamines
containing an even number of carbon atoms. All curves exhibited a peak
caused by the melting of the polymer, the melting point of which decreased
wirh an increase in the number of carbon atoms in the diamine chain.

The application of DTA to the detection of changes induced in biphenyl,
polyvinyll.:hloride, Teflon, and Versalube F-50 has been reported by ~urphy

and Hill (i72). The curves for biphenyl and irradiated biphenyl are shown in
Figure 7.55.

The nonirradiated sample gave a curve with two endothermic peaks which
were caused by the fusion (70°C peak) and volatilv.ation (175'C peak) of the
compound. The irradiated sample gave the first two peaks, as well as an
cxothennic peak at about 370cC. The melting peak occurred at a slightly
lower temperature. It was assumed that the 370°C exothermic peak was
caused by air oxidation of the nonvolatile, radiation-induced biphenyl
polymer remaining in the sample holder after volatilization oflow-molecular
weight materials. The lowering of the melting point was also caused by the
irradiation of tlie sample. Similar results were noted for polyvinyl chloride
samples. It was noted that by proper selection of materials on the basis of
the relationship of peak area to radiation dose, DTA might be applied to
dosimetry OVer a wide range of energy levels.
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where.'( is the weight fraction at any temperature, W'f is the heat of fusion
of the perfectly crystalline sample, and t\Hl,l iind DoH.(l.ll are the heats of
fusion of the sample and amorphouse material. respectively. From the curve.
AR1 . l is area ACDEF, DoHaI2 • 1) [s area ABEF, and the difference is BCDG.
~ote that the correct baseline under the peak is the extrapolation of the
r~orded baseline from above the final melting point. 1t should not be drawn
tangent to the pre- and postmelting lines, as is the common practice. Other
procedures have been discussed by Bray (155, 156) for determining the values
of the curve areas, extrapola.tion procedures. and so on. A computer program
was also developed to aid in the crystallinity calculations.

Another method for the determinalion of polymer c
discussed by Duswail (159). It is based on the aMity at I:

cool a molten sample rapidly and reproducibly to a rcsele
where isothermal crystallization is allowed to occur. A I,

lization curves for polyethylene obtained isother.nally a
crystallizat:on temperatures are shown in Figure 7.57. Diff
crystallizability that may be caused by bral1rohing, nuc1ef!
weight effects can be observed. The sensitivitv ~!1d sneed n
pellet-to-pellet variations in a lot ofpalyrr,_ -

The quantitalive measurement of the effect of annp.,
chloride) near the glass transition temperature was dp.~c·

McKinney (160). The method is based on the use of
of the polymer as the reference material; the DSC curvr
the difference in heat energy between the sample and tr.
By this technique it is possible to meaSUff; small enerITV
the usual procedure appear as minor inflecrions on thf'

or as irregularities prior [0 the start c.__ ~-

Activation energies for styrene polymerization wert'> r
method by Hoyer et al. (l61). The DTA curve for tl

polymerizat:on of pure styrene consists of a singk e

sponding to the onset of polymerization :ll 140
0 r ..

An E of 21.3 == 0.6 kcallmole was cak --
The oxidative stabiEty of polycthylen~hH" hef'n rr

Wendlandt (197), Charslcy and Dunn (19?, 1QQ). ~T1'\ ,

most common measurements of the oxidative ",,,hI;

is the oxidative induction time (orT) utilizing Dsr T1

119'C

.~PPLlCATIOSSTO POLYYlERS
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A common application of DSC is the determinatton of the weight fraction
of crystalline material :n semicrystaJline polymers. The method is based
on the measurement of the polymer sample's heat of fusion, DoH f . and the
plausible assumptiun that this quanlity is proportional to the crystalline
content. If by some process of extrapolation the heat of fusion. DoHy, of a
hypothetical lOO% crystalline sample is known, then the weight fract:on of
crystallinity is DoH flDoHj (155), The determination of polymer crystallinity
has been ~eviewed by Gray (156) and Dole (157. 158).

Thus, the crystallinity of a polymer sample can be determined by measur
ing the total energy absorbed by the sample per gram and subtracting the
amount of energy which would be absorbed by one gram of totally amor
phous sample in the same temperature interval, and then dividing by the heat
or fusion of r g of a perfectly crystalline sample. The DSC dam obtained for a
semicrystaJlinc polymer are shown in Figure 7.56. llse is made of the equation

T ------*
FJg~re 7.56. TYP:cul DSC polymer melt;~g curve and ;n,L:Clmentltl bu,elll~~: :561.

·7"irTJe-

Fi¥:un: !.5 i \~\~~ne":nU." try.;,:a\li1..1~·I\WI ~\.:r\~S '\·,t p·,,\~t~'~~~ ~n~; ~ ~q).
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oxidative stability of a resin is the onset temperatun: of the oxidation exo
:herm obtained from a standard scanning mode DSC curve of the sample,
in an oxygen atmosphere. This technique oITers the advantage of shorter
analysis times for weli-st<ibiJized resins. whereas the effect of the antioxidant
would be very persistent during the isothermal test. ·Ibe DSC curves obtained
for the standard poiyethylene samples are shown in Figure 7.59. The onset
temperatures oi the e:wthermic peaks for these samples vary directly wit!"!
the antioxidam concentrations in a relatively linear manner. Modification of
such results :0 specific conditions for a particular resin is sometimes more
difficult for this procedure than for the isothermal OIT procedure.

DSC is widely used, along with other TA techniques. to measure the glass
transition. TG. of polymers. This measurement 'Jsing the DSC technique is
illustrared in Figure 7,60(201). The TG is taken as the midpoint in the curve as
measured from Ihe e;r.tensions of the pre- and posttransition baselines. The
choice is somewhat arbitrary in that some investigators take the TG as the
first evidence of the displacement of the DSC curve from :he pre transition
baseline.

The DSC determi:Jation of many polymers has been described by nu
merous studies: illustrative examples are those for plasticizers such as di
oetyl phthalate :0 polYlvinyl chloride) !202\: brominated bisphenol A resin
(203); cured epoxy resin {204); polystyrene (205): and others.

,>
,I·

A
;>'

.~

d

of :he test procedure that may be followed for this determination but all of
Ihem include determination of the time for which a sample is stable in an
oxygen atmosphere. at an elevated temperature (197). Basically, the pro
cedure selected for this study required heating the sample from so"e 10

2QOoC at a rate of 320'Cjmin in a dynamic oxygen atmosphere with a flow
rate of 50 cmJ/min 1 and then switching to the isothermal mode, The strip
chart recorder used to receive the DsC output was activated immediately
upon switching the instrument to the isolhermal mode. The resulting DSC
trace was characterized by a brief period during which thermal equilibrium
was established followed by a flat, stable baseline during the iSothermal
interval until the oxidation chain reaction commenced to produce an exo
thermo The residence time of the resin at 2QOoC prior to the onset of the exo
therm is referred to as the oxidative induction time. Thus, this test has been
interpreted as a titration of the surface antioxidant with oxygen gas using
the DSC as a thermal indicator. Polyethylene samples containing various
amounts of antioxidant additives are compared with each other using the
OIT technique in Figure 7.58. The unstabilized resin failed to establish a
baseline and exhibited immediate exothermicity. The induction time
generally increased as the antioxidant concentration increased for the
stabilized samples, as expected.

Another DSC measurement commonly used to judge the thermal or

5 :0 ;,5
i75 28C 22:;

errocra:.l(e 'c
?50

Figure 7:58. Oxida(:ve md'Jc!lOn :,me (otT) Curves for pOlyethylene s~"'p·.es cor.la;:lIng [a)

~o stabIlizer, (bl 0.005%. (e) 0.02%.1<11 0.05% lrg.nox 1010 measured 'y DSL'. Sample weights
wece 5 = I mg (197).

Figure '1.5~ DSC curve, ror Po',yclhyle~e ",·it:; ;ul no 'Iab,::ze,. Ihl il.()O~X,. I, I ~.~12%. 1.1)
0.05" . lr;aano, 1:J1 11 Inn Jy nam ic "'~gen "I t'lll,;:>he,e wil h II heall ng Cale "r', n C nHr. . Sample
we,gh{~ .""e j =: ':1[Z l19~~.
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Figure 7.61. DSC curve ore:uslered wale,:n ;Jolye:hylene 1:0~).
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where t\H. ;s the heat of transition in mi:lijoules. It! is ,he sample mass in
mil1igram~: and All f is the heat of fusion of water (340.6 J g). The I:?SC
method is rapid and accurate. and measures only the clustered water since
the sorbed water does not freeze when the llolymer's temperature IS lowered
below the freezing point of water. Water in rhe dusters. however. can form
sulT1cient '::londs with other water :nolecules ,0 form ice crystals when the
remperature is lowered sufficiently.

The use of DSC ar.d other TA techniques in assessment of polymer f1am
mabiliry has been discussed by CllJlis a:Jd H;:-schler I~: OJ. Haines et a1. i211),
and m~1ny oth~rs. DSC cunnot. however. accurately represent the very com
plex process of polymer l:Ombustion. There :s no corr~lat.lO:1 between. ~h~
inflam:nability of different tJrgan:c polymers a:ld their tnermai stabl.ltt)',
even if rhe latter property is repn:se:1ted by an ;:nproved parameter sucn as
the temperatllre at whieh r%of the polymer has decDmpos~d [210). The

7.61. the amount oi warer in the clusters. C, is equal to

~

I
l
I
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Figure 7.60. \1easure:ne:l1 ofT, :rom :he DSC: .:urve :::01).
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nsc is widely used to predict the potentiaJ explosive hazard of materia,s
in an ASTM method. The basis of the method, developed by Committee
E '2.7, is the determination of the reac;tion kinetics using Ozawa's procedure
(2061. Ozawa employs a plot of the fogarirhm of rhe DSC heating rate versus
the peak maxima tempern:ures; E. Z. k. and r can be calculated from this
plOL The AST~ method hus been 'Jsed to evaluate the t~crmal stub:iity of
lrinitrotoluene l~O7). nitrocel~ulose (208\. and many ot~cr substances.

The determination of dU:itercd water ilnd water :nolccule clusters \r;}ppcd
in polyethylene have been described by Baker (209\. Thi.> warer has been
rdated to a loss in the didectrlt properties of polyethylene used in a sub
marine cable COre. When DSC is employed. as shown by ~he C;Jrve in Figure
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Tin mcali'C min: .\1 is the sample mass in mg: and a is the heating rate in
uC/min. The (C!'J31- oi :I-alumina found was 0.279 mcal/mg.

DTA and DSC can be used to con,truct simple phase diagrams, as shown
by the naphtbalen~·beIlLoicacid phase diagram in Figure 7.63.

An eutectic :nelting point is formed at a 50 -50 mixture of the two com
ponents. The phase diagram was constructed from the melting endothermic
peaks of the ~arious :nixtures, also shown in Figure 7.63. The :netting tem
peratures in the phase diagram are the extrapolated temperatures for the
onset of the rndting (174, 175).

Vapor-pressure and heat-of-vaporization measurements are easily carried
out using DT;\ t1761 or DSC (99, 97) techniques, The heat of vaporization
and heat of mixing of variou, organic liquids were obtained using DSC
(97) by a small modifIcation of the sample holdt:r. The metallic cover on the
holder was replaced by a glass cover with a glass tube at its center, This
glass tube was designed to hold a microsyringe which contained the liquid
sample. By this device. :iquid sample could be added to the sample holder
without any disturbance of the system temperature.

The Curves :Or the endothermic mixing of be:lzene-ethanol obtained by
operating the DSC cell isothermally are shown in Figure 7.64. Successive
amounts of:'·-J. pI of ethanol were added to 4.{) pI of benzene contained in the
sample: the higher the .:thanol concentration in the benzene is, the 5maller
will be the heat llfmixing for the addition of the same quantity ufethano!. The
molar heats oi ml." ing..

where 11, and IJ! are moles of ethanol and benzene. respectively, are plotted
in figure 7.65...\greement with previously reported values appears to be
satisfactory.

A similar procedure was USf.,'C! (97) to determine the heat of vaporization
of a liquid organic sample. The sample was added to the sample cell by
means of the microsyringe and the ;;urve area is proportional to the heat of
vaporization. The relative standard deviation obtained for live determina
tions of the heat of vaporization of benzene was about =2%. This method
cannot be used to de~ermine llH, at the boiling point of the sample. however.
Boiling point va;ues can be obtained by extrapolation procedures.

Heats of sublimation Can also be obtained by the DSC technique {S61.
Samples were placed in aluminum pans and the space between the bottom and
the domed aluminum cover was lilled with powdered aluminum. The cover
contained a small hole to permit evolved gases 10 escape. For hL:Jt-of~fusion

measurements. the cover did not have a hoi.: in it. Results of Ihese measure
ments are iilus:rated In Table 7.26.

(7.20)
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technique can be useful, however, for evaluating the effects of an additive
on the polymer substrate.

DSC and DTA have been widely used to study a wide variety of polymer
substances. Among them are rubber (212); molding resins (113); printed
circuit boards (214,215); fiber systems (216); polymer films (217); engineering
thermoplastics (218); and others.

ATbliM~1
---------~--------

l~TX

.l ct.:.nr.:nat:o~curves of ,-a:~mir.a(: 73). IC,) \,1 =D279.11Cn.img.

.)T is the specific heat at temperature T; 6. T. is the absolute differen
,erature for sample in °C; 117hlonk is the absolute differential tempera
:moty container; £T is the calibration coefficient at temperature

The specific heat of a substance can be determined conveniently and rapidly
using the techniques of DTA and DSC (173, 88). The method (173) is illu
strated by the DuPont DSC curves for ~-alumina. as given in Figure 7.62.
A curve for the empty sample container is flrst run, as indicated by the upper
curve. The sample is then placed in the sample container and its curve
recorded, using the same instrument adjustments. The relationship between
the "blank" (empty container) and the "sample" (empty container plus

, '. then is
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. dQ1;r, = 0.1 mcal/!'ec

A sharp break in the curve corresponded to a point on the coexistence curVe:.
The temperature corresponding to the coexistence point was determined as L

function of increasing sample volume until a constant temperature (critica
temperature) was achieved. The average deviation from literature value~

for compounds studied was =0,1 6·'C.
Curie point temperatures can also be detcrmined by DTA and DS'

tec!miques. As :llustrated in Figure 7.66. the specilk heat of nickel, incrcase_
gradually up to the Curie point at 357'C. making a sudden change at thi~

point. The sample size used was 75 mg.
Williams and Chamberland (140) discussed the application of DSC to the

determination of Curic temperatures of :erromagne:ic materials and r-;ee
temperatures of antiierromagnetic and ferrimagnetic materials.

One of the more recent and interesting applications of D1'A and DSC is If

problems in archaeology. Pope (249) and Bayer and Wiedemann (250) ha\"
reviewed the many investigations that have been made to datc. These studie:
have been concerned with applications to medieval glass, Egyptian papyru:.
sands and clays found at archaeological sites, :"labatean pottery, Egyptiar.
pigments, ancient wax binders in paint pigments, and others. One examp!
of these studies is illustrated by the DTA curves of pressed and beaten papyru,
sheets. as illustrated in Figure 7,67 (251). The difference between the·lignir.
peaks or the pressed and beaten papyri is caused by mechanical destructio[
of the material, which results in a lowering of the heat of combus(lon. Thr
small endothermic peak at 140"C is caused by the dehydration of caleiurr_
oxalate I-hydrate. This observation agrees with the well-known fact tha
sedge, reed, and papyrus contain oxalie aeid that can form calcium oxalat<
with calcium from the soil.

The use of DTA and DSC to study reactions in the formation of th~

pigment. Egyptian blue, have been previously discussed in Chapter 4 [252,
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Figure 7.68 DTA c,,:"Ye, of 1..,0' 25iO, g:,,,,, 01 ' C mill. (I) !ic.• ;>l1wdcc. ICI c,':

powaer: (:,) bU,k ,ample,: 1"1 nuc:ealed .ampies 1 :~:'
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DSC was used to eVl:lluate materials for I::llcnt h.:at thermal energy stor:..
The screening method. as described by TJbkashi et ai. 1257), is Qutlinea
Fig:Jfe 7.69. Relationships connected bv ;oi!d lines are usually investlga,
nrst. Among them arc data concerning temreratures of transition anci IUS).

and the latent heats invoived. Some 3000 ~hermodvnami(; data I,ave :1e
listed in order of temperature, as well as the ~romising latent heats and tnlr·
tlons. in the temperature range from lCXJ ~o \OfJO C and latent beat ra:1ge
200 kJ/kg for fusion and I<.Xl kJfkg for tr:m;n;on ,::58).
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·C

Figure 7.67. DTA curves of(a) pressed and lh) beater. papy:"", ;hee:s (2511.
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The surface and bulk crystallization ofLi~O'2SiO~glass has been stud;ed
by DTA by Marotta and co-workers (253-255). DTA curves of as-quenched
and nucleated Li~O'2SiO~ glasses are shown in Figure 7,68, whereas :he
peak temperatures and kinetics parameters are present~d in Table 7.27.
In fine and coarse powdered samples, surface nucleation :s dominant (large
peak) due to the high specific mrface area of the samples and the short time
of bulk nucleation. In Ihe bulk sample. the small number of bulk nuclei is
comparable with that of the surface nuclei due to the very low specinc area
of the sample, The DTA peak is thus narrower and shifJed toward higher
tempera:ures :han those of powdered glasses, After a :o::.g ::eat trellt:ne~t at
Ihe temperature of maximum nucleation rate, bulk nue~e3t:or. is dominant
in Ihe bulk sam pIe. These samples are comparable to the surface of~he coarse
powdered sample in which the DTA peaks are narrower and shifted toward
lower temperatures than those of the as-quenched samples. In the five pow
dered samples, tr.e shape and peak temperatures arc not changed by r.e:It
trealmenl.

The application of DTA lind TG to glass has been brie~y reviewed (2561.
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Q = as-quenched samples; :"l - nucleated sampies.
-r;, = DTA (YC mir. - ') peak temperature ("C).
E - activation energy lkcal mole-I); n - .lMA equation param
eter.

Promising materials for thermal energy storage include polyethylene
(257) and others listed in Table 7.28 (259).

The thermal properties of explosives and propellam compositions are
widely studied by DTA and DSC. Fauth (47) recorded Ihe DTA curves of
some hydrazine, guanidine and guanidinium picrates. styphnaH.:s. and
sulfates. The decomposition temperalures found were generally considerably
lower than those reported in the literature. Other picralcs. those with thal
lium. ammonium, tetramethylammonium, and tetraethylammonium. were
studied by Stammler (271. David (28) and Bohon (29) examined the thermal
behavior of explosives and propellants under various external pressures up

Work;rg :e"llperllt-Jre-- 7e."llperat~reot fl:sion or :ra~Slt Of'
bergy ce~s'ty . Heat of fuslcn O' trans'71cn

Pow" d,,,;"~ '''PO ~,".ge at !uSIC,n or transitlO~

Resoo~se ~o load' 3eravlor ot 'uSlon or :r"~SI:icr
I rcrrna, e~'ic.;cn::y /" ~ (Si.Jpc'-coo1mg or vrl.::r ficatIC.m'
Energy e'~ic:ency - -~:7 I-'eat trar,s'nr chilfaetn-I$\'cs

" Price
Mar"'actwrlrlg cos: -- -- Gesources
U'e ------- -- Volatlity
Reliability """"~__ ~:- ~he'mal stao. ty .
Sys:em safety '--- :;ompat'blli:y WI:h ccrta,,"er

~ .C"'Clty
React.v·ly (exp,aslan ar Ig~lt or)

Figure 7.69. Rela~ionsh:p betwee:1 Ihe performance of :he thennal energy ,:orage 'ys:eTr. and
[he "haracleristjcs of the materials (257).

APPLlCATIO:-;S OF DIFFERENTIAL THERMAL ANALYSIS

Table 7.27. DTA Peak Temperatures and Kinetics
Pliiameters COl" Li20 . 25102 Glass (253)

----

Q :->

Samples To E n T. E n

Fine powder 583 70 1.2 579 63 1.0
Coarse powder 620 61 1.0 609 72 2.7
Bulk 650 40 2.7 614 59 3.9

to 3000 psig using DTA. Heats of explosion and/or decorr.position were
determined. Decomposition of primary explosivc:s emplOYing a remotely
operated DTA cell was described by Graybush ct al. (30). .

The phase transit:ons and dissociation reactior.s of organic explOSIve
materials have been extensively investigated by DTA and DSC. Hall 140)

~,
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Table 7.28. Promising :vIaterials for Thermal Energy Storage in the Lower Temperature
Range (259)

Melting
Temp. Hea: of fusion

\1aterials ('C) (J gl ~J/=j)

C t ... ~ C'G paraffine 2 - 7 152 119'

C t l ~ C 15 paraffine 4 - 10 153 119"

Hydrocarbons I-decano! 5-7 206 171'

C ,... paraffine 2-5 ]65 127'

C15 paraffine 14 - 18 201 156'

Cathrate SOl'6H,O(>! alm) 7 247

compounds C.H6·0·17H2O 4.4 255

(CH,h:-.i"·IO!H,O 5.9 239

(C4H')4S'CHO,'32H,O 12.5 184-

(C...Ho)...="iCH lCO,' 32H 2O 15.1 209
Inorganic sait :'>Ia,SO... ·IOH,O.f.\;'aClj:->H"C 13 180

hydrates CaCl,·6H, O 29 180 301 b

:'>Ia,SO... ·IOH,O 32.4 J5~ 389b

:'>Ia,C03 'IOII,O 32.0 247 355b

"Ja,HP04 '12H,O 36 280 423'

Ca\NO')z'4H,O 43 1,~ 259'..-
:'>Ia2S, 0 ,'5H,O 48.5 200 342'

:'>IaCHzCOO' 3HzO 58 251 ~64'

Ba(OH),-8H:;,0 78 29: 640"

Sr(OHh·8H,0 88 352 670'

Mgl~Ol),'6H,0 89 160 :!34b

KA1(SO.h '12H,O 91 232 406b

:'>IH.AIlSO...h·12H,O 94 ~l -toob

\1gCI,'6H1O :17 172 :'.71 '

Inorganic KNO,-Li:"OI 100 1!3 J32i"J

euctectic KNOl-l.i!':0r- ~a"JOl I [S 16:' 365'

mixtures
[76- ~YJPolymers High-density PDlyethylene 120 - 140 l~4 - :09

""
.ILJtcn~ :1eU( p~r L1ni~ VOH.:me or mel~.

"Lutenl ~<a: ;xr :.In:1 'olum. of ml:tJ.

'v1ateria:s' C.1aracter:stlcs,System Perfcr:na~ce

450
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studied the processes of solid phase transition, fusion, and decomposition in
several nitramines by DSC. Compounds investigated include .V-picryl-N
methylnitramine, 1,3.5-trinitroso-l,3.5, 7-tetraancyclOoctane, and others.
Rogers and Smith (41) studied a similar group of compounds and estimated
the preexponentiaI factor from the DSC curve. Rogers ar:d Dinegar (42)
determined the heat of fusion and other parameters of penraerythritol
tetranitrate (PETl'i) by DSC.

The application of DTA to criminalistics has been described by Helmitz
(261),

Earnest (260) described a number of experiments involving DTA for
undergraduate chemistry laboratories.

Reviews ofapplications of DTA;DSC, and other TA techniques, lo var:ous
technological areas include; cements (262 264); electrical and electronics
industries (265); automotive industries (266); and industrial :-aw materials
(267).
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CHAPTER

8

EVOLVED GAS DETECTIO;\l A,l';D
EVOLVED GAS A:"lALYSIS

A. I<STRODCCTIOr-;

The detection or analysis of tr.e gases evolved during a chemical reaction..
as a function of temperalUre, constitute the techniques of thermal analysis
called evolved gas detection (EGD) and evolved gas analysis (EGA), respec
tively. These lechniques. which paralleled the development of modern thermal
analysis inslrumentation, are currently used to solve many types of problems
in thermal analysis. They are not so widely employed as DTA. DSC, TG, or
perhaps other lhermal analysis techniques. but they may be very useful in
solving many lypes of T A problems. Although :here are no reliable data
available as to the number of publications pertaining to EGD-EGA tech
niques during the past several years. the number appears to be increasing
greatly. According to a list of books published by J.ombardi (3), there appears
to be only one book available on EGD-EGA, Lodding's Gas EfJIuenr Anal.rsis
(4), published in 1967. There are a number of book chapters such as those by
Wendlandt (5, 6), Kenyon (7), Kiran and Gilham (8), Chiu (9), and Langer
(128). Reviews have been writlen by Murphy (10, Ill, Chiu and Palemo (121.
Ware (13), Redfern (14), :'v1aekenzie [:5), friedman (161, PauEk and Paulik
(129), at:d Holdiness (166),

B. DEFI:'Iin'1O:"oI OF EGO Af\;U EGA

The International Confedera~ionofTherrnal Analysis (lCT A) nomenclature
commillee (171 defined EGD and EGA as:

El'olted Gas Defection {FGD), This term covers any :echniqlle of delcet·
ing whether or not a volatile product is formed during thermal d:lalysis.

Evolved Gas Analysis (EGA). A technique of determining the nature and
amount of ~olatile product or products formed dunng thermal a:lalysis.

There arc r.umerous other names ~or EGD and EGA in the literature.
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8

EVOLVEn GAS DETECTION AND
EVOLVED GAS A:"iALYSIS

A. l~lRODUC110~

The detect ton or analysis of the gases evolved during a chemical reaction.
as a fur.ction of temperature.. constitute the techniques of thermal analysis
cal ted evolved gas detection (EGD) and evolved gas analysis (EGA), respec
tively. These techniques. which paralleled the developmeot ofmodemthennal
analysis ins:n:mentation. are currently used to solve many types of problems
in thermai analysis. They are :lOt so widely employed as OTA, DSC, TG, or
perhaps other :hermal analysis techniques, but they may be very useful in
solving many types of TA probiems. A:thougb chere are ::10 reliable data
available as to the ;)umber of publicatiOns pertaining to EGD-EGA tech
niques during :~e past 5.;:veral years. the number appears to be increasitlg
greatiy. Accordi:Jg to a list of books published by Lombardi 13), there appears
to be only one book available on fG O-EGA, Lodding's Gas Effluent Analysis
(4), pl.lblished in 1967. There are a number of book. chapters such as those oy
Wencia.'1dt (5. 6). Kenyo(), (71. Ktran and Gilham (8). Chiu (9). and Langer
(128). Reviews have been written by ~1urphy (l0. i 1). Chiu and Palemo let
Ware 113). Redfern (1ot). ~!ackenzle !IS). F~iedman 1161. Paulik and Palliik
(!29),ar.d Holdiness\166l.

B. DEFl:'lTflO:'oi 0/. EGO A:'iD EGA

The Ir. :er::a t:onal Con federation of Thermal Anal ysis l!CTAI Po omenclut :.Ire
comm;tl¢e i: 7\ defined EGO and EGA ;).5:

E'.'olred GllS Drrrl:!ion \EGD\. TI:s tl:;;r'. covers :J.n} ted;r::qt;c of dct~C'I

ing wr.e:he;- or 1:01 a voiatiie product is iorrr:ed cL:r:ng tr,err:Jt11 ~:lui:,..sis.

[rolred GLlS 4/ra1V51J I EGA). A tec~r.lc;ue of detc:rminl:1g the: r.:lture and
amount at \ oiutile product Dr products forr.1~d during l~crr:Jal :J.n:l;"S!>,

There are numerous 0ther narr:es i"Of EGO <lnc'EGA Ir. the iiter:.Jturt:.



~cAd\e 09) listed the leTA recommendations for reporting EGD and
EGA data. These recommendations are:

I. Sample. The actual material investigated, whether diluted or
undiluted.

2. Hearing Rate. The rate oftemperatun: increase, which is customarily
quoted in degrees per minute Ilsing either Celsius (0C) or Kelvin (K)
scales. The heating ratc is said to be constant when the temperature
time curve is linear.

l':ames rejected by the leTA committee were effluent gas detection, effluent
gas analysis, thermovaporimetric analysis, and tbcrmohygrometric analysis.
Also, terms such as mass spectrometric thermal analysis (\1TA) and mass
spectrometric differential thermal analysis (MDTA) should be avoided.
L:nfortunately, new names for the techniques are constantly being created,
such as thermal evolution analysis (TEA), The technique of TEA, according
to Chiu (18), includes all techniques that monitor continuously the amount
of volatiles thermally evolved from the sample upon programmed heating.

The techniques ofEGD and EGA are almost always used in conjunction
with other thermal analysis techniques or multiple teehn:qlles. In multiple
techniques, two options are possible: (1) One sample may be employed for
all the 'neasurements or (2) two or more samples, one for each techniques,
may be employed. To distinguish between the two modes, the terms simul
taneous will be used for the application of two or more techniques to the same
sample at the same time. The term combined will indicate the use of separate
samples for each technique. Multiple techniques are indicated by the accept
able abbreviation for each technique such as TG·EGD, TG-DTA-EGD-\1S,
EGA-\1S, and so on. Other terms that may be employed by the EGD-EGA
techniques arc:
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5. A statement of the dimensions, geometry, and materials of the sample

where applicable.

6. An identification of the abscissa scale in terms of time or tempera
ture at a specified location. Time or temperature should be plotted
to increase from left to right.

7. An identifIcation of the ordinate scale in specific terms where pos
sible. In general, increasing concentration of evolved gas should be
plotted "Jpward. For gas density detectors, increasing gas den~ity

shollid also be plotted upward. Deviations from these practIces
should be clearly marked.

B. A statement of the methods used to identify intermediate or fInal

products.

9. A faithful reproduction of all original records.
lO. An identification of the sample atmosphere by pressure, composition.

and purity. and by whether the atmosphere is self-generated or
dynamic through or over the sample. The flow rate, total volume,
construction, and temperature of ,he system between the sample
and detector should be given. together with an estimate of the time
delay within this system.

11. An identification of the apparatus used by type and commercial
name, together with details of th~ location of the temperaturc
measuring thermocouple and the interface between the systems for
sample healing and detecting Dr measuring evolved gases.

12. The relationship between signal magnitude and concentration of
species measured should be stated in the case of EGA. whe~ exact
units are not used. For example, the dependence of the flame lOnlZa
tion signal on the number of carbon atoms and their bonding, as well
as on concentration, should be given.
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1. An identification of all substances (sample, reference, diluent) by a
definititive name, an empirical formula, or equivalent compositional
data.

2. A statement of the source of all substances, and the details of their
histor~e5. pretreatments. and chemical pl1ri~ies, so far as these are
known.

3. A clear statement of the temperature envirunment of tr.e sample
during reaction.

4. A measurement oftne average rate of linear temperature (:hange over
the temperature range involving the phenomena of Interest. !'ion
linear temperature programming should be described in detail.

I,·

C. ROLE OF EGD-EGA 1:"1 THER.'\1AI. A:"IAlYSIS

One of the original uses of modem EGD was to aid in the :nterpretation of
OTA data. Using simultaneous OTA-EGD, Ayres and Bens l20) found that
if an EGD peak was absent. while the DT A curve contained an cndolher:ui.:
or exothermic peak. it could be concluded that some type of phase tr<JrmtlOl1
had occurred in the sample. If curve peaks were found over I he ":lam;;: tem~e.ra
ture region ior both ECD and OTA curves, some type of decompOSitIOn
reaction invoivmg volatile reaction products :1ad occurred. A compan~on of
EGD and DTA curves is given in Table 8.1. :--iote that fusion und solHI, --t
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Table 8.1. EGD and DTA Curve Peaks
During II Chemical or Physical Trausition (20)

EGO Peak
Chemical or DTA

Physical T:ar.sition Peak Yes ~o

Decomposition X' X X'
Fusion X X
Solid: ---> Solidz X· X
Desorption X X X
Vaporization

Desolvatiol1 X X
rbullition X X'
SlIblimatiotl X X'

'P:'oduc~ may he solid or condense before reach
ing detecror,
b~lay be exothermic or endothermic peak,
'Possible eondensat;on before reaebing deteclor.

svlid2 transitions do not normally evolve volatile products and hence would
not produce a peak in the EGD curve. Decomposition and desorption
reactions mayor may not yield EGD peaks depending on the nature of the
reaction products. There is always the possibility, of course, that the evolved
products will nol reach the detector due to condensation. This was circum
vented by use of heated exit lines and also an in-line heated CuO combustion
chamber to fragmentize large molecular mass compounds.

The use of an inexpensive EGD detector system was of great use in inter
preting DTA and DSC curves and many commercial instruments included
Ihe latter as an accessory. Since TG data are mainly concerned with the
evolution of volatile products, EGD is not a useful accessory for this ,ech
nique. However. the TG curve cannot r.ormally give unequivocal answers
as to the l;omposition of the evolved gaseous products and this is where the
rotc of EGA becomes important. By analyzing the evolved gaseous products
by some analytical technique such us titrimetric. chromatographic. gas
density. mass spectrometry, infrared, and so on. one cun usually deduce the
reaction pathway, For example, take the case of the :hermal dissociation of
lCu(NH))4]S04' H~O. Since water and ammonia have similar molecular
masses, 18 and 17 amu. respectively. it is difficult to distinguish between them
on the ba:>is of TG data alone. When the EGA technique employ:ng mass
spectrometry (:v1S) is used, however. the \1S data can cusHy distinguish
between the Iwo compounds. l.ikewise. if u complex mixt:Jrc of reaction

products is evolved, a preHminary separation by gas chromatograph~ might
be carried out followed by positive identification 0: each of the products by
mass spectrometry (GC-:v1S). l,;nfortunatcly, the coupling of:v1S or GC-MS
to the thermo balance does Dot fall into ttc classification of an "inexpcnsive"
addition such as was advocated for the DTA-EGD combined technique.
A less expensive alternative might be a chemical detector based o~ titrimetry
or a specific ion electrode. Also, a rclatiYel~ inexpensive gas densay detector

may be employed.
The principal role of EGD and EGA is mainly as complementary tech-

niques for other thermal analysis data. Samples are st.udied by TG, ~:A,
DSC and other thermal analysis techniques first and tf the dccomposltlon
rcactions are unknown, 1':GA is usually calleo on to determine the composi
tion of the reaction products. With these known, as weU as the other physil:o
chemical data, the chemical pathway of the reaction can usually be elUCIdated.
As mentioned earlier, the EGO-EGA data can often be obtained simul
taneously with the other thermal data using multiple techniqnes with a
substantial saving of time and effort.

O. HJSTORICAL REVIEW

According to :v1ackcnzie (21), the first evolved gas analysis experiments were
carried out by Wedgwood (22) between 1782· : 786. Wed~wood de,velope.d a
pyrometer based on the firing of a trian~r.:lar ~haped pIece of cn:na Ciay.
After firing, the shrinkage of the clay penmtred hIm to calcula.te t!"le .empera
ture of the furnace in degrees Wedgwood. L nfortullately, hIS me:hod gave
highly erroneous ,esults since the mdting point of caSt :ron was deterrr:lned
to be about IO,OOO"C. Despite its inaccl1racy. his pyrometer enabled numen
cal values to be <1ssign.:d to high temperatures,

~ot onl~ did this illustrious pioneer deyc!op a P)'fomctcr ar.d tcmpcratu~e

scale. but he had also foreseen the development of the thermal analysls
techniques of dilatomctry, thermogr~\'imetry. ;lnd evolv~d gas analySIS. Of
most :nterest here is EGA in which r.e took one of the chma cla~ plec~s and
heated :t:n a sealed "esse[ attached to a bladder. The con~ents of tr.e b.adder
were :hen analyzed for any evolved gases, Cnfortunate:y. water vapor was not

detected during the heating of the clay.
The develo;ment of EGD-EGA c~osely paralleled the in:fod\lcti?n of

controlled furnace atmosphere DTA and other thermal analy')lS techmques.
In 1927, Oreel und Caillere 1::3) pointed out :hc im~ortanceof contro~lmg the
furnace 'd.trrtosphere in DT A. experiments on metallIc chlonte,. S~me ~~ years
larcr. Berg (24) described perhaps (he tim EGD apparatus III wnlch he
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The simple pyrolysis apparatus described by Rogers et al. (30) in 1960 led
to ·the birth of the :nodern EG D tcchniq lie. The apparatus they developed,
as shown in fi\l:ure 8.2, is based on three primary sections: \1) an electrically
heared pyrolysis ~hamber, (2) a combustion tube. and (3) a thermal conduc
tivity cell. The py:olysis cham ber contained a rather :ong gas inlet tube that
set'led as a preheater for the carrier gas. It was heated by two 240-W car·
tr:dlZc heaters whose voltage input was controlled by a variable-voltage
tra;sionner. The combustion tube was a 5-in. segment oinickei tube that was
heatcd by a :esislance wire heater. It was F.lIed with a mixture of fire brick
and cooper (lll oxide which was maintained at a temperature of 650-750°C
The purpose of this tube was to convert all voiatile products into simple
gases so that they would not condense in the tubes before reaching the de:ec
lor. The thermal conductivity detector used model airplane glow plugs 33

detector clements; it was isolated from the pyrolysis chamber and combustion
tube and maintained at room temperature. Voltage output from the detector
was recorded on :he Y axis of an X -Y recorder, whereas the temperature, as
detected by a Chromel-Alumel thermocouple. was recorded on the X axis.

The EGD curves obtu\ned on this apparaus resemble the derivative of
TG curves. Results arc :lot normally comparable to those obtained with DTA
where prodLlcts are contained. The qualitative elIects of the operating vari-

Fi<!ure x.~. P""i,sts \J1<lck and accessory apparalus as descrlhed ~y ~"~e,, el :11. (30)./.
~~~",y~is cha~ber ~ :!. nockel piug: .1. carr:er gas inlel : 4. c"mer j!:lS ,lutlel: _'. car:ridge hca:e<
we:is 1_'): 6. hdica. ,hreads cui :n inaer body of ~Ioci<.: 7. l1uler ~he,; ":·bloci<.; 8. c",,:i::gJack~:
i~:el: 9, "",,1'0£ ':lckel O"'leL. A. carrier .'las supply; B. prcs>ure regu:alor: C. I!ow-c,,::,,[}i
needle Y3lve: D~ ~efo,"nce thermal cDnducl"ilY: E. pyrolysis chamt>er: f, combustion luoe:
G. ac:;ve cell: II. maaome(er . I. ?resscre-conLrul ::ocd:e ,al'e·. J, ~c't<lmc:er.
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Figure 8]. Corr:b:nod DTA-EGA app3~al"s of L'ddlng a:,d HalT,::,e;1 (28).

measured the volumes of the various gases evolved in the stepwise heating of
a substance.

The most rapid period of growth of the technique, especially In the
United states, began in the early 1950s and continued though the mid
19605. In 1949, Rowland and Jones (25) developed a DTA apparatus with
atmosphere controi and USed it to study the thennal dissociation of clays.
This a~paratus was perhaps the inspiration for Stone (26) who jeveloped his
dynamiC gas DTA apparatus in 1952. Stone (27) probably envisioned the
EGD technique hut unfortunately did not monitor the composition of the
evolved gases from the enclosed fUrnace chamber. Thus, he narrowly missed
being the father of~his useful technique. In 1960, Lodding and Hammell \28)
placed a thennal conductivity detector on the gas outlets ofa DTA apparatus
(29). This apparatus is shown in Figure 8,1. The furnace was constructcd of
alumina and could be used at pressures up to 500 psig at a temperature of
1200"C. Gases introduced into the furnace chamber flowed through the
samp,le and the reference material and exited the chamber separately. It was
stated that the gas detection and analysis system permitted determination of
the origins of the DTA curve peaks, No continuous EGD curves were de
scribed, however, but absorption tubes placed in the gas outlets were used ~o
analyze the cvolved gases.

.r

I·



rigW'e 8.3. Sample and reference cell "sed by Ayres and Be"' (5), A. sweepir.g gas i:l:e',; B. gas
:ram to deteclor, sample: C. gas train 10 de:ector. reference: D. Ihermocouple probe icads:
E, reference cell wi:h glas~ beacs, 1-', sweeping gas preheater, With g~as,~ wooi : G. samp,e eel!.
with sar:1ple and giass beads
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Fil!-ure 8A. C<)m~'ned £GD-DTA
"pparJ[Us ce<cr:bed by We nel::.l ndt (3~).
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One of the first systems for detc:-mining simultaneous EGD-DTA curves
of a sample was that described by Ayres and Bens (20). This apparatus, as
shown in Figure 8.3, permitted the continuous monitoring of the evolved
gases and also selective sampling of any desired portion of the gases, as well
as providing for obtaining the DTA curve. Thc sample iU1d reference hol.ders
were all constructed of Pyrex glass and were connected to a glass mamfold
by standard taper glass joints. Evolved gases were detected with a thermal
conductivity cell. Glass beads (0.1 mm in diameter) were used as the sample
diluent and inert reference material.

Ayres and Bens (20) pointed out that difficulties were observed in tbeir
system because of increased vaporization of the samplc due to the gas flow
and the occasional condensation of this vapor in the cool part of the exit tube.
The vaporit.ation of the sample below the boiling point made boiling-point
determinations difficult. whereas the condensation of sample before passage
through the gas detector presented difficulties. since later the gas stream may
become hot enough to decompose the condensate.

In 1962, Wendlandt (32) described a more robust EGD-DTA system in
which the furnace system was constructed of nickel or stainless steel. The
sample and reference substances were placed in small Incone! cups, which
seaLed dircctly onto the differential thermojunc:ions. as shown in Figure 8.4.
Helium was used as the carrier gas and the evolved gas~ were detected WIth a
thermistor thermal conductivity cell.

Langer and Gohlke (33) described the first modem CDupiing of EGA with
mass spectrometry in 1963. They heated the sample, by means of a small
furnace in the vacuum chamber of a time-of-flight mass spectrometer and
recorde'd the mass spectra oi the decomposition products at selected inter-
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abies (flow rate, heating rate, sample mass, thermal conductivity cell sensi
tivity, pressure, and carrier gas) on the nature of the EGD curves were
determined. These variables, with the exception of tbe variation in thennal
conductivity cell sensitivity, affected the peak maximum temperatures and
peak heights.

rn 1961, an apparatus similar to that of Rogers et al. (30) was described
by Vassallo (31) for studying the pyrolysis of various polymeric materials.
The detection system consisted of a thermistor thermal conductivity cell,
rather than the model airplane glow plugs previously employed. rt was stated
that EGD cannot replace TG, but for comparing polymers of similar struc·
ture, it had more discrimination and was rapid. A mass-loss of 0.2 mg could
be detected at much faster heating rates than tbose used in TG.

11
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TabI28.1.

E, CURRE:'ooT EGO-EGA TECH:'oolQL'ES

(47) May be thermistot or hot
wire !ype

(45) Specific for :--:-nitroso
functionality

140) Calalyst rcCuc~:on can be
studied

143) Detect:on of particulate
1'"4) matter: lOll c:,amber

aetee:or rr.ay be employed
::il) PiranL gauge \;.:jed for

p~ess\lte r:1ea>u~cmer.t

IShl Good for separation of
mixtures 0: large orgar.ic

:t1o\e\:'~\~'

I~O) Tit~ati(J:l .... l:h va!lo~s

reagents
(4tH COIl~lar.t pressure sy~tt:m

employed

C"se is diff.cult for mixtures

(53) Either direct or indirect
detection

(;4) Use of many different lypes
of mass spectrometers

116) Gives molecular masses.
absol ute quantities.
and GC ~etelltion ~imes

(42) Specific detection of SO:,
:--;0 2, and 1'111 3

(39) Detects smoke density
141) Various pressure

iransdueerS may be used
Identification of separate
pyrolysis fragments usual:y
:1ot made
Thermai r~ponse d\:c to
reaction with liquid or solid
reagents

[521 Has b~'Cn used for F and
Cl- determinations
See Table 8.3

Refcrence Comments

HrA

FGA

EGD

EGA

EGA

EGO

EGD

EGA

EGA

EGA

EGO
or EGA

Thermal VOi:H:i1Z:ll:L':l
ar.alys\;,
rhl:l-Ia~~r .:hmm;ltO~ra;Jh'

Temperature ptOlUammed
reduction
Thermopaniculate analysis

Titrll\1L:t~

Specific ion elec"Jooe:;

Spedal identificalion
detectors
Thermal conducti\·ity
detector
Thermal energy ana:yzcr

Pyrolysis-gas chromatography EGA

Specitlc gas detector

Technique Type

Gas density detl.'Ctof EGD
orEGA

Infrared spectroscopY EG,\

Ma.\s spectrometry EGA

Molecular weigbt EGA

chromatography
(mass chromatography I
Piezoelectric dete{;tion EGA

Photometric detector EGO

Pressure changes EGD

Comments

Concentration changc of
gas in a reac:or gas stream
Functional group and C. H.
:-;. & °ar.alysis
Ernar.ation thermal a:la:ysis
Sometimes called l!lc!l":lal
evol ution analysis
\1 any different columns and
detectors arc uscd

(491

138)

:..\8)
!551

Reference

EGA

EGA.

Type

EGO
EGD

EGA

Table 8.2. Techniques Vsed in EGD and EGA

Technique

vals. Combining the preceding technique with DTA, Gohlke and Langer (34)
described the first EGO-OTA-~S apparatus in 1966. They coined the term
mass spectrometric differential thermal analysis to describe this technique.
Simultaneously, Wendlandt et a1. (35) described an EGD-OTA-MS appa
ratus that permitted the MS data to be obtained simultaneously with the
EGO and OTA curves.

The first combination of thermogravimetry (TG) and a mass spcct:--orneter
was by Zitomer (36) in 1968 who coupled a Ou Pont thermo balance with a
time-of-flight mass spectrometer. He applied the technique to the thermal
decomposition of various polymers. Lastly, Wiedemann (37) described an
elaborate TG-OTA-EGO-MS system in 1969. The system consisted of a
Mettler thennoanalyzer couple to a Balzer quadrupole mass spectrometer
that permitted the sample to be studied at low (10 6 Torr) or normal (L atm)
pressures.

There are many different instrumental techniques presently being used for
EGO and EGA. Almost any technique for detennining the amQunt or com
position of a gaseous substance can or has been employed. Perhaps the most
widely used detector for EGO is the thermal conductivity detector (TCD),
whereas for EGA, it is mass spectrometry. A large number of different types
ofmRss spectrometers has been employed, including time-of-flight, magnetic
sector, quadrupole, and others. A partial list of current techniques that are
used in EGO and EGA is given in Table 8.2.

There are numerous other types of special identification detectors that
can be used for EGO or EGA. These detectors, which are used widely in gas

DiITeret:!:al thermlll gas
a:lalysis
Elemental analysis
IPyrochromJ

Evolved radioactive gas
Flame ionization detection

Gas chromatography

tl

III

.PI
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Comments

One of the first multiple techniques

A. TCD was used [0 monitor amount of samplt! before
introduction into :vi S
One the early rnultiplt: tec~niques

Coupling of a thermobalance to a ~IS

A commercial inSlrt;ment is availabie for this :eehni~ue

Called thermobarogravimetry; a Baratror. gauge was
used for pressure measurements

I~strumcnt bu:lt [n, de:eclion of :vlartian atnlOspher~

Dcvclop<!d :or der:valography.
Sample iJroducls me'lsured d:reclly :Jr indire"lly on IR
Smoke evoiutior. measured w;:h ;:>holod~tector

1)i1atom~lry nOI aiways em;:>loyed. ETA-DTAi, generully
called emanation :hcJ':r.al analysis

Ted:niques

Table 8.4. Multiple Techniques Employin~ EGD-EGA

EGD-DTA
EGA-MS
EGD-EGA-:vIS

chromatography, are listed in Table 8.3. It should be r.oted that the detectors
arc specific for a given functionality-molecular weight, structural features.
conformation. and so on-of an evolved substance. :vfany of the de:ectors
have not yet been applied to EGO or EGA :r.strumctllation.

The usefulness ofthc EGD-EGA techniques can be extended by combining
the various types of detectors, as give.:1 :.:1 Figure 8.2, with other thermal
analysis methods. These multiple techniques offer a savings in time and effort.
and since data are taken at the same time on the same sample, the results are
more likely to be comparable thar. if they are taken separately on two or
more different samples. Examples of the more common multiple techniques
are given in Figure 8.5 and Table 8.4.

Besides the multiple technIques given here, a few of the fGD-EGA
techniques listed in Table 8.2 are used by themselves and have not been
coupled to other thermal analysis techniques. Some of them will no doubt
be coupled to TG and OSC techniques in the future. Several of the ..:GD-EGA
techniques will probably never be coupled to other thermal analysis tech
niques due to the uniqueness of the experimental parameters involved such
as thin-layer chromatography.

DTA-EGD-MS
TG-EGA-MS
TG-DTA-EGA-MS
TG-pressure

TG-GC
TG-GC-MS
DTA-EGA-GC
TGT-TG-DTA
TG-IR
TG-Photom"lr~

ETA-l)TA-Jila~omelry

1
D7"A-:JSC i

I,

r
T'1ermobalance I

J

TechniqL;e

Pyro,ys's
I f1.r1ace
'-------1

\1icrocoulometric I:tration
Fla:ne photomcIric detector
Thermionic detector
Microwave emission detector
E:ectron capture detector

Spcclrofluorimetr:c detector

- - - --- - - --

Entity

_______Table 8.3.~iaJ Identification Detectors (57)

---------

Mass
spectrometer

Figu,,, 8.5.

C~e'nlcal

detectors

Infrarea
ce!!

Elemenls
1. Halides, P, S, and N
2. Certain elements
3. Phosphorus compour.ds
4. Halogens. P, and S
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F. L.'\iER.\1.lTIE:"lT A:\1) CO~Tn-.LOt:S SA:\1PLI:-.'G MODES

There are two general sampling modes for coupling a pyrolysis chamber
(furnace, thermobalancc, DTA-DSC furnace. etc.) to an EGD-l':GA detector
(TCD, FrD, GC, MS, etc.). They are: (1) intermitrent or batch sampling
mode and (2) continuous mode. These modes arc illus:rated ir. Figure 8.6.
For the continuous sampling mode, the gaseous products are introduced
directly into the detector system via an interrace coupling (see Sections G
and H). The products are continuously sampled by the detector with the
appropriate readout being proportional to their cor.centrations or com.
position. In the intermittem mode, the gaseous products are·trapped by a
low temperature or absorbent chamber and then introduced into the detector
either at selected temperature intervals or after the heating cycle is completed.
Both modes have their advantages and disadvantages. The intermittent
(batch) mode has been used in the case of gas chromatography-mass spectro
metry (58) and infrared spectroscopy (59). Its major advantage is that the
detector system need not be extensively modified; this is important when a
rather expensive instrument such as a mass spectrometer is shared by several
groups of workers. Also. intermittent sampling permits the investigator to
optimize the detector parameters to mabe the best usc of each sample, The
disadvantages of this mode are thaI each product ml!st first be trapped (58), a
process that may be inefficient. Once trapped, it must be stored for various
periods of lime and then introduced into the detector system. During this

procedure. the sample is subjecI :0 decomposition. evaporation, and con
tamination. rf a large number of.ample. arc :aken. these factors may become
qui:e .>erious.

The cOnlinuous mode has :hc advar:tage of direCT :ntroductlOn into the
detector sy5tem, with or without an interface coupling. The product is in a
gaseous form that results :n lit:1e iiany ~oss or char.ge:n composition of the
sam pie. There are r. 0 storage 0, r:1a::I ipulation losses with lhis type ofarrange
ment. Also, :his mode is less timc-coosuming than :he intermittent mode and,
in many cases. provides analytical data immediately. The disadvantages are
that for some detectors. an elaborate interface lS sometimes required,
especially if there is a ;Jressure differclltial between the pyrolysis chamber and
the cetector. Also. if a carrer gas is employed, :he interface may require a
concentrator or separator to increase t:te concentration of the products per
unit volume. The detel:tor ,hould be a, clo~e to the pyrolysis chamber as
pos,ibie to keep the sample introduction delay small. If the concentration of
proCllCtS is too large, a splitter must be introduced with most of the sample
being discarded.

1. Trapping

The yolatiEly of the sample ceterrn:nes the choice of trap to be employed.
Th.:re arc many different refrigeran:s available but :he choices are :Jsually
icc water, dry ice solvent, and liquid nitrogen, which CO'ier the temperature
range from O~ to - 196=C. The yoluwe of the trap is also determined by the
amount of sample desired: tr.ey range in size :rom microliters :0 scverai
hundred milliliters. The smaller the sample is. the greater the trapping
etf.ciency must become. Once trapped. the sample must be protected rrom
degradation and contamination, The most obviol!s :58l causes of decom
position oflabile materials is exposure to alr and light while the chances for
decomposition. evaporation. polymerizat:on. or absorption into rubber or
plastic lined vessels increase with storage times. A gaseous sample can be
collected without the usc of coolant by means 01 glass bulbs connected to a
maniiold. Such a system has becn described by Wendlandt 132l. If three or
four bul bs are employed. gas..:ous samp!es car. be :aken at selected tem
pe~::llure intervals and the con:..:ms analyzed late~ by L1C operator. Of course,
the bLtlbs ml:st be designed Sel that :he canter:ts C':i:-; be conr:ected to the
detector system without contar:1ina::on,

2. Combined Intermittent and Continuous 'VIode~

Both intermittent and con:ip'l:ous sampling :nod-cs .:~n oe incorporated into
J system. which was the case \\ itn or.e oj the: earliest systems described. The
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Lodding and Hammell (28) system incorporated a DTA, a TeD, and gas
absorption tubes. The absorption tubes selectively removed certain ga,seous
products from the DTA furnace effiuent gases. Likewise, Wendlandt (32)
employed a DTA, TeD, and glass sample bulb manifold. Gaseous products
were collected in glass bulbs, which are later analyzed by a mass spectro
meter.

Barnes and Kirton (60) developed a technique for both quantitative and
qualitative determinations using a katharometer and differential freezing
technique. This technique resulted in a greater increase in sensitivity when
compared with DTA or conventional EGA using hot wire TeD, A
schematic diagram of the apparatus, which employed a Stanton Redcfoft
Model 671H DTA instrument, is shown in Figure 8.7. All volumes were
kept as small as possible using small diameter tubing; the swept volume was
about lO'cm3

• The free7.ing points of the product gases to be separated by the
trao determine the choice ofcoolant. The coolant must provide a temperature

.If DT A ~pp~ralus ar.d se:eC!ive freezi nil of evolved gases (60}.

such that the vapor pressure of the product to be stored is negligible, whereas
that of the other evolved components and the carrier gas should be sufficiently
high for them to pass unhindered. They found that carbon dioxide was
effectively ~emoved from the gas stream using liquid nitrogen as the coolant in

the trap.

G. COUPLr'IIG WITH TG TECHl'iIQt.:E

I. TG-Phorometric Analysis

Therc j;; considerable interest in determining the amount of smoke produced
in burning materials, especially those used for thermal and sound insuI~t~on
in aircraft. Loehr and 1.evy (61) devised a technique for characterlZlng
materials as to their flammability properties using a thermobalance con
nected to a known volume flow cell installed in a precision photometer. The
system which is shown in Figure 8.8, consists of a Du Pont Modet 950
therm~bala1lce coupled to a Du Pont Model 410 preci;;ion photometer.
The latter consisted ofa split beam, sample reference sy~tcm using a tungsten
iodine light source and S-5 photocells to detect light absorption caused by

?HC10ME1ER
I
!

figure 3.~. TG-pholome:er 5Y5:0:l1 of Loehr and Levy (611 .
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figure 8.10. TG..QC coupler d",,"riopro by Giu (64).

1. ~ore expensive equipment is required..

2. Total time for analysis ~s greater.

3. Production of secondary pyrolysis prodUCTS is reduced due [Q lower
temperatures.

4. Interaction between impurities and ..iecomposition products can be
minimized.

5. Quantitative information on the components in the sample can be
obtained f~om the TO curve.

6. Large samples can be accornmodat<:d so that [~ace amounts in a
polymer matrix can be deter.nined.

7. Temperature of the sample can b<:' ~refuily cOlltrolled.

8. Both effluence and residue at any mass...:hange step can be recovered
for studies by other techniques.

the sample mass changes as it was beatcd on the thennobalance and also
collected the evolved products at various stages and analyzed them inter
mittently by Gc. This approach was similar [0 pyrolysis-GC except that the
pyrolysis was monitored quantitatively by me thermobalance. Accordingly,
the TG-GC technique possesses many ad\·antages and disadvantages ofthc
pyrolysis-GC technique, such as:

The first apparatus developed by C~iu 163t was superseded by an all
metal semia'ltomatic coupler (641 in wntc;, the glas:Scswltching stopcocks

2. TG·TCD

the evolved smoke. Smoke measurements were accomplished by employing
a t-cm

3
stainless steel sample chamber with sapphire windows in the optical

path. Tbis cbamber was coupled directly to the effluent end of tbe furnace
tube. The voltage signals from the thermobalance and photometer were
plotted as a function of fumace temperature on a X - y.. Y'rccorder.

Figure 8.9. TG-TCD coup;cd sy~(em desctibed by Kr~g (62l.

3. TG...GC

There are few examples of coupling a thennal conductivity detector to a
thermobalance. One such system, as shown in Figure 8.9, which also con
tained a DTA apparatus, has been described by Krug (62). The carrier gas
enters one side of the TCD, passes through the fumace chamber, and then
exists from the other side. This system permitted recording of the TG,
DTG, DTA and EGD curves.

Chiu (63) described a multiple TG-GC technique in which a thermobalance
was coupled to a gas cbromatograph by means offour Pyres glass switching
stopcocks. This apparatus, as shown in Figure 8.10. permitted following
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were replaced with four stainless steel microvolume valves. The switcn1ng
operation was performed in a semiautomatic manner by solenoid valves.
All the necessary plumbing connections were placed into a heated steel box.
Oneswitchingvalve was used to switch the carrier gas to either the coupler for
TG·GC operation or theGC directly for normal GC operation. An additional
purge gas inlet added at the end of the thermobalance enclosure was used
to flush out the PFolysis products. A small Dewar flask. cooled with liquid
nitrogen. was used for trapping evolved volatiles.

A less complicated TG-GC coupling has been described by Cukor and
Persiafli (65) for on-column collection of pyrolyzates with the use of cold
traps. This apparatus coupled a Du Pont \.1odel 950 thermobalance to a
Perkin-Elmer Model 900 gas chromatograph by means of a female Pyrex
baH-joint attached to the quartz thermobalance furnace tube. The opposite
end of the pyrex tube was connected through a graded seal to 1:6 in. od
stainless steel tubing, which was connected via a Swagelock filling to the
injector insert of a gas sampling valve. The exit portion of the furnace tube,
which is outside the oven, and the adjoining connecting tubes were main
tained at 250°C by use of heatir.g tape. Two separate helium gas supplies
were required-one for the GC and the other for the TG purge gas.

The apparatus used by Wiedemann (37) is shown in Figure 8.11. In order
to keep the time delay in gas transfer to a minimum. he reduced the furnace
volume to about 35 cm 3

. Gase'S were introduced into the gas chromatograph
by means of a gas sampling valve that could be opened at specific intervals.
Wiedemann commented tha compared to a mass spectrometer the gas
chromatograph is slower, but as far as the quality of results is concerned the
methods arc about equal.

An elaborate vapor-phase thermal analysis laboratory system, wnich
incorporated a TG-GC coupling as well as other techniques, has been de
scribed by Uden et al. (66). The on-line apparatus, as illustrated schematically
in Figure 8.12, permitted the separation and identication of evolved volatile
species. Samples could be thermally degraded under slow temperature
gradient conditions (4-40oC min -I) in a flowing gas medium or pyrolyzed
under ultra rapid rise-time conditions of up to 20,OOO°C sec - I. Evolved
volatiles were transferred to the master Lrap manifold where precolurnn
reactors and selective traps were available to meet Inc needs of the specific
analysis. In many cases, the volatiles were directed from the main fold to the
master gas chromatograph for separation followed by on-line vapor phase
infrared spectroscopy. In addition or as an alLernati ve to IR. on-line elemental
analysis for C, H.~. 0 and S and functional group fragmentation by th!:rmal
cracking or mass spectrometry may be applied. The overall system was
interfaced to a laboratory minicomputer for data acquisition. ,:,eduction. and
instrumental control.
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of the capillary tube to form a suitable restriction. The mean free patl: o!' :he
sample of the sample molecules entering the rest:icted o~.ri,ce at the tipof the
capillary was small compared to the dia:neter ?ft~e restnCt:on so that VISCOU~
flow conditions existed and no mass dlscnmmatlon occtlrred.

Perhaps the most widely used TG-MS system. which includes DTG. DTA.
and gas pressure measurements. is the Mettler thermoanaIyzer. T;,e system,
which consists of a precision therrnobalance. a high-vacuum syster:1. a rr.a's
spectrometer, and a DTA measuring system. has been d~cribcd in detad by

numerous investigators (68 ·73).
In almosr every system. Ihe ~cttler Thermoanaiyzer 1 \\ as coupled to a

quadrupole mass spectrometer, such as is illustrated in Figure ::U.4 (37. ~9l.
The sample ;nay be stud ied under \ acuum ( - 10 - c TOIT I or uncer hgner
pressures to I a:rn. T!1e reaction chamber. R. is surrounded by the furJlJ-:c
and separated from the ba:ance by :1 diffusion baffle. The e\ ohed gases pass
directlv [0 ~he mass anaivzer. F. which :5 connc-:tcd to a recorder. 1. through
the m;ss spcct,ometer ~ontroi panel. Total pressure is .:lete:nined by an
ionization gauge. S. which also permits the recording: of [he l:GD curve lIn
this case. due to the pressure cna::Ige ::1 :hc systenl. The re!a:lOn betwe~n
me3.st;red :otal pressure and the :on current of the calibrallor. gas pc,mlts
calibration l'f the mass spectrometer In absolL:te partlai pressure umlS or

A,Tor,"

I
~.

"

.'

4. TG-~S

Zitomcr (67) was the first to describe the coupling of a thcnnobalance to a
time-of~flight mass spectrometer and a magnetic sector mass spectromeler.
This technique eliminated the practice of collecting or trapping fractions for
sUbsequent analysis and also permitted careful control of the furnace atmo
sphere. One of the important features of the TG-~S system is its relatively
short "dead" time, that is, the time between product evolution and introduc
tion into the mass speCtromeler ion source. Cnder prOper flow conditions,
this time is of the order of seconds. There is also less probability of the
formation of secondary reaction that can lead to products other than those
initially evolved.

A s<::hematic diagram of the TG-~S apparatus is shown in Figure 8.1 3.
The Du Pont Model 950 therrnobalance is coupled to a Bendix lime-of-f1ight
mass spectrometer by a three-way and a metering diaphragm valve. The
connecting tubing is a 0.25-in.-od stainless steel tubing that is connected
to the exit pon of the thermobalance by a 0.25-in. Swagelok union containing
Teflon or silicone rubber ferrules. As in TG-GC, the most critical dimension
is thc length of tubing between the exit port and the metering valve. This
should be as short as possible for the best resolution and ieast holdup. For
this apparatus, the distance was less than 8 em. The distance of the line
betw~en the diaphragm (metering} valve and the \is source is not critical.
Ideally. it should be short and of wide diameter. negligible dead times can be
realized. however. with a line as long as several feet. In the apparatus descdbed
here, satisfactory results were obtained with ~-II:.-od stainless steel tubing.

Another system. which eQupkd a Car.n \ioed RH ~hermobalance :0 a
Bendix time-of-f1ight mass spectrometer. has been described by K~ei:Jeberg

and Geiger (68). The balance was connected to !hc :ur. source of the mass
spectrometer by a valve and capiHary :ubing. The capillary :ubir.g employed
was 900 mm in length and had an id of aboul 0.25:-nm, l:1 order to yield a :0lal
gas pressure inside the ion source of2-J x i 0-; Torr wben the balance cham
ber was at atmospheric pressure, :be authors had to crimp carefuily the lip

--, I - , l --------,
Therrral r-1 7rao Mas:e r I Vaoor pflase

analyzer /:l"a,",fOia LGC I~~rR~I~~[~

I ,-----~ I ~OrTIDu:erl
~~~~~s GC I &EI~~c~~~~' r- - - ~ C. _

t I I ~ I I -..Jass I
sys err 2 I' : aralysiS chro"'atagraon

L- ~ L--.; L ---I L- -.J

Fig~re 8, :~. Vapar-phase [~.erma: 4naiysis s}s:err. lcco~ding to eden~: a:. (66).
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F;gure 8. J4. :-.fett!er thennobalar.ce-quadrul)ole mass spectrometer ~yslem (37. 69).

Gibson and co-workers (69. 101 103) used the preceding apparatus to
study gas evolution from geochemical and lunar soil samples. All the
calculations of mass spectral data were made by a dedicated minicomputer
system. Smith and Johnson (104, 105) described a multipurpose apparatus
that pennitted the determination of the TG, DTA. EGD, and MS curves to
oil-sbale research problems. Chang and Mead (106) described a TG-eas
c.hrumatograph -high-resolution mass spectrometer system and its apPli~a
:lon to the degradation of polymers.

Moi (70) used a "flexible glass-end tUbing" made of stainless steel iused
to Pyrex: glass on one cnd which served liS the interface between the UTI
100C precision mass analyzer (quadrupole mass spcctrometer) and the
quartz furnace of the thermoanalyzer. The distance between the sampie pan
and the \liS mounting flange was 20 em. The interconnecting orifice was
23 mm id......hich. along with its short length. resulted in a negligible dead
~ime. !he ability of the quadrupole mass filter to accept ions over a relatively
,arge Inlet energy spread and at varying entrance angles made it well suited
for use in this application.

In the system developed by Clinckemaillie and Hofmann (71), the quadru
pole mass filter was inserted directly into the vaCUum system of the thermo
analyzer. The gaseous decomposition products formed during ~yrolysis of

I, The connecting tube to the mass spectrometer must be short and have
a diameter of at least 40 mm.

2. All of the system including the pump has to be heated to about 2S0°C
to remove most of the residual gases.

3. Separate pumping systems must be employed for the thermoanalyzer
and mass spectrometer if kinetics measuremen ts werc :0 be made.
For measurements at atmospheric pressure. the arrangement given
in Figure 8.1 Sb is used.

the sample were continuously pumped by a diffusion pump. A system pres
sure of not more than 1 x 10-'> Torr was maintained to aSSUre norma]
working conditions of the mass spectrometer. It wa.~ also possible to carry
out TG measurements at atmospheric pressure if a separate vacuum system
was maintained for the mass spectrometer, A small fraction of the decomposi
tion gases was permitted 10 leak into the vacuum chamber and was analyzed
with the mass spectrometer in the usual manner. Gas condensation effects
were avoided to a large extent by heating the furnace outlet tubing to about
200cC By proper adjustment of the carrier gas flow in conjunction with the
pumping rate. the response time of the gas inlet system could be made less
than 0.1 sec.

Szekely and Till (73]. in attempting to solve some of the problems inherent
in coupling a TG furnace to a quadrupole \15 in the high-vacuum mode.
developed the heated system coupling shown in Figure 8.15. They found that:

The main problem in (3) is to obtain representative sampling into the
quadrupole MS in ;;pite of the atmospheric pressure of the balance ar.d the
extremely large excess of the carrier gas. As in the high-vacuum condition_
the system must be healed carefully but smai!er diameter tubes can be used
because the mean free path of the gas molecules is quite low.

The lwo major disadvantages of coupling a thennobalam.:e to a :nass
spectrometer can operate at pressures up to 1 Torr. The Mettler Thermo
thermobalance. the sample must be pyrolyzed utlder vacuum condit:ons
and (2) if the thermo balance i, operated at atmospheric pre5sures. a pressure
reducing interfa(;e mUst be employed. Baumgartner and !"iachbaur 17..(1
circumvented both these problems by using a quadrupole mass spectrometer
equipped with chemical :onization ((l). The purge gas or the thermobalurlce
was simultaneous!) uscd as the reaction gas in the chemical iOUlzation so\.:rc~.

This type of I:oupling eliminated all interfac!.: problems tlDd restrict cd the
fragmentation of the released voialile c.:ompounds. It permitted the identi
fication of volatiles and the determination of their sequence of release even
in very complex decomposition reac,:om;.

•
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Figure 8.15. TG-MS system developed by Szeke;y and Ti;: (73). (a) Far high vac::.t:m, (oj for
atmospheric pressure.

The TG- MS system, as shown schematically in Figure 8.16. consisted of a
thermobalance connected to a mass spectrometer. The ion source of the mass
spectrometcr can operate at pressures up to 1 Torr. The Mettler Thcrmo
analyzcr TA-2 was coupled to a Finncgan quadrupole mass spectromcter
with a combined El·CI source by means of !-in-od stainless steel tuhing.
The tubing length, which was about 60 em, was terminated by a three-way
metering valve to permit adjustment of the gas pressure in the ion source.
Gases used for the Cl studies included the noble gases of helium and argon
as well as nitrogen and methane. The applicability of methane is limited due
to its reaction with the samples at high temperatures.

Oyszel (151) has described a combined TG atmospheric pressure chemical
ionization mass spectrometry system. A Perkin-Elmer lGS-2 tr.e~mobalam;e
was connected to a Sciex TAGA 300 mass spectrometer. An initiai ionization
occurs with the electron bombardment of nitrogen and the !'ii ion then
;,Indergoes a cr.arge transfer reaction with oxygen forming 0;. This species

~ 5 5 :'l

Figure B16. TG-MS with a chemical ionization sour"", as described by Baum~ 3lld
l'achbaur (741. I, thermobalance; 2. furnace: 3. 3-way val'·.:4. react:on gas C)lwdo:'r:~, ro~

pumps; 6. coupling :ine; 7. quadrupole :nns, spectrometer: 8. Cl-ion source: 9. :ne:ering '-:LIve;
10, io~iza::on gauge: J l. analyze~ diffusion pu:np: :2. CI diffusion pump.

then forms a cluster with gaseous wate, in the air and by a series ofr~ctio[]s

forms the hydrated proton, H 1 0 - . As volati!e products enter the ion source
from the thermobalance, they react with H 30 - and either a proton or H 30
is transferred to each molecule. These ionized molecules then pass throug.f:t
the quadrupole analyzer.

Chiu and Beattle (147-149) have described the coupling of a thermo
balance to a mass spectrometer so that simultaneous TG-MS data can be
obtained. They used different techniques to sample the cmlYed gaseous
decomposition products ranging from differential tra~ping (1~71: t~tal

condensatiorl of thc pyrolyzatc (149), to continuous sampl~ngor monlIonng
of the evolved products (148). mainly from heated polymenc samplcs_

In the differential trapping method (147). the sample was heated und~r

continuous vacuum at a programmed rate, condensing the elioh·.ed ~ases In

traps maintained at different temperatures. conti.nuously monlIonng the
pressure char.ges at strategic locations, and analyzmg the trap~ pr~u,cts

by MS. One of the primary obJCctive~ was to ~x;Jlore the pOSSlbdlty or ~sJng

EGO peaks 10 derive quantitatIve mformatlon on the baSIS 0f ;Jr~ure

change detection" L:sing a Pirani gauge (a TeO detector). lhe pressure" curve
was S-shaped in the range from 1O-~ to I Totr and higher. 11m ty~ or curve
is not ideal for quantitative work although the peak area plot apJX3rs 1("l Ix'
linear except at very small amounts of ma:erials,. . . .

A schematic diag,am of the TG-MS system uSlOg a SiX-port mlcrO\ ~H:.IS

shown i:1 Figure 8.17 (149). The valve was connected to:l L'-sha]X-'t1 IIq:'lId
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2. DTA-ETA

H. COUPLl:'\G WITH OTA TECHNlQL'E

nitrogen trap constructed of stainless steel or gJass tubing, Provision was
also made for direct sampling of the evolved gases to the mass spectrometer
by means of a T-shaped glass or stainless steel tube interface. The evolvcd
gases could either be trapped or introduced directly into the mass spectrom
cteT-

In the third method, Chiu and Beattie (148) used an interface constructed
from a T-shaped glass tube and a constant volume sampler, such as is shown
shown in Figure 8.18. One arm of the tee was connected to the furnace tube
of the thermobalance, whereas the other was welded to the stopcock of the
sampler. The third arm was either vented into the atmosphere or connected
to a vacuum pump. The sampler was connected to the heated inlet of the
mass spcctrometcr. A 3-L gas reservoir and a gold leak tube were placed
between the inlet and the ion source. To achieve the highest sensitivity, one
can directly conneCt the sampler to the ion source through a direct probe
attachment.

1. UTA-TeD

As mentioned earlier, the first simultaneous EGD technique was that involv
ing a DTA system. Since :hese systems have been adequatciy described
elsewhere (5, 6). they will not be discussed here. Several of the more recent
systems will be described, the first of which is by Emmerich and Bayreuther
(75). This system, which coupled a ;-.ietzseh Model404M DTA apparatus to a
TeD, is shown in Figure 8.19. j'; 0 details on the coupling was presented hut
it was pointed out that the carrier gas flow rate must be well stabilized and
the TeD must be thermostatically controlled fur good results. DTA meas
urements could be carried out in the temperaturc rangc of 25 to I600°C.

A similar systcm was describcd by Wist et al. (76) in which eithcr EGO
measurements or simultaneous DTA-EGD da:a couid be made. Samples
were placed on an Incond disk which was supported in :he furnace chamber
by three ceramic posts.

The simuitancDus measureme:1t of emanation I hcrmaJ analysis lETA) with
DTA has been described by Emmerich and BOlick (77). ETA is further
described in Section 14 of this chapter.
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F;gure 8.20. S:rnu:~ar.eo:.L' DTA-GC :ed:ni'll;e de-.:ribec by Ya..,...ada~! at. I1g\.

aoparatus, which is iilustrated schcmaticaliy in Figure 8.21. coupled a
S'tanton Redcroft 67-IB DTA sample cr.amOer to an AEI Q~S 40 quadru
pole mass spectrometer. Two coupling techniques were used f~r the [~ter

facing between the DTA and the mass spectrometer: (<.II commuous l:ll~t

with by-pass and (bl a ;nembrane separator. In \al, a l80-cm long, O.3-mn:-1d
stainless stcel capillary tube was used to cO:Jr.ect the two units. ThIS tubmg..
which :5 covered with a PTFE sleevc and can be heated to 300:e, is con
nected to t!'.e mass spectrometer by a simered silicor. carbide leak which has
a conductJnce of0.01-1. To:-rsec ~. The pressure:n the interspaee:s normally
3 Torr. ar.d t!-:e :Jow ofgas ir.to and oul of it is viscous in character and molec
~J1ar through the leak. This interface is :..:sed :or ~he ar.alysis of water vapor
und a wid; I;:;r.ge of gaseo\;s produc:s when their concentration is nigh. It is
not sl:itabie for low volatility deco;n;:)(1S;lilln prod",cls.

The: membr<lne scpara:or (hI h;:td a grea\er ~ensi:i.... ity !or Ofga~JC sub·
stances and is less likely :0 be ::t:Tet:ted ,y tondensation and decomposition
p:-oducts of low volatiiity It has a 10\\ ?cr[neabil:t~ toward carr:er gase:
such as tlrgon and helium but evolved \·ol3.:l\es. both morgamc and orgamc.
are readily transported th;ough the mernbrar.e. Gas leaving the DTA s~mple

chamber ean :ollow one of two routes. :~e !irs: IA) being the route [0 [llr that

rr--=;-;
" I

:: ~~'II I I
II I 1
I I I
,I I I

I I
I I

~
01

~ I
, I

r~'l,I I
I I
I I
, I

I
I I
I I
I I
Ln-'

I,

=--_:=J

3. DTA-GC

II
II
r '
I'
II

"II
It
II
II

I'
I'
II

II
II
,I

I~--=--:... ~
~- r--

---~?-

Figure 8. J9. DTA-TeD system described by Emmench and Bayreulher (75).

4. DTA-MS

Compared to DT A-MS, DTA-GC is less expensive to assemble and ensurcs
better resolution in certain situations. Its disadvantage is that since it takes
longer for the GC analysis time, the sampling rate is considerablv less than
that in DTA-MS. To eliminate or at least reduce the :atter proble;;. Yamada
et a!. (78) samples the evolved gases at desired points on the DTA Curve and
stored them until the GC analysis was carried out.

A schematic diagram of this DTA-GC apparatus is shown in Figure 8.20.
The evolved gases from the sample, contained in the DTA sample hoider,
were carried by the purge gas to the trapping tube. Multiple trapping can be
carried out by changing the trapping tube at the desired interval. The trapping
tube in which the evolved gases are absorbed is stoppered at both ends and
can be removed from the cooling block. It is then stored at room or sub
ambient temperatures until it is inserted in the heating block attached to the
injection port of the gas chromatograph. After the tube stabilizes at the
elevated temperature. the sample components are flushed into the GC column
and eluted in the normal manner.

Although many of the systems described in TG-DT -\ appiy to DTA-:\1S. :l

system for DTA-:YIS or.ly has been discussed by Asplnai et al. (79). This
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allows for the larger fraction of the gas to escape. The second an'
fraction will pass through the membrane (roLite B) wir!l an increC"
proportion of evolved volatiies to carrier gas. The separator unn.
enclosed in a smal] oven (0) that has a maximum ope:atini! temDe
2SQ"C, was linked through a glass-to--metal seal to a heated stail
capillary (S) of 0.8 mm id. The capillary tube is connected to the c
mass spectrometer through a bakable valve. With the mass sr
pumped down at a rate of 22 Lisee, and atrnosoheric DreSsure
sample chamber, the vacuum achieved was 2 x

I. ['IISTRl;ME~"AnO:"iAND :\1FASL"REMH..,. p~

1. Typical EGD~EGA Apparatus

A "typical" EGO-EGA apparatus cannot be described because
variety ofde~ectors that are employed. ifcertain restrictions are ,.
latter, plus other operating parameters, a general type apr:
depicted. such as is illustrated in Figure 8.22. The pyrolysis L

simple furnace or other thermal analysis device such as a t;
DTA, DSC. or ,0 on. A ~emperature programmer Drovid

------,
\ Te,'T1 DO

I ''''1'' I

- ~

I Pyrolysis ,---- -:::;- - -

'--Tl_~t--------1' ~r jr-----

~ IDe!ecor conlro:1
At""oSDre~e I

cartro l ~--l--L_-.--.l

~-_-.! r- _.1._
Recc"cer

II

~

:Carl"jcr gas
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QMS40

i
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I I,
22 ~!S

s

"il

ItI

,I

Figare S.21" Two interfaco :echr.;ques used fur DTA-:vtS by Asploal et al. (79), In:erface (a) is
mnlmuous mle: sys:c:n wil~ bypass; (b) rr.embrar.e separator,
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2. Detectors

Just as it is almost impossible to represent a typical EGD-EGA apparatus.
it is equally difficult to describe the wide variety of detectors that have been
empioycd. L'sing the techniques listed in Table &.2, the type of detector
employed for each method is listed in Table 8.5. As can be seen, there are a
num ber of different types of detectors used, from simple thermal conductivity
detectors to more sophisticated ion current detectors in mass spectrometry.
It is. of course. impossible to discuss each one in detail nere, although the
comp'tete apparatus is described in certain cases.

Thermal conductivity detectors have been discussed in detail by Ingrabam
(107), wbo also described their application to thermodynamic and kinetic
measurements. In this same book. Lodding (4) describes the gas density
detector as well as several ionization detectors, such as the argon ionization
detector, the electron capture detector, and others. F!ame Ionization detec
tors have been described in detail by Brody and Chane)' (108) and Johnson
rI09}. The latter also discusses other types of detectors. .\'lalone and \JlcFad
den (1101 described many different types of special identiflcation detectors,
such as those listed in Table 8.3. ':'Jumerous texts on gas cbromatography
desf,;ribe a wide variety of detectors, many of them useful in EGD and EGA.

The usc of infrared absorption techniques to monitor EGA and EGA gus

furnace temperature increase, generally in a linear manner, and an atmo~

sphere control unit provides the proper gaseous atmosphere and flow condi
tions. The primary detector may be a simple thermal conductivity detector
(TeO), a gas density, flame ionization, or other type of device. A control
system converts the detector output to electrical signals so that they may be
recorded on a recorder, as either a function of time (strip chart recorder}
or temperature (X-Y function recorder). If the presence of an evolved gas
only is detected, then the apparatus may be designated as EGD. On the
other hand, if the amount or quantity of evolved gas is measured quantita
tively. then the apparatus is EGA. The apparatus is more useful and versatile
if it is coupled to an auxilIary analytical detector. This detector may be a gas
chromatograph, mass spectrometer, titrimeter, [R cell, and so on. The
additional information is quantitative and thus determines the amount
and/or composition of the evolved gases, If these data are correlated with
other thermal analysis data from the pyrolysis unit, then a large amount of
information is available concerning the system under investigation. As
pointed out by Wendlandt (169}, the use ofa single thermal a.nalysis technique
does not yield enough information to characterize a decomposition reaction.
If a gaseous reaction product is evolved, EGA-EGA data may well provide
the necessary complementary or supplementary information needed.
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OeteclDr (or commcms\

Flame \onilation de:cclor IFI DI

Thermal conductivity detector :TCD)

Wide variety of detector5 such as Teo.
FlO. etc.
Gas density detector
rn~rared phOlomCtric de:ecwr sys,em
Various types of :on cur:er.t delector5

Ph o:ocell-!amp system
Pressure Iransduccrs of varioL:s lypes
Same as g.as chromatography

Spe<::ii;c ion ~leClmde in sol:Jtion cor.
containir.g evolved gas
See rable 8.3
:\1ay be hOI wire or lhermlslOr type

TCD
Particulate matte: detec:or
Piran; gauge
TLC plllle with dilTerenl coat,ngs
Titration ce:1
'v'arlnb:e VOiU;llC system

I:-lSTRI...<MEl'lTATION A~D MEAS'L'REMr;;>;T PARAMETERS

Table 8.5. Types of Detectors t:sed in EGO-EGA Techniques

EGO-EGA Technique

a. Ejfur of Irwruml!nt Parameters on EGD CUrL't!.~

Differential ther.nai gas ana~ysis

Elcrncll~ai Ilna:ysis ~pyrocbrom;

Evolved radtaclive gas
Flame ioniztltio:J de:ect:oll
(Thermai EVO!Ulio:J A:Jaiysis)
Gas chroma~ography :GC)

1:1 OriC of~h: e;lr:le~[ investigations nn tt:t: cSC llfthe EGO tccholqut:_ Rogc,s

er aL 1)0) dett:'l':',ined the Ljualitattvc .:iTec!; or the sYSlem llper:.ttJl1!! pUfam

cte;~ nr. Ihe EGD C'Jrvcs. The pur:.lmderS sa:JI~d il1c~uJed the: car~ia ~tlS

3. :\·leasurement Parameters

stream has ~een discussed by Low r.L (II and Freeman ,59). A wide \uriet)'
oi infrared \echnilpes !l<lVe been employed,

Special ir.ercl:~ca:lOn cetectorS
Thermal cOndCC1[\ ity de:ector
Thermal energy unaiyzc:
Temperature-programmed reductio:1
Thermopart:cLlI;lte ana:ysis
Thermai voiatiEzution ar.alym:
Thin-layer c:Jro~a:ograpny

TiLr:metry
V Ll:t:me cha:lges

Gas density de:eet:or.
Infrared speclroicoPY
\1ass spectrometry
\1olceular weight chromatography
fmass chromawgrapi:yJ
Piezoe!ectr:c dctlXtior.
Pholome:ric detection
P~essl.l re changes
Pymlysi$-GC
St'ecif.c gas detectors
Specitic ion elec-:roce.
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flow rare, heating rate, sample mass, TeD sensitivity, and pressure and
nature of the carrier gas. ~any of the effects found were similar to those found

. for other thermal analysis techniques, such as TG and DTA/DSC (6). The
instrument parameter variables, with the exception of the variation in TCD
sensitivity, affected the peak maximum temperatures and peak heights;
TCD sensitivity only a1Teetcd the peak heights. To illnst,ate these effects,
Figure 8.23 gives the effect of sample mass of PET~, an explosi'lc, on the
curve peak maxima and magnitude, The peak maximum temperatures
varied from 1600 C for a 1.4 mg sample to 178°C for a 20.5 mg sample. The
larger the sample was, the greater the magnitude of the peak observed, which
is of course expected. Thus, judicious control of sample size appears to be
necessary for reproducibility of peak temperatures.

The observed changes in the EG D curve with operating parameters are
listed in Table 8.6.
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I-igure 8.23. EJfec! of~ample s:ze or: [he EGD curve ~f PET~ (30). I. 1.4;ng PET'-, max;mcr::
aL 160'C:.?_5.0mgPET:'-l;::1axl~unH: 167 C:J,9.7mgPET:'-l;r.:a.~:rr:Lrr:;: :nC.4.1S.ilrr.g
?ETN : ~ax:mu::1 at : 78 C; 5. 205 mg PET:- ; ma,ir:'.~m at : 7~ c.
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T3.blt 8.6. Obsel"'lcd Chilnges of EGD Curn Peaks
with Operating Parameters (30)

-- --
EITt.:ct on

Operating
P3.,d.illeter Peak Tc!l'p. P~'llk Height

Flow rate o/carrier gas

L Slow So effect Increase

Fasl No effect Decrease

fleating race

Slo\\ Increase Increa.'ie
rast Decrease Decrease

Sample mass

1. Large Increase Increase

Smail Decrease Decrease

TeD Bridge sensirlt'iry

I. High Noelfeet Increase

Ltlw t"o effect Decrease

Pressure

l. 1 attn .• ~ atm Increase Decrea:;e

Atmosphere

I. He - air So elY",t Decrea.se

Krug and Hadrich \1(2) found that the EGO curve peak, like DTG. was
proportional to rbe rate of reaction. As a rule, they found that the observed
peak was quantitatively proportional ~D the ~ua.ntlty of sample. and that
deviations from this were an indication of pccullamlcs In the reaction mech

anism.
E:nmer:ch and Bayreu:her (75) found L1at in their simultaneous TG-EG D

I1pparatus. the EGD peak area was proportional to the sarr:ple mass ror the
evolution ofH .0. CO. and CO. from the :hermal decompos:tion ofCaC~O~·
H

2
0. This prolxmionaiily is shown hy the curves ir. Figure 8.24. which ha.ve

a linearity of \\ Ithin =:'~~. They also studied the cffect of gas now quan.tlty
and peak helght_ half-wleth. and peak area usir.g calibrarcd amounts ot alr
inje~tcd into the carrier gas stream. The peak area and hal-width decreased.
whereas the peak height inc;"ea~ed wirh 11(1 ir.creastl in gas !low. Thus. better
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d. Resolution of EGA Curve Peaks

In DTGA (see Section n, \1izutani and Kalo (38} found that the followi:lg
experimental variables affected the curve baseline stability. These facton are:
(1) irregular heating or cooling of the furnace. (2) imperfect gas mixing. (3)
temperature fluctuations of the TCD, (4) Gas leakage in apparatus connec
tions, and (5} water or other condensable gases condensing :n the gas train.
Many of these factors could cause baseline fluctuations in other EGD-EGA
systems, especially (3). (4) and (5).

c. Baseline Stability

The usefulness of the DTA- EGA ~echnique is further :ncreased by the resDlu
tion of the total EGA curve peaks into its component parts. using a curve
resolver to deconvolutc the overlapping peaks. Bar-.di and co-workers \ 116
118) have demonstrated the usefulness of Ihis approach. as shown in Figure
8.26. The curve rcsolution shows that both Cr~C and Cr1 1c' i\) are present
in the sample. This approach could probably be applied ~o other studies as
well.

proportional to the prodl.>ct of the rate of heating and sample mass. \1ulUal
deviations from this proportionality did not exceed 20%.

For V-T curves, Wendlandt (115) found that the heatir,g rate had lide
effect on the 7l values for KHCO J but it did change the TJ values ~o some
extent. The 7; value found was about 16S'C for which the TJ values were
205'C (5'C min - 1).21 5'C (lO"C min I), and ?.40"C (20'C min 1). There was.
naturally. an increase inthc (T

J
- I;} values with an inc,ease in heating ,ate.

,J
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resolution is obtained but lower sensitivity is observed on increasing the
gas flow rate.

Barnes and Ktrton (60), in thei.r EGA study of the evolution of CO 2 from
Ag2CO!, found that the peak area was directly proportional to the quantity
of CO 2 evolved.

50 :00
Samole weight, mil.

Figure 8,24. Re:lllLon between peak area and sample mas, for CaClO.· HID (75).

b. Effect ofOperanng P(ITameters on P-T and V-T Curves

The effect of sample size on the magnitude of the P-T curve was studied by
Wendlandt (13). usir.g the thermal decomposition of KHCOJ , he found
that the larger the sample mass is, the greater is the pressure increase ob
served. This is illustrated in Figure 8.25. There were slight changes in the
Ti (initial temperature) and TJ (I1naltemperature) values and also Ihe reaction
interval (TJ - Ti). Values for 1; (14S"C) did not change substantially with
sample mass but TJ vaiues did increase slightly: 2OO"C (73 mg). 205~C (Ill
mg) and 2l0"C ([49 mg). The initia1 pressure, Pi. was < I Torr in all cases,
at a heating rate of I OCC mir. - I, With heating rate, there were changes in the
TJ and T[ - Ti values out not those for 1;. Values for TJ reported were:
5"C min -I (190'C), IWe: min - l (210°C), and 20"C min -I I220·'C).

Dckoi< et al. (1141 four.d that the total area of the low pressure « 10 Torr)
dissociation CUrves of :he alkaline earth carbonates was approximately

,
t

I·
I
I
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figure 8.27. EGD lemperat~re clLjbratLon
sampie holder (120).

!

EVOLVED GAS DETECTIO~ A~D EVOLVED GAS A~ALYSrs500

detector for a f!aS flow rate of 30 mL/min was less than 6 sec. The preliminary
results obtaincl using this system indicated that the gas evolution was not
influenced by various furnace heating rates from 3 -lace/min. nor was it
appreciably affected by oxygen present in the gas atmos~here: It should be
considered as a poSSIble system for EGD temperatLIre cahbratlOn; however,
a wider range of conditions are required before final acceptance is obtained.

J. OTHER EGD-EGA TECH:"iIQL'ES

-100 "'"
TFMPeFlATu"-'2:. ·c

Figure 8.26. Resc;\.lt\O" of FGA curve ror samp!e cOnlainir.g Cr,C ar.d C'l (C, ~) (; :6).

e. Temperature Calibration in EGD

Ware (119) developed a material having a thermal transition, which could be
used for the temperature calibration of an EGD apparatus. It was found that
potassium sulfate. containing a small amount of dissolved carbon dioxide,
released the latter substance during fusion so that the evolved gas peak
coincided with the melting process and was independent of the heating ~ate
and oxygen Content of the atmosphere. The sample holder, shown in Figure
8.27, was used to contain the sample during the calibration run. It consisted
ofa platinum crucible placed in an alumina holder which was enclosed with u
platinum metal cover. Carrier gas nows between the platinum cover and [he
alumina sample holder. up to the top of the sample holder. and impinges on
the top of the sample. The gas then passes around the crucible and through a
small hole in the center of the holder to a gas-density detector. It was esti
mated that the time lag between the sample and the detector for a gas flow

1. DTGA

In 1975. :'vl:izutani and Kato (38) proposed a new EGA technique called
differential thermal gas analysis (DTGA). The technique consists. basica~ly.

ofa modified EGA method and a high-precision gas-mixing apparatus. whIch
is able to detect not only evolved gases but also gas absorption due to :eaction
between the sample and a reactor gas. Gases. absorbed or evolved by the
sample subjected to a programmed temperature change. are determined wi,h
the aid of a thermal conductivity detector. It is interesting to note that an
almost identical technique was developed for studying cata:ysts by Cveta
novic and Amenomiya (157) who proposed the name, temperature·
programmed ~ec!uctlon lTPR). In TPR. the change in hydrogen gas concen
tration in i1 car:i":r gas. after passlng through i1 temperatl.:re programmed
reacrar can wining th,.: test catalyst. was also detected b~ a ther!l1al conduc-
tivity detector. .

In DTGA. th~ >las stream consists of a r:1ix;ure of an "active gas:' which
interacts with the-heated sample. and uo ":nert gas" which does not. The
sample lS heated or cooled at a constant rate in gas mixtures such as I.re.02.
He-CO~, He-H:. and :hc like. When interaction. such as absorptIOn or



2. Temperature ProgralDIDed Reduction (TPR)

inner alumina tube and stainless steel tube (j) to :he detector. The inlet and
outlet tubes U. k) are joined with solder:o the stainless steel cap (gl, whereas
the outer alumina tube (el is fixed to the stainless steel fixed device (fl with an
adhesive to prevent gas leakage. Two metallic del/ices (f, gJ are connected
by a screw joint lil and sealed with an O-ring (h). Sample changes are easily
made by unscrewing the housing and replacing the sample holder. The
metallic devices (f. i. gJ are stable even when tb,: system is heated to 16()()'C.

The gas mixing greatly affects the baseline stability of the recorder. It
is best to use a premixed gas mixtllre but the precision gas-mixing equipment
described permits the use of many different types of gas mixtures. The base
line stability is also affected by the temperature changes of the TCD ar.d the
gas stream flowing through it. Accordingly, this part of the system was placed
in a thermostat (::: O.5"C). A trap is used for the separation or analysis of the
evolved gases. Selective .~eparation from the gas stream is achieved by use of
a cold trap or an absorption trap containing pzOs. ascarite. and so on. The
DTGA apparatus is described as very sensitive, usable. and trouble-free
compared to other thermal analysis techniques.

The TPR technique consists of passing a 5% hydrogen in a nitrogen gas mix
ture over a catalyst sample and monitoring the change in hydrogen content
of the effluent gas as the temperature is continuousiy increased, A continuous
record of the rate of reduction of the catalyst is obtained, which u~ually

contains several peaks. These peaks are related to the different catalyst
components and are useful for studying the preparation. activation, and
deactivation of catalysts particularly in cases in which the active catalyst
components interact with the support or with each other as in alloying. The
technique thus permits a profile or ··r.ngerprinf· of the l:ataiyst reduction
reaction to be obtained. It is eminently suitable :or st;ldy:ng low-loaded high
ly dispersed systems whose characterizations are beyond the limits of detect
ability by most other direct methods of structurai analysis such as X-ray
diffraction. and so on.

A schematic diagram of the appar3tus is shown in Figure 8,30. The catalyst
sample, contained :n a quartz tube. is surrot.:nded by a smal; electric furnace
whose temperature is controlled by a li:lear :emperature ;Jrogra:r.mer. The
inert helium carrier gas is replaced by a 5% hydrogen-lin r..iacgen) reducing
gas mixture. and the change in hydrogen cor.cemratior. is monitored with the
thermal conductivity detector. Sir.ee :he gas flow :s const3:1t. the cbange in
hydrogen concentration is proportional to tr,c rate of hydrogc:1 consumption
or rate of catalyst reduction. Tr.e gas leaving :he c:Hal]~t sample pllsses
through ,ma:l absorption :llb~s [flat ~t::mO\e W:.lter :.l:1d other recucllon
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che~ical reaction between the active gas and the sample occurs. the coneen.
tratlOn of the active gas in the gas stream decreases. When the active gas is
evolved from the sample, its concentration in the gas stream increases Thus
t~e displacem~ntof a recorder curve corresponding to absorption and 'evolu~
tl~n of the. actIve ~as ap?ears on opposite sides of the basejine. In comparing
thiS teehmquc with TG, one fmds that DTGA corresponds to mass-gain
as well as to mass-loss.

. A schematic diagr.am of the DTGA apparatus is illustrated in Figurc 8.28.
lhe apparatus conSIsts of gas-mixing equipment 10, reactor (bj, TCD (a),
recorder (hl, temperature controller (g), sample comainer (cl, trap (dl and
furnace (e). The Ill/xed gases pass into the reference cell of the TCD and then
through the reactor. Exit gases from the reactor pass through the sample side
ofthe TCD and any unbalance in gas concentration is dctected and recorded
It is interesting to note that the maximum temperature of the furnace i~
l6OQ°C.

A ~ross-5e<;tional detail of the reactor is shown in Figure 8.29. The sample
~ontamer lollS placed at the top of a platinum tube (el, and the reactor gas
~ntrodu<:ed. from the inlet (k) runs between an oUter alumina tube (e) and an
lOner alumIna tube (d). The gas stream over the sample (a) passes through the

a... ,~ ,.'~ / ~h,"\, . .', _.,
~--=- =--7 =-=.= =----=-=
~~ _:::! 1 . ' ,-~

. " I J
b fig

6~,m

Figure 8.28. S;bem~tic diagram of DTGA apparatus descnbed by Mizulani and Kala (8).
a.,The:'1T1al co,,,::uctIVlty detector: b. reaclor: c. ,ample container; d. trap; e. elect";c furnace:
f. .emperaturecontroller: g. tbermocouple ;b, :!·pen recocdcr: i. gas.;n;:;ing equ:pmc::r.

I
-1__ .......--r
I_~~-- __~~__ --,

Figure 8,:!9. Ccoss·scctional deta,: of DTGA reactor (38). a Sample' b ~~I "....
I ." . • . ' . • !'!:::l.·.t' e CO •• l.:J.I ••er.

c, p.a,mu:n pIpe; d. aotJI1:"na pipe: e, outer a::.lmlna pipe; r. fixed device: g, Sl3ln:ess ,Ice. cap:
h. O-nng. I. ,crew jOin:: I. k, 51alnles~ steel p'P" i inr-er diarr.eter: 2 ;lim).
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undergo a preselected healing cycle. and are then removed, all automatically.
After cooiing the furnace to a preselected start;ng temperature. a new sample
is introduccd and the cycle is rep.:atcrl.

A schematic diagram of the au:omated EGD apparatus is shown in
Figure 8.31. Basically, the apparatus consists of a sample-changing mech
anism and furnace. a programmer to control :..'le rate of furnace temperature
change, a thermistor thermal conduct:'vity cell and bridge c:rcuit, a two
channel strip-chart potentiometric recorde:, and a helium supply and gas
flowmeter. The electronic circuits for the sample changer mechanism were
the same as previously described for :he automated DTA apparatus (121),

The principal component of the EGD apparatus is the sampie changer
mechanism, which permits the automatic loading and removal of the samples.
It is illustrated in Figures 8.32 to 8.34.

The sample, which is contained in an aluminum cup on a Pyrex glass rod
centered in a sample lift disc. is elevated into the furnace and positioned
directly below a pair of thermocouples. An O-ring, seated in a groove in the
lift disc, seals the furnace so that the carrier gas entering the furnace base
continuously circulates through it. The upper limit of travel of the lift disc
platform is set by a microswitch which controls the reversible motor driving
the platform elevation screw. As the furnace is sealed, the furnace program
mer, on a relay delay circuit, is powered. The furnace is a Vycor tube, 25 mm
in diameter and 6.4 cm in length. ~hich is wound with 15 ft of l\'ichrome II
resistance wire and covered with suitable asbestos insulation. As the furnace
is sealed, the chart drive of the 2-pcn strip-chart recorder is also powered_
When the furnace temperature rcaches a preselected maXUnlJm limit, the
sample lift disc is lowered from the furnace and set back in to its place on the
sample table tray. This tray is rotated by a small synchronous electric motor

Figure ~31.

p23, :~4}.

'\

I

fi G
I, I IREAC10R

II 'I
I, II

UrAW.YST

.c\1~-~'..,..,...

IWIOMETER

t, ~ ~.c\,"",CIITAl.'I'ST

6%t'lZ/~~ r----I I ....... -
TPR GAS v.w.£ I I I J

COUlTRAP II ---- _L -~-- I' CCLOTR.cIP

~ ;I-na::~
: t III " I

-HER/lI05mTED I l-r-l-CAu8RAT<D
BATH (100") ~ I I I n£RM.c\L

"I,I':~
I... I

!~J -.J :
~ J

F:gure 8.30. Schemalicdiagram ofTPR appar~tusdescr:bed by Roberlsor, et ai, (120).

3. Automated EGD Apparatus

products that otherwise would interfere with the bydrogen analysis. A
nitrogen-filled sample loop can be switched into the gas flow to calibrate the
apparatus. The recorder is equipped with an integrator to measure the
hydrogen gas peak areas; the integrator response can be calibrated directly
in terms of the amount of hydrogen consumed.

Typically, 0.5 g of catalyst is used with a reducing gas flow rate of 600.·
1200 mL hr-'. The reactor is heated at a linear rate of 4.5-10"C min- 1

over the temperature range of - 80-700"C. A reduction peak in a TPR curve
is typically 50"C wide, so in principal, 10 or more different components can
be resolved.

Similar systems have been described by Tsuchiya et a!. [152, 153), Smut7.ek
et a!. (154), Chan and Anderson (155), and Luengo et aI. (using a GC dctector)
(156).

An automated EGD apparatus has been described by :"esbitt and Wend
landt (123,124). The term automation refers here to a system that is capable of
automatically introducing, heating, and ejecting ~he sample without the
attention or assistance of an operator. A number of samples, usually eight.
are preloaded in sample containers and placed in the appropriate positions
on the sample tray. These are sequentially introduced into the furnace,
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equipped with an electromagnetic clutch. The rotation of the tray by the
motor is controlled by a lampslit-pholOcell arrangemeIlt. As the tray rotates,
the furnace programmer is automatically reset, and the cooling fan is activ
ated. When the furnace tempera ture decreascs to Ii preset minimurn [normally
room temperature), a meter relay controlled by one of the furnace thermo
couples starts the next cycle o[ operations, replicating what has just been
described. The cycle is repeated eight times, after which a groove cut into the
sample table tray intercepts a roller type microswitch lhat cuts olf all power
to the instrument.

The gas flow to the furnace is controlled by a two-stage gas regulator, a
metering valve, and a valvcd flowmeter. Gas le<rtving the flowmeter passes
first through one port of the thermoslated thcrmistor-lype thermal conduc
tivity cell, and then exhausts to the atmosphere. The two-pen recorder

507
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5. Detection of Water Evolution

The sample is healed in a rnoi:-'ocenum furnace containing a l-em3_

volume alumina or Pt cn.:.cible. The furnace is inserted into a vaCUUm cham
ber through a quick connect pon that includes the electrical feedthrough for
the thermo<.:ouple (Pt-P!. :0% Rh) and for the low temperature-high current
Tl:quired by the furnace. An upper flang.e supports the quadrupole mass
spectromctcr, positioned about 2.5 ern above the furnace. Included in this
flange arc a thermocou;::ie gauge. a toggle valve to thc atmosphere, and a
bellows valve used for back-filling the svstem with helium gas. The chamber
is evacuated by a turbomolecular pump to a pressure of ~ I x 10- a Torr.
An output of0-10 V from :he mass spectromcter is proportional to the range
of atomic mass number ~c~ected from 0- 300 amu. This signal is used for the
oscilloscope display and its return to OV is used to trigger a relay that sig
nifies the beginning of a new scan in the data collection system.

The detectioa and determination of water (or moisture) in a wide variety of
industrial and chemical productS is of great interest. Analytical techniques
for water determination include chemical. spectroscopic, thermal, electrical,
gravimetric, and physical techniques. Due of tbe most versatile techniques is
based on cou]ometry (130). This technique generally involves absorption of
the water onto a hygroscopic materiai. from which it is subsequently electro
lyzed. Thc current required for the electrolysis is directly proportional to the
water absorbed. One such commercially available instrument based on this
principle is the Du Pom 902 moisture evolution analyzer (~EA), illustrated
in Figure 8.36.

The sample is weighed and placed in the oven where the water is vaporized.
Nitrogen carrier gas flows through the molecular sieve dryer into the oven,
where Lt absorbs the water vapor and transports it to the electrolytic cell.

simultaneously records both the furnace temperature and the imbalance of
the thermal conductivity ceil Wheatstone bridge circuit.
, The obviolls adv~ntag~ of this apparatus is the automatic changing of the

elgh,t samples contalQcd. III the sample tray. Operation is completely auto
matic a:,~ onee start.ed, It does not require the attention of the operator. By
the addltl~n ~f a .sultable data-logging system, tho apparatus can be made
serntquantltauve If carcfuily calibrated.

4. EGA-\'IS

Galla~er (150) has described a system capable of mass spectromctrically
~nalyzmg the gaseous species evolved from a sample when heatd either
Isothermally orat a programmed rate in the temperature range 100· 1300°C.
The apparatus :s highly sensitive to both condensable and noncondensabIe
g~ses ,and provides: (1) linear heating rates from 0 ·4OQ°C/m; (2) a short
dIffUSion path so that time Jag, condensation, and reactions with the environ
~ent ar~ minimal; (3) data collection and presentation can be accomplished
In a vancty of modes. A block diagram of the apparatus is shown in Figure
8.35.

=ig~re 8.35, B;ock diagram of EGA appara::Js (ISO}, A. FutMce. RADAC-X: Laxel Co.'
C· .urnace cor.troder. Speedomax. SCR. siepuown transformer. leeds and :-;orthr:Jp Co :

. quadrupole mass spectrome:er head 100C. UTI Co.: D. :"rhcmo;ec"la- pump '404 D'
Sargent Weich Co . Ii - I' . . . - ,

- ". '. Cont,o anJt mass spectrometer :00c. el! Co.. F. RF JI::I mass
5pec!~orr.eter looe. {,Tl Co ; G. scope 130(, Hewlett Packard Co.. H. relav; I. ,\.1S orogrammer
Q~(1'0\. Balz~~ ~".. 1, ~:\·.egra·.or CR5-204, Co,~mbiaScientific Co.. K. ~olta!!:e diVide,. 1'.10:
L. ,eletype 33. re.etype Co , .\1. recorder 3000 1 per.. H()J.~on InsLrumen: C-: -



6. Pyrolysis-Gas Chromatography
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wire coil wound around the tube. During pyrolysis of the sampies, heEum
gas was used to sweep the pyrolysis products into the gas chromatograph.

Another more elaborate pyrolysis-chromatograpr.y-apparatus was
described by \tIacLaury and Schroll (146), which perrr.itted heating r~tes

frorr. 5'Cjm to 5000c C/S. It consisted of a Chemical Data Systems geological
sample and analysis system and a gas chromatograph. This system is a self
contained bench-tap instrument that provides a means of trapping volatiles
from a DSClOO Pyroprobe solids pyrolyzer. The Pyroprobe uses a platinum

Figure 8.37. a Sche,:\atic diagram of water detector apparalus; b schernatlc diagram of ,he

de:.ector eel! (144).
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The electrolytic cell contains a V-shaped tube. with two parallel, helically
wound, platinum electrodes. A thin film of P20S is deposited between the
electrodes; this substance readily absorbs the water from the carrier gas. The
absorbed water transforms the P2 0 S to H 3PO.., a conductor. A voltage on
the platinum electrodes then electrolyzes the absorbed water to Il 2 and 02'
The current required for this electrolysis is integrated, scaled, and displayed
on a digital readout device. Water levels as low as I ppm or as high as 10,000
ppm can be determined.

This instrument has been used to determine the water contents of many
substances, included among them are polymers (131-137) pharmaceutical
products such as penicillin, vitamins (138) effervescent tablets (139). l"uclear
fuels. pulping black liquor, minerals (141) and coal (140) have also been
studied.

Kristofet al. (142-144) have described a water detector in which the water
in a carrier gas is absorbed OQ a hygroscopic material contained on a sintered
glass filter. The liberated heat of absorption is detected by means ofa coiled
resistance thermometer. This apparatus, connected to a derivatograph, is
shown in Figure 837. The liberated gases from the derlvatograph furnace are
transferred by a dry carrier gas (10 Lib) into the detector cell. The gas enters
the detector cell through tube I and leaves it through tube 2. A hygroscopic
material in the detector cell absorbs the water from the carrier gas resulting
in the evolution of heat. The heat liberation can be determined by the resis
tance thermometer, connected in a Wheatstone bridge circuit. The output
voltage from the bridge circuit is proportional to the water content of the
carrier gas stream. Curve peaks from an injection of50 mL of water-saturated
air into the carrier gas stream are shawn in Figure 8.38a, This results in a
linear relationship between the area of the curve peak and the amount of
water present, as given in Figure 8.38b.

Onodera (145) has described an EGA apparatus in which the evolved product
gases are led directly into a gas chromatograph. This arrangement. called
pyrolysis- -gas chromatography--was used 10 study Ihe thc;mal decomposi
tion products of same cobalt (III) ammine complexes. The apparatus con
sisted ofa pyrolysis chamber. furnace. a furnace tempe:-:lI~re programmer. a
temperature recorder. and a gas ch:-omatograph equipped with a TCD.
Column packing used was silicor.e 011 on Fluoropak-80 in a teflon tube. The
pyrolysis chamber consisted of a C-shaped Pyrex glass tube. 15 em long by
0:4 cm ir: diameter. which was terminated on both ends by an O-ring joillt.
1 he O-nng connectors Were used to join the 11Jbe to Ihe gas-sampling valve
of the gas chromatograph. Heating of the tube was provided by a !\:iehrome



7. Flame Ionization Detection
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Figure 8.39. Schematic diagram of f1al1'e ionization deteclor system (\00).

ionization detector (FID), normally Soo~C, complete recovery of the volatile
products is possible. The furnace is healed with a resistance wire heater
element which is controlled by a precision temperalllre programmer. The
flame jet is heaterl by a stainless steel block. Provision is made for injecting
standard gas samples from a syringe, via a'septum inlet, for convenient
calibration of the detector response. The sample boat is made of aluminum,
gold, or platinum and is held in a stainless steel wire frame attacherl to a
sheathed thermocouple.

The FID method possesses high sensitivity, uses smaller samples than TG,
can rOlltinely detect decomposition rates of 0,01 i"Jmin, and can detect
rates down to 0.001 %/min if desired. The lowered limit of detection is of the
order of 1 x 10-" J1g of carbon per minute. Howcver, as found in previous
work on the thermal stability of polymers (97), il is hardly feasible to utilize
this high sensitivity because of the heating blank obtained even with a well
cleaned systcm (burnout with air at 550°C). The high sensitivity of the detec
tor makes it possible to obtain meaningful thermal data curves with as little
as a few micrograms of material. Vapor-pressure measurementS can be made
below the level of 1 mTorr (96).

A FID curve of polyvinyl chloride polymer formulation yielded four peaks
corresponding: to a pesticide (79°), a plasticizer (179'1. a stabilizer (275'1, and
the polyvinyl chloride \438°1.

Trat:e amounts of organic carbon compounds in water t:an also be deter
mined by this technique (99). The sample is heated in a nitrogen carrier gas i.n
two stages to determine volatile (150°C) and nonvolatile t1S0-SS0"C) orgamc
carbon. The water evaporated in the lirst stage changes the detector respons.:
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Figure 8.38. (a) Curve peaks obtained by an injection of 50 mL of water saturated air: (b)
;inear relationship betwccn the curve peak a,eas and the amounl or water pre~e~t (142).

wire as both the heater elemen[ and the temperature detector. A maximum
temperature of 1000 and 2°C can be achieved at heating rates from 5°C/m
to 20'C/ms. The evolverl gases can be monitored with a FID as well as a
TeD. Volatiles can be monitored by splitting the evolved gas flow between
one FlO and a trap filled with Tenax-GC, a highly absorbent polymer for
trapping most organic compounds.

A flame ionization detector has been used by Eggerlsen and co-workers
(96-100) to detect carbon-containing compounds in gaseous pyrolysis
products. The apparatus consists of a small sample furnace coupled to a
high·temperature flame ionization detector. A dynamic carrier gas trans
ports the evolved gases from the pyrolysis furnace to the detector. The
essential components of the apparatus are shown in Figure 8,39. The sample
furnace and detector jet arc constru(;ted of Vycor lubir.g as a single unit.
Due to the unitized construction and the high temperature of the flame

',',

.' '



8. Thin-layer Chromatography

to some extent, but this can be taken care of by proper the calibration tech
nique, The lower limit of detection is aboul 0.2 ppm. The method is especially
effective for determining trace organic material that is volatile or steaU!
distillable under the conditions of the analysis. Results for the nonvolatile
portions are sometimes low, particularly for natural organic material such
as carbohydrates and proteins. In some cases, however. this can be compen
sated for by proper calibration techniques.

Although not a very widely used technique in this application, thin-layer
chromatography (TLC) has been used to analyzc evolved gaseous products
and also for kinetics stUdies. Permancnt~type ga~es, of course, cannot be
handled by this technique, but high molecular weight compounds, which
may be difficult to identify by other methods, can be separated and charac
terized. In addition. the equipment required for TLC is much less expensive
than that required for any of the otber methods.

The technique used by Rogers (93, (4) involved the heating of the sample
under a flowing carrier-gas stream at a programmed rate (or isothermally)
while impinging the carrier-gas stream containing the decomposition pro
ducts onto the surfac~ of an activated TLC plate. 1'h\; plate is transported
across the orifice of the pyrolysis stream as a function of sample temperature.
Therefore, any position along the zone ofapplication of the plate corresponds
to a specific sample temperature. The plate can then be developed by the
usual chromatographic techniques 10 separate the individual products of the
reaction. The final plate yields two types of data: R p data in the direction of
development, and temperature data long the zone of application.

A developed TLC plate for TNT (93) showed that the T~T and volatile
impurities begin to vaporize and appear on the TLC plate between 1.25 a.nd
135"C. corresponding to the first appearance of gas in the pyrolysis curve.
Most of the Tl'T vaporizes. and.is collected undecomposed since it is a rela
tively stable compound thermally. Within the temperature range where
TNT dissociates exothermally, as indicated by the DT A curve, the following
products appear; 2.4.6-trinitrobenzyl alcohol (T:'-:B-OIJl: 4.6-dinitroan
thranil (D~A): 1,3,5-trinitrobenzene (T!\B); "l.4.6-trinitrobenzoic acid
(T::--.IB-a); and a trace of an unidentified compound. The combination of the
precision of the TLC method with the charllcteristic colors 01 the spray
reagent make it relatively simple to identify all the major components found.

The TLC technique has also been applied to Ihe study of reaction ~ inetics
by Rogers and Smith (94).

Stahl (95) described a pyrolysis procedure that also used TLC 10 identify
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the decomposition products. The sample was imroduced into a glass cart~

ridge with a con.ieal tip and heated rapidly for a shon period of time. The
emerging gases were deposited as a spot on a nc pi:ile and developed With
suitable reagents. He described numerous variallons of the standard pro
cedure and demonstrated itS application of the aual:;sis of drugs, food addi

tives, and residues, a:1d to phytochemistry.
Rogers (93) cor.c1"Jded ~is investigation of :his leehniqce by stating that

it will probably be most useful for the study "fpolymeric materials. It should
be possible to study large repeating units rather than):lst the sl~pl:st ~1ti
mate pyrolysis products. Because no thermal conduc:lv,ty, flame IOniZatIOn.
or other detector is used, it is nOI necessary to =ploy spe;::ilic carrier gases
for best results. Mechanisms and interactions can be studied in any gas or
vapor system, for example, oxygen. air. nitrogell. helium. hydrogen, carbon
dioxide, or mixtures containing water vapor. acid.,;. ammonia, and 50 on.

The technique of thermopar:iculate analysis (TPAl consists oi the detection
of evolved particulate material in the evolved gases as a functio~ of tempe~a
ture. In the presence of supasaturated water vapor. these particles prov~de
condensation sites for water, and hence can be detected by ;ight-scaltenng
techniques. Water droplets grow very rapidly on the panicuiate matter (con
densation nuclei) untii they are of a sufficient size to scatter lig.~t. The scat
tered light, as detected by a phototube in a dark-field optical system. is
proportional to the number of condensation nUcl~i.initially pre~ent. It IS an
extremely sensitive measurement. with the capability of detecting one part
of material in lOIS parts of air. The technique was hrst employed by Doyle
(90) and has been reviewed by \1urphy (91. 9~1.

A schematic diagram of ~he apparatus :or TPA measurements is shown in
Figure 8.40. The p~lymer samples. 1 x 0.125 x O.OJ.l in .. wcr~ heated. in a
copper tube furnace that was programmed for a lcmperalure rtse of 50-C. h.
Hydrogen was passed over the sample at a:3 mL S<.'C flow rate, bUI beca~sc the
condcnsation nuclei counter required a gas flow of !00 mL/s. addltior.al
amOU:1ts of nitrogen were added beyond the fUT1'ace ar.d heat exchangers.
Some materials studiec by ~his technique are ~hown :n Table ~.7.

:Vlurphy (91) has also described 11 cor:verler that will ge:;e~ate conder.sa
:ion nilcle: f~om a reactant that wOI:ld :Jor:11ali: not :,e detected by TPA.
For example. ammonia car: be detected by paSsillg Jl through a flask contain
ing a small amount of h.vdj"Q(;hloric acid. Tr.e ~ascDus He: above the solution
reacts with :he ammonia to form condensat;CtTI r.udel of ammonium chlo
ride. Other gases and the canversion processes cmploycd are shown in Table

9. Thermoparticulate Analysis

EVOLVED GAS DETECTION AND EVOLVED GAS A~ALYSIS514



Figure g.40. Schemari(; diagram ofTPA appara::J.5 (92).

Table 8.7. DeCllmposition Tempel'1l.tllfes of Polymeric Materials by Tbennoparticulate
Analysis (91)
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Table 8.8. Gases Detected by Condellsation :"Iuclei Tecbniques [9:)

Ammonia.
Benzene
Carbon dioxide
Carbon monoxide
Chlorine
Ethyl alcohol
Freon :2·21
Hydrogen cnloride
Hydrocarbon
~etbyl mercaptan
Ethylamine
:'vIercury
Nitrogen dioxide

10. Organic Particulate Analysis

8.8. The TPA :nethod is continuous, capable of gas analysis through conver
sion techniques, and able to detect condensation nuclei. It is the op.iy thermal
technique with the last named capability.

In 1976, Phillips and Smtth (158, 159) described a technique called organic
parricuiate analysis (OPA) in which the particulate or aerosol matter emitted
by a heated organic compound was detected and recorded. This technique is
essentially identical to that of thermopaniculatc analysis [TPAI. discussed
previously. The apparatus employed an ion chamber to detect :hc submicron
particles by their influence on the output current of the ~n,trurnent. Small
ions were produced by a low-level radiation source con,aining the particulate
matter. In the absence of particulate malter. almost all :he ions are coilected
which results in a ma.ximum output current ofa magnitudedetermir.ed by the
strength of the ,adiation source and the ionization propercies of the gas
Stream. When par:icles an: present in the ionized gas st:earr.. some ion
particle combinations take p\ace. Bcc:luse the patticles are much larger than
thc ions. the mobility of the resultant charged particle is :css. and o;Jly a few
of the species are collected in the ion chamber. The resul: is a decrease:o the
output current of the ion chamber. this dec:easc being a function of the
particle conccntration and panicle size. Concentrations as low as 2 x 10- 10

giL can be detected. When temperature :lnd ion current are n~onitored. this
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results in an organoparticulatioo pattern for a specific organic compound,
Temperatures that are significant from the data include: (1) threshold
temperature, which corresponds to the onset of organoparticulation and (2)
temperature at which there is a 50% decrease in the ion current. These values
enabled an organopartir:ulation temperature runge to be determined for each
compound, Mass spectrometry was used to characterize the organoparticu
late matter emitted by the organic compounds,

The OPA technique has been applied to isocyanate compounds (160. 161},
malonic acids (162), metal acetylacetonates (163), and diazonium com
pounds (164), There are also numerous industrial uses of the technique,

II. Titrimctric :\1ethods

The amOUnt of an evolved gas can be determined by a continuous titration
method, A carrier gas removes the evolved gas from the furnace cham ber and
transports it to an aqueous-absorbing solution where it is continuously
titrated. The titrant used will depend on the type of evolved gas to be deter
mined. For example, ammonia is titrated with dilute hydrochloric acid,
whereas water is determined by the Karl Fischer method. Compouods that
can be determined include water, hydrogen chloride, ammonia, sulfur
dioxide, carbon dioxide, and chlorine (80),

Paulik and co-workers (80-86) described the combination of titration
analysis with the Derivatograph. By means of a continuous titrator. a curve
of the evolved gas can be made, which they call the thermo-gas-titrimerric
(TGT) curve, or the derivative of it, the derivative thermo-ga.Hitrimerric
(DTGT) curve. This apparatus is illustrated in Figure 8AL The sample in the
furnace is surrounded by a silica chamber that can be flushed with an inert
carrier gas. Evolved gases are transported by the carrier gas to the absorbing
solutions, where they arc titrated with a suitable reagent. The amount of
ti trant used is recorded as a function of time by means of a recording buret.

Fischer and Chiu (165) described the coupling of a thermobalancc to un
automatic titrator. A schematic diagram of the apparatus is given in Figun:
8.42, A DuPont 951 thermobalance was coupled to a Radiometer RTS 822
titration system through a glass joint interface, as shown in Figure 8.43. An
auto buret delivers titrant to the titration cell as determined by [he sensing
electrodes, The volume of titrant added as a function oi time or temperature
is recorded by a recorder. The interface capiJIary tube must be the proper
diameter to provide optimum recovery of the eluted componems, It was
found that this diameter should be 0,125 in. with a ;ength of about ~.5 in.
A gas flow of 100 ml./min :s recommended with a furnace heating rate of
IO 15<C/min. However, :or certain samples, a slower heating rate of:'. C;min
is util:zed to attain complete recovery.

Figcre RAI. ,\pparalUs for thc para,:cl recording of DTA, T. TG. D rG: T?T. .1lld D-r:GT
.., t .. nc" ""'bstan'--"- .. 1:..rrnace -4. ';111(;'3curves (86). i. compressed test plec~ ~ _. c~mprcs""c. re,cre :. OY.. ._. :. .' ••

bell' 5 ir.let tub<: tor ca:Tier gas: 6. lube :or gas ext~ac:lOn: '. ,IIlea lub<-. 3_ "hea ~ube Wl[~

stjr~p'-'hapedend: 9, thennoe!crr.cr.t: la, diaphragms: II. ;i~t cell: I:' !ae:p>. I ,..Opllcal
s:it; 14, magnet. , 5, .(}il: 16. galvar.lJmeler: 17. pho:ographic paP":~IS. a..r.-~.g Iran'lonn~::
19. absorber; ~o, elccrrodes: :'.1, amplifier: :'.:'.. vacuum pump: _.0. _\IJI,"ma~-.: burelle. _ •
pOlenljome~er;:5. servomotor.

12. Infrared Spectroscopy

Infrared spectroscopic techniques have long been used to analyze gas streams
in industrial chemical processes, Recen£ly, with the adven t of fastseao mfrared
spectrometers, they have been used as ~as chromatograph detectors. One
requirement of their use, :1eedless to say. IS that the compouod must possess
one or more infrared absorption band. By means of a carner ga..<... the evol~ed

gas sample from a pyrolysis chamber can be readily passed through an Intra~

red ceil for analysis, Infrared systems that can be empl(l)ed IncIud.e II,
nondispersive analyzers. (2) dispersion spectrometers, 1:-1 band-~as5 1.I1te.~

type instruments, and (4) interference :;pcctrometer:;: all rhc.;e .echmques
have becn adequately reviewed by Low (87). .. . . "

Kiss (88. 89) coupled a Chevenard-lype the,mooa,ance \\ lIh .1 I) pe L RIO
spectrophotometer: the evolved gases from the lhermobalan~ we~e passed
through a lo-cm-IDng infrared ceil. A method was devdop."d in \\hlch either
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Figuce !l.42. Schematic diagram of co"p~ed TG-t1tJ""dlion system of f;sc;"er and Chi,", (165).

the ammonia or the water (via C2H z generation) content of the evolved gases
could be determined. Water was not measured directly because the presence
of hydrogen bonding in the molecule greatly diminished the sensitivity of the
absorption measurement. However, by passing the evolvcd water over
calcium carbide, acctylene was generated which could he detected by means
of an absorption peak at 728.0 em - I. Other compounds investigated include
ammonium paramolybdate and ammonium paratungstate. In a later investig
ation, binary mixtures ofammonia and water (CzH z)were determined by this
technique (89).

figure !l.'3. Interface of :he TG-l;trauor.
system of Pi scher and Chiu (1(;5).
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13. EGD :vIeasurements at Subamblent Pressures

A star:dard method for determining solution kinetics of compounds that
evolve gaseous products is to measure the amount of gas given oiT at constant
pressure as a function of the amount of liquid JisplaL:ed from a volumetric
buret. Alternatively, it is possible to monitor the change in pressure at con
stant vOlume. Timberlakc and Martin (1 ~5) have dcscribcd an apparatlls that

:'+.•
records pressure char:gcs at.:.tomat~ca:ly and continuously. Good precis:on
was obtained for :otal pressure changes of 0.1 atm with pressure cl1a~ges llS

small as 10 rnicror:s can he detected. This apparatus has been uscd to study
the decomposi::on of a numher of azoalkanes, which ther,n:'u:Iy eVlllv\:
nitrogen in a first-order process. although the apparatus COUIO he used to
study any reac::on that gencrutes CO. CO.:. S02' hydrocarbons. and so on.
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A schematic diagram of the apparatus is shown in Figure 8.44. The appara
tus is constructed of 2 mm id capillary glass tubing, which is filled with
mercury (shaded portion), The liquid sample solution is placed in flask B
and attached to the glass system at D with a spring clamp. The gaseous
products exert a pressure on the mercury at E. raising the level at G until
mercury touches the electrical contact I, which has been inserted into H.
This closes the mercury switch and activates the mercury filled buret, X,
driving mercury into the system at ~ and L. Deactivation occurs when the
pressure in the closed air system at L and Bare equal and contact is broken at
G. A strip-chart recorder continually records these "activations" (approx
imately 50-7S/min) through a potentiometer attached to the piston-driven
shaft on the buret. The differencc between the recorder pen deflection after
complete reaction and the various !ime intervals during the reaction is
directly proportional to the pressure difference P - PI'

According to Bouwknegt et aJ. (126. 127), there is very littie good data on
the dissociation pressures of the alkaline earth carbonates below a pressure of
10 Torr. They thus developed two systems that could be used to measure
heterogeneous dissociation reactions at low pressures and reliably determine
the dissociation temperature. the rate of dissociation, and the dissociation
pressure. A schematic diagram of the two systems are shown in Figure 8.45.

The systcms illustrated permit dissociation pressure measurements in the
I· lOla) and 10- 3 - 10 . 5 Torr (b) pressure ranges. In thcformer, the pressure

l_~
cons'ant

fempara'u".

10"••

Fig.ure 8.44. C()~s[an[-v"lum" var;'lb:e pre~~u," kl"~IIC "ppar;IIus "rTi:·lhe,·.ak~ ;11',d \bel:l)
:125).

Figure 8,45. EGO systems for low,pressure d,ssociatlon measu,eme"IS. ,GII-IO ruIT range
(2): (b) :0 '_10" Tor. ,ange (:~6).

equalizer is a washing bottle or bubbler pu:tly filled with si:icon~. oil. !he
level of ~he oil determine'S the pressure dunng the measurement ,LDce It IS
operated against a low-pressure side. Pressure inside :he syst~m IS measu.red
by gauge G,. whereas gauge G.i measures che m,:rcury dlffuslonyump SIde.
The sample. which is contained in a nickel boat, IS pumped continuously by
the diffusion pump. "

The other apparatus Ibt consists of a tube, with a clrc:.lIar cross secIton
ofdiameter dand length L. which is connected to a vacuum pump. The sarnph:
is placed at X = O. the end of the tube. wh!ch. is ?eated over length '.' by a.n
electr:c :urnace. The pressure at X = !m IS :ndlcated by gauge \1 and IS

~e!ated to :he pressure }ust ;lbove the samyle S. The equations n:qUlred to

culcu:atc this pressure are given by the authors (311. .
A simple tcch:1ique was used by Wendland~ I1131 to record tnc changes of

pressure in a system. The apyurutus, which is illustra:ed I,n FIgur~ g.~. ~on

sisted of a vacuum system whose pressure IS determmed oy a rnerrur} -filled
manometer tube contai:1ing a resistance wire. This wire is conr:~l~ as one



f'vnr Vi'n GAS DETECTION ASD EVOLVED GAS A~ALYSlS OTHER EGD-EGA TECH!'IQL'ES 525

BRIDGE C,RCUT

,. J:.VI.) apparams ror variabie pressure studies as described by Wendlandt (113).
= 1200 n; R, = 50 n, to turn; R. '" 10 fl; VI = 1 -4V; V, is bridge output voltage.

f B_ ,O~500 mL.

:[ or a wneatstone bridge. As the mercury column rises and falls in the
"Ie resistance of the wire causes an unbalance voltage in bridge. This
: IS recorded as a function of temperature (EMF of thermocouple) on a
-'corder. The pressure range in the system can be varied by a change in
r mOre of the following parameters: (1) sample size. (2) system volume

ulb B. (3) bridge voltage, VI> or (4) recorder sensitivity.

14. Emanation Thennal Analysis (ETA)

a. Introduction

"cnmque ofemanation thermal analysi~ (ETA) is a method bv means of
'1 information about the solid state anrl its changes are obtai~ed on the
·01 men gas release from solids, measured at various temperatures (182).
inert gas atoms are used as trace indicators of the solid state and its
!les but do not react with the solid in which they are incorporated. Their
.se i~ controlled by physico-chemical processes in the soiid such as

';lUtill cnanges, interaction of the solid sample with the surrounding
-\um, and :he establishment of chemical equilibrium of reactions taking
e in the solid. ETA is not a method of analysis, strictly speaking; the

. [gas release is used for the characterization of the solid state. Both radio
.lve and nonradioactive (stable) inert gases isotopes can be used although
e former are more useful owing to their simpLe and sensit;ve detec~lon.

(.

Release of the radioactive gas makes possible the monitoring of various
types of changes taking place during the thermal cycle. These include chem
ical reactions such as dehydration, thennal dissociation, synthesis, poly
morphic transformations, melting, conversion of metastable amorphous
structures into crystalline compounds, and changes in the concentrations of
lattice defects. The ETA technique possesses several advantages over con
ventional TG and DTA. Under dynamic conditions, it permits the study of
structural changes of compounds even when these changes are not related to a
thermal effect (e.g., second-order phase transformations). In other cases,
when finely crystalline or amorphous phases are formed, ETA is more
sensitive than X-ray methods.

ETA is not a new technique; Rutherford (183) and Kolovrat-Chervmskii
(184) working in the laboratory ofM. Curie in Paris in the early 1900s showed
that the release of radioactive emanation from radium salts depends on
temperature, In the 1920-1930 period, Hahn and his co-workers in Berlin
developed the emanarion method which was used to investigate surface
properties of precipitates used in analytical chemistry. Numerous investi
gators from ail over the world 'Jsed the method in the 1940s and 1950s to
study a wide variety of problems in solid-state chemistry, metallurgy,
physical chemistry, catalysis, colloid chemistry. and so on. The use of ETA
with other thermal analysis methods was first studied by Balek and his co
workers in Czechoslovakia, beginning in the late 1960s. Balik recently
reported the results of his work and that of others in a monograph (185)
published in 1984. The growth of papers in this area is shown by the bar
chart in Figure 8.47 (186). Starting in 1900, the number of papers published
during each decade up to 1970 are recorded. Reviews on ETA of interest
to thermal analysis aiso include those by Balik (187- 192\.

b. Instrumentation

Labeling of SolidS. The classical emanation method used natural radio
activity (radon isotope emanation). During preparation of the solid, the inert
gas is usually incorporated by coprecipitation of trace amounts (104 counts!
s-g of substance) of the parent isotope of the gas (e.g.. "28Th and/or 224Ra)
from solution (1901. When this is not possible. the sample is impregnated with
a solution containing :!laTh and 224Ra nuclides. The inert radioactive gas is
formed in the substance due to :he nuclear reactions

Other methods of sample labeling are based on tht: inlroduction of the gus
itself into the SOlIds without l;se of the parem isotope. These methods
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Figure 8.47. :"umber of emanation papers (:ncluding ETA) ,n'each decade f~orn 1900 to

1970 (!g6).

F:gurc 8.411. Reaction cha;:,bcr :or COn

cur-ent ETA. DTA.. and dilatomctr.c
r;:casuremen:s (after Balek =l87J). I, activate<:
sample: 2. DTA standard; 3. di,alomele;
sampie;~. composile t~cm:ocoupie:6. ,,;;an::
d,;a:ometer ~od: 7, quartz vessel,; 8, $UPpo,,·
iug pipes: 9, :netal block: 10, c;uar.J: oute:
vesse!: : I. gror:nd glass joint; :2. coolan
::lbe.

include: (l) recoil energy of nuclear reactions, (2) accelerated inert gas ion
introduction, (3) diffusion process at a higher temperature and pressure in an
inert gas atmosphere, and (4) crystallization of sol ids from melts or sublima
tion of solids in an atmosphere of radioactive gas.

All the preceding techniques yield products in which the incDrporated gas
IS more or iess stable, [oen gas atoms are situated in interstitial positions
in the crystal lattice.

Measurement of Inert Gas Release. Genera[[y, it is possibie to measure
either the radioactivity of the gas remaining in the soEd or ~he quantity of the
gas released. A typical apparatus. for measurement D: the latter and also
DTA and TDA, is shown in Figures 8.48 and 8.49 (187). A labeled sample
(generally I DO mgl. a DTA. reference mater:ai (AlcO 3l. ar.d a sample for
dilatometric measurements are placed in the sample holder. Temperature'
measurement is by thermocouples cmbccded di~ectly into the samp;e~. A

heating rate of 8··1 OCC/min is normally used since this is an optimum rate fo'
DTA as well as ETA measurements. The radioactive gas released from th~

solid sample is carried by a carrier-gas stream that flows at a constant rat:
lnto the cells for gas radioacti~'itymeasurements (Figure 8.49). Thc apparatu:
simultaneously registers the :x-activity of radon and the ~·at:tivity of xenor.
introduced bv ion bombardment. An ETA curve is recorded together witi-,
the DTA and dilatometnc curves us;ng a multipoint recorcer.

Ar:othcr Jpp:mltus, whic:I permits the recording of Simultaneous ET.j_,
DTA. and TG DTG. is shown in Figure 8.50 (192\. The sys:em consists of"
commercial DTA appara!;1S and thermobaiance r.1anufactured by )oJetzsch·
Geratebau. Selb. West Germar:y. For ETA me:ISurements. an ir.ert carrie~
\!,a~ is passed over the saC1pk S ar.d the standard mater:al 1 ';ltuU\ed in ,he.
iSDthcr::lal re2lon oflhe fur:'.a-:e F. The radioactive cm,Ination r~leased frorr.
the sample :s ~carried into a m~3sur::1g cd. The alpha-actiyity of th~ crnana
IlOr. I~ IS counted by means of <I siiieo:! sur:'aee barricr deleCtor D CDonectec



to a count-rate meter. The ETA signal is recorded simultaneously with the
DTA, TG, and DTG signals as a :unction of time r or temperature T of the
sample. Experimental conditions were: heating ratc of 10°C/min; sample
mass of 100 200 mg; inert ]'1;2 gas flow ratc of 80 mL/min; and Al1.oJ as the
DTA reference material.
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FiB~re ~.51. The ,eeo i: Jnd uiff;.:sion processes
Dr :n.,; -gas r•.ease fr ,'m J spherical grai r. (190).

D ~ Do exp( -l.\HjRT)

OTHER EGD-EGA TECw.-.:IQL'ES

where E, is the part of emanation release due to recoil, Ed is the part ofemana
tion release due to diffusion, ro is the range of recoiling atoms, S is the surface
area, M is the grain mass, (jJ is the density, and ;. is the decay constant of
emanation. Er is temperature-dependent and at room temperature is usually
larger than Ed. At elevated temperatures. Ed rises because

Inert Gas Release from Solids. The inert gas incorporated into a solid can
be evolved as a result of chemical reaction. physical transformation or of
damage to the crystalline state, inert gas diffusion. or the recoil of inert gas
atoms (190, 191). The gas release is dependent on the teChnique used for
labeling, that is. if the inert gas itself or its parent nuclide was introduced into
the solid. If the inert gas 1S a result of :he former, the gas atom may escape
from the solid in one of the following pathways, as shown in Figure 8.51
(190). When the parent atom lies close to the surface of thc solid, the recoil
energy (of the order of 100 keY) which the inert atom gains during the decay
of the parent may be sufficient to eject it from the solid, or it may escape by
diffusion before it decays.

According to the theories of both the recoil and the diffusion processes
(194), the release rate of the inert gas is given by

~-~

(~ ~\f'Q :,
i~ .
I .
, 'l'n :

~ i
i

I

I
~
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°jgure 8.49. ETA apparatus (187). l, electronic pOlentiometer; 2. alpha count integrater;
.. beta integrator; 4, dilatometer pickup; 5, thermocouple; 6, gas dryer; 7, pilotomu:lipiier;
. scintlliation cftamber: 9, cathooe repeater: 10. emission measurement chamber: 11. electric
.elIter: 12. ouartz reac:ion vessel; R., rfteometer.

':gure o.~u. "-pparatus for simultaneous ETA. DTA. and TG: DTG I:IC~SUrC,,\e:lJs Ii 941.
'. Amplifier; D. 51::con surface barrier de~eclor: F. f·~rt1ace·. I. star.dard male,;,,1 : S. ,ampie.

'OM. ~ow meIer; ST. llow stabilizer: RM. CQur.:-rale meIer.
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where Do is the preexponential term, t>H is the activation enthalpy of dif
fusion of emanation in the solid, R is the gas constant, and T is the absolute
temperature.

When an inert gas is incorporated into a solid without its parent nuclide,
the inert gas can be released by various diffusion processes, depending on the
diffusion mechanisms.

All the theoretical considerations arc valid assuming that no chemical
or physical transformations take place in the solid during heating. Ifa change
in the structure or surface of the solid takes place, discontinuities occur in
the ETA curve.

c. Applications

Two types of information Can be obtained from ETA measurements. The first
is indirect information about processes occurring in the solid. Any process
proceeding within a solid and leading to a change in either the surface to
volume ratio or the diffusivity of the emanation atoms becomes directly
observable. This is the basis of the numerous qualitative ETA applications
to the study of solid-state processes such as aging, recrystallization, modifica
tion changes. dissociation. solid-state reactions, and so on.

The second is the fact that it is possible to obtain direct information about
specific surface or dilTusion para.meters of the inert gas in the solid. The ex
perimental conditions must be maintained so that a state of radioactive
equilibrium is not destroyed during measurement of the emanation release
rate. Labeling samples becomes ex.tremely important since any theoretical
approach starts with the assumption of some well-defined distribution of the
immediate parent throughout the solid. The diffusion coefficient, D, and the
activation enthalpy, JiH, of diffusion of emanation can be determined. From
a plot of log Ed versus 31T obtained during the heating or cooling of the
sample, the Tamman temperature can be call ulatcd; The temperature, r.
estimated from the ETA cooling curve, indicates the temperature at which the
defect equilibrium achieved by previous heating is frozen.

The temperature dependence of the rate ofemanation release from Fe20 J is
shown in Figure 8.52a. Alternatively, a semilogarithmic curve of the form
Ed J(lIT) may be constructed, as shown in Figure 8,6, the quantity Ed being
evaluated from E (emanation power at the relevant temperaturel and Er

(value of E measured at room temperature). In Figure 8.5~b, two slopes may
be seen in the curve- a law-temperature section with a iow value of 2 log
Ed/2T and a high-temperature section with a larger value of 2 log Ed/~T.

The discontinuity on the curve lies at 69TC, that is, 0.53 of the absolute
melting point of FC203. With other crystalline, powdered :norganic sub
stances, the discontinuity on the curve corresponds to 0.5-0.6 of their
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absolute m~lting point. This temperature is ~elated to the beg:T1ning of suf
ficiently intensive motion of atoms or ions ;;1 the crystal lattice [0 cause In
effective diffusion rate in the solid. .

Based OTI the classical emanation method. it is therefore pOSSible to

determine th:s temperature range. which is of great prac:tica.l :mportance
since above this approxImate temperature the solid-stilte reactlOn can occur



Figure 8,53. The lhermal decomposilion ofTh(C,O.J, '6H,O, I. DTA curve: l. :emperature
dependence of xenon release; 3. ETA curve :(87),

by diiTusion mechanisms. The slope of individual Sel'tiODS of the curve can be
used to determine the activation energy of the emanation process in a solid
for·a specified temperature range. The E of randoD diffusion in Fe10

J
was

evaluated as Q = 15 ::: 3 kcaljmole in the range 600-700"C and Q -= 40 ± 5
kcal/mole in the range 850-11 OO"c.

The ETA and DTA curves (l87) of Th (C!0..k6HoO are illuSlrated in
Figure 8.53. The ETA curve reveals Ihree processes-taki~g piace: (II stepwise
dehydration in the temperature range 40-220"C (the DTA curve shows only
two endothermic peaks in [his range for the transitions of 6H.0 -+ 211,0
and 2H 1 0 -+ IH 20): (2) Ihe flat peak in the 300 400°C range co~~esponds-to
decomposition ofTh(C 20.h·H 20: (3) the last peak. at 400-500'C. is due to
the conversion of amorphous ThO! to crystalline. The curve of the fute of
release of xenon that had been incorporated into the sample by ionic bom-
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Figure 8.54. ETA, DTA. and TDA curves ofZnO + Fe,Ol mi~tu,.e (196). J, TDA: 1. DT....
3, ETA; 4. reheatmg ETA. Percentage ofZaO reacted in<'.:cated for ,a:npll:!l !-IV.

bardment fully confirms the reaction sequence indicated by the ETA curv:::
The ETA. DTA, and TDA curves of ZnO-Fe203 mixture are shown ir.

Figure 8.54 1195. 196). The ETA curve is of exponential form. being deter
mined by the diffusion of nORn from zinc ferrite. From the emanation raL.
log ED can be plotted as a function of l/T. and the activation energy. tJ.Hr
determined for the diffusion process. The ETA curve reflects all the processe.
occurring during the solid-state reaction between the Fe(III) and Z:llll
oxides. A peak temperature of 790"C can be used to characterize the reac
tivity or this mixture.

Numerous other applications oi ETA have been dcscribed (182. 188. 189 ..
Compounds or materials studied by this technique include barium sa~ts o'
phthalic. :sophthalic. tcrephthalic. benzoic. salicylic. l.4-aminobc:nloic
I.2-dichlorobenzoic and Ll-diiodobcnzoic acids (197): uranyl gels 1,l9~

204): ~erric oxide (199\; cement 1200. 201): powder metallurgy (19~~

Geo.~3Teo.bO-SeO.ll (202); ,matase (TiO~). gibbsite. and kao;inite 1:93~

thoria lThOJ powder (204): and :nan)' others.

O:lC of the mosl studied :norgar.ic .:ompounds for TG and DTA is caiciurr
oxalate I-hydrate. Cl1C20.. 'H~0. This compound has bee;] used 10 dete:·
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If the decomposition reactions arc carried out in air rather than argon. ilie
gaseous product in reaction (2) is CO. rather than CO due to the reaction

L"sing chemical trapping in DTGA, Mizuta:li and Kala (38) selectively
removed reaction products such as water and carhon dioxide formed curing
the thermal decomposition of CaC20 4 ·1I 20. In the curves shown in Figure
8.56, eurve (A) was obtained with no trapping and shows three peaks. the
first for water, the second for CO and CO 2, and the third for COl' In curve
(B), an Ascarite Irap was piaccd in the system to remove t~e wate~ (first peak)
and carhon dioxide (Ihird peak) from the decomposition products. The
second peak, which is in the opposite direction, appears as the reverse of the
second peak in curve (A). This is caused by the CO reacting with the He-02
reactor gas reducing the t:oncentration of the O 2 due to reaction (4). As a
result of this gas composition change, the thermal conductivity of the gas
decreases. The CO 2 that is formed is, of course, absorbed by the Ascarite trap.

The increase in pressure due to the evolution of gaseous decomposit:on
products has also heen measured for CaC20 4 'H20 by Wendlandt (40) and
Ashby et al. (168).

Using low-pressure techniques, Bouwknegt ct al. (126. 127) studied the
dissociation pressure of calcium, strontium, and barium carbonates. The
pressure curve of a dissociating mixture of 36% (mole ratio) CaCOJ , 34%
SrC03 , and 30% BaC03 is shown in Figure 8.57. It is seen that the separa
tion between the dissociation range of CaCOJ and the other two carbonates
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mine the instrument and sample parameters that affect TG (167) and DTA
c_ur~es (37). ~umerous EGD and EGA curves have been reported for
CaC.0.a.'H2 0; however. only several will be discussed here.

A comparison of the EGA curve with the corresponding TG and DTA
curves has heen given by Emmerich and Bayreuther (75); these Curves are
Illustrated in.Figure 8.55. The CaC2 0 4 'H2 0 was studied in a dynamic argon
atmosphere 10 the :emperature range from 25" to 800<C. The DTA curve
peak between 150 and 250°C corresponds to the dehydration reaction

whereas that hetween 450 and 500cC is due to calcium carbonate furmation.
according to the reaction

The curve peak between 650 and 780°C is due to the dissociation of CaCO
by the reaction - 3

Fig~re 8.55. EGA.TG-DT,,,, curve, of CaCO. HoO ," "rgo~ (75). Dashed I:ne
ab,orp~ion of evolved water. - ;nclieatc.
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latter gives the second J..m1Donia peak in the HCl evolution curve which
exactly superimposes on the ammonia peaks, The relatlve peak intensities
between these product evolution curves are meaningless since each curve is
separately nonnaliI.ed to 100% for the most inteme peak, The HCl curve
shows that evolution occurs over the entire region above 400"C, due mainly
to Ihe decomposition of CoCl1 intermediates. The thermal hehavior of
[Co(enhJBrJ was similar to the chloride complex.

The thermal decomposition of [Co(en)JJ{:--lOJh and [Co(enlJJ(HS0 4 h
(172) was decided much more complex than the corresponding chloride and
btomide compounds_ The EGA and :vtS curves :or [Co(enhl(N03h arc
shown in Figure 8.59. The EGA curve shows two distinct peaks between 100
and 200"C foilowoo b~' 3. broad region of gas evolution to over 700'C. The
two sharp peaks arc due 10 me initial dccomposition step in which ["Co(cnhJ
(~OJlJ decomposes tv COI~03b. All of the ethylenediamine and most of
the ammonia formed by ethylenediamine fragmentation is evolved in this
step. Thc broad reg.ion of gas evolution between 200 and 600c C is due to the
relea,e of trapped residu.:s and to the decomposition of the Co(!'<'"0J)J' The
third small peak :n t~e ::.mmania evolution curve fa'Lls into ~h!s region and is
due to the release of '..:H",:"O.:..... hlch was trapped in the residue during ,he
in:tial decomposition Step, The mas, spectrum of gases evolved from the
lCo(cn}J.J\1"03lJ compk); at .+] O'C in t'Q{'UO shows ~hat very little of the
organic residues remains in the system, The peaks that appear arc due primar
iiy to the decompOSition l'i COL :-J0Jh and arc therefore expected to he
products formed from [he nitrate Jon. The base peak occurs at mle ...., 28 and
:s probably due ~o nitrogen gas. The second most Intense peak is at mle -" 18,
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is almost complete, where a fairly broad overlap occurS between SrCO J
and BaCO J. Due to the approximate linearity of the system, the areas under
the peaks, assuming no interaction between them, is proportional to the
mole content of each component. The authors concluded that the EGO
technique at low pressures is a quantitative and relatively precise thermal
analysis method, which is rather simple to apply. It is a useful technique in
investigations of the kinetics of heterogeneous reactions at these pressures.

The cobalt (Ill) ammine complexes have been extensively studied by
Wendlandl (170) and co-workers. Recently, Ihe cobalt (Ill) ethylenediamine
complexes have been investigated, by EGA (mass spectrometry) and other
TA techniques. Several of these studies. as well as those by other investigators.
will be discussed briefly.

The EGA curves of [Co(en)JJCI J (171) are shown in Figure 8.58. The curves
indicate that the evolution of gaseous products oCCurs :n two distinct stages
below 4OQ"C with a broad region ofgas evolution at higher tempera tures. The
ethylenediamine evolution curves shows that essentially ail of it is evol\'oo in
the region under the Iirst peak in the gas evolution Cur\e. Since thiS reaction
is carried out in uacuo, the nrst decomposition step corresponds to the
[Co(enhJ - Cl J ~ CoCl L - (~H4),CoCI .. trun8\lion. Ammonia. wh:ch is a
fragmentation product of ethylenediamine. is also evolved in the first
decomposition step as is shown in the ammonia evolution curves. A second
peak in the ammonia evolution curve falls in the region under the second
peak of the gas evolution curve. This smaller peak results from the dissocia
tion o[ (~H4hCoCI4' with the evolution of ~H ..C:, The cvolulion of the
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6trans-[Co(/,;H 3)."X 2JX -, 3CoX1 1- 3C\H..hCoX" - ~2 - 16NH 3

3(~H"hCoX4. ...... 3CoX2 ~ 6NH"X

3CoX 2 -,. Sublimat~on

Onodera (t45) recently studies the thermal decomposition of the
[Co(~'.JH:;)EoJC3' [Co(:"H 3);;CI1Cb and trans-[CoI'SI'IJ)"ChJCI using a GC
technique for the separation of the evolved product gases. The EGA CUf\'es
of the complexes, from 25-400"C. are ,hown in Figure 8.60. For
[Co(::\'H

3
)5:iC1

3
, the evolution of ammonia began at about 200

c
C the mt\.:d

mum intensity for gas evolution being obtained at 250:C. This was foilowed
by a second broad peak in the temperaLUre range of 2S0-340T. The EGA
curves for lCo(~HJllClJC:2 and rralls-[Co\SH 3 )..C!JCl z were Similar

to that of [Co(/';H.,)o]C:]·
Next to CaCzO,,' H10, CuSO~'5H 20 n3S been perhaps the most widdy

studied by the~ma; anu:ysis te\:hn:ques. This l:ompou:1d undergoes <.l ser:cs
of interesting dehydration. dccorr.positic1r.. Jnd rus:on reactIOns. ~f st'..!died
to high enough telOperulun:s, All thc:se ,eac:iLJr.s are shown by the EGA-DTA
curves in Figure 8.61. a~ given '~y Emmc:ich :IllC Bayreuthl:[ (75), The :irst
three EGA. cunc peaks are due to the e\ic·lu,:or. of wa:er. whereas the t:ext
three are due ~o the evolutiol1 l)[ a SO 2' SO). and O2 equilibrium mixture-

cyanate dissociation products. This can be seen by comparing the ammonia
evolution curve with the gas evolution curve for carbon disulfide, a product
from the decomposition of the thiocyanate ion. Thcse two curves will not
superimpose on each other since the ammonia peak occurs about 15'C
below the first carbon disulfide peak. If these two products were the result
of the dissociation of an ammonium compicx or of :SH"SC::--l, the two
peaks would be supcrimposable. as in the case of the chloride and bro
mide complexes. This :s another indication tr.at the in:ennediate is an am-

mine complex.
The thermal dissociation of ~he [Co\NH 3)6]X 3 (X = Cl, Br) (173) and

[CO(~H3hX}X~\X = Cl. Br) \174) comple:l.\:S have 'd.lso been investigated
by EGA and other thermal analysis techniques, A:though the reaction
stoichiometry of the dis'\ociation of rCo\NIl:;)6]X:; (X = 0, Bl) complexes
appears to be the same in vacuo as in air, the mode of dccomposi tion seems
to be somewhat different. The TG-EGA-MS data that has been presented
indicates that dissociation in vacuo is accomplished according to rhe rollow-

ing reactions:
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:Which. could be either. water or the ammonium ion. The peak of medium
intensIty at mle = 441S due to ~zO and the weaker peaks at mle ~ 30 and
3~ arc due to '\(0 and 02' respectively. The mass spectra of gasds evolved at
~llgher.t~mperaturesare similar except thar the peaks duc to trapped organic
Impuntles are much weaker.

-;he gas evolution ~urves for the thermal dissociation of [ColenhJ\SCNb
117-l sho,":,s .t?at g.as IS, e~olved in three phases. The first large peak arises
fro~ the initial dIssociation of t,he complex to the l\H"Co(SCN)3 inter
mediate. T?e se~ond smaller peak IS duc to the dissociation ofthis compound.
whereas dISsociation of the compound, Co(SCJ',;h. is responsible for th~
g~seo~s products rel~ased between 300 and 800°C. The first step in the
~Isso<':lat,on p~ocess I~volves the release of most of the ethylenediamine.
[hiS was antl<.:lpated smce this first step is thought to be Ihe conversion of
[Co(enh1ISC1'<h to :-;~~Co(SC:--rhwith the evolution of ethylenediamine.
However, sm~ll quantitIes of ethylenediamine remain in the system to
temperatures In excess of 500"C.
, The evolution of ammonia as a function of temperature occurs in essen

tlallY,two steps. The first large peak in the ammoni;1 g,H .::volution curw
supenmposes exactly over the first peak in the ethylenediaminc gas evolution
curvc. Therefore, most of the ammonia is probably due to the f;agmentarion
of the evol~e? ethylenediamine, The second peak. which extends from about
1:5 to 250 C. 1S duc 10 th: dissociation of NH4.Co(SC~h.This compound
dlssoCtates by first releasmg ammonia followed by thiocyanate or thio-
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figure 8,6~. TG snL! ~I~ pr":1I~ C",,'e,; :0' the decompcs:t:on of C"SO" (14',

;.o;oti.ce that the fusion of Cu!Oar 1198'C can be seen on the DTA curve but i:
absent from the EGA cur. e.

The question of whether SO ~ Or SOJ :s the primary decomposition pre-·
dut:t of anhydrous CuSO~ was rese-lved by Baumgartner and ~achbaur (74
using chemical ionizatIOn (CIl mass spectrometry coupled to TG-DTp•.
A plot of the mle 64 (for SO ~ I and m. e 80 (for SO J) tntensities [or the d!
composition of CuSO~ is shown in Figure 8.62. Both S02 and Sal are
indicated in the figure. the pre:;ence of which obeys the reaction

SO~ + to: ;:::! SOJ ..L 91.7 kJ

;rhus, in the thermal decomposition of euso.., S02 and S03 must occu
simultaneously in a ratio corresponding to the state of equilibrium at an'
given temperature. A similar conclusion was reached by Collins et al. (175
using a simultaneous TG-MS technique.

The EGA curves o[ AI!lSO~h·18H20.as determined by Collins et a..
(173), are giveu in Figure 8.63.

Although large quantities ofwater were lost during the initial pump--dowT.
these curves show that a substanrial amount of water remained strong}:
attached and was lost in the temperature region of 200 ..500°C. The dehydrE
tion is followed by dissociation of Al!(S04h between 700 and 900°C. A:
in the CUS04 decomposition. the primary product appears to be SO~ witr.
SOz, SO, and O 2 resulting froro dissociation or fragmentation_ These date
agree with and support the following mechanism which has been uro'Oosec.
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cases. Previous investigations indicated that the S03 peak will always be
relatively srr.all even when it is the parent product. The S02/S0 ratios were
approximately the same for the AI 2(S04)3 spectra as for the CUS04 spectra.

Collins et a1. (In) studied the thermal decomposi~ion of IlgfSC:'>Ih,
HgS04. Hg(C2H 3 0"h, Hg(:\0Jh and IIg:-';0.·H 10 using MS and otber
thermal analysis techniques. Due to space Iimita!ions, only the thermal
decomposition ofHgS04 and HgiSOJ. H20 will be discL:ssed here.

The EGA curves of HgS04, as illustrated in Figure 8.M, show tbat de
composition occurs in the temperature interval from 500 to 750"C with the
evolution of SO, SOl, and 02' :-":0 S03 could be detected in any of the mass
spectra related to the decomposition process. Although this does not pre
dude the possibility ofSO J being formed in small quantities that decompose
to other sulfur oxides and oxygen, this process seems unlikely as shown in a
recent study that indicates that sulfate compounds can decompose tbrough
at least two different mechanisms (175).

The EGA curves for HgNO.. H 2 0, as shown in Figure 8.65, indicate that
this compound dissociates in three steps. The first step is accompanied by the
release of substantial quantities of ~O aud !"'02 with a small amount of
N2 0, This process lies in the temperature interval from 100 to 200"C and
represents a mass-loss until about 400~C, at which point the rate ofma~5-loss

becomes more rapid. The second set ofevolved gas curve peaks occur between
350 and 475'C and contain large :'>120 and NO peaks with only traces of
X02• ~o mechanism can be suggested to account for the two sets of nitro
gen oxide peaks occurring below 4OO'C when related to the TG curve data.
However, the end product is probably HgO which dissociates between 450
and 600"C, as indicated by the final oxygen peak, The presence of the Hg2~
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F:gure 8,63. ~S curves for A!,(SO.), . 18H,Q (175). (a) F.GA curves, ( __ llolal pressure;
(.. - .. -)H:O: and [- .•... -) 0,. (b) MS curves. (- -) SO,; (.. _._.) SO,: (- .... .) SO.

previously by Johnson and Gallagher (176):

Intensity measurements of the mle = 80 peak in selected spectra in the
sulfate dissociation region yielded val ues ranging from 2.09·21.48. The
lower values are probably more realistic since the high values were obtained
during peri~ds of detector saturatio:1. However, in both cases the intensity
was ofsuffiClent amplitude to indicate that the peak actuaily existed and was
not due to background noise. Also. the P + 2 peak was observed in some
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by any other :nethod (see reference 116 for a bibliography). These procedures
have also been u5ed in studies of che~ical methods used in the isolation of
pure Fe 3C from steel, in studies showing c:"anges in carhonitride composition
wilh heal treatment, and to show the change in types of carbides and nitridc!\
fonned in steel as the hea t treatment of the steel is changed. Such changes are
imponanr because the type of precipitate fonned is known to have a profound
effecl on the mechanical properties of the steel,

Quantitative analysis for these compounds is accomplished by monitoring
the evolved gas from the programmed combustion or decomposition of an
aliquot mass of the residue heated in adynamic atmosphere of oxygen. From
the composition of thc gas, it is possible to calculate tbe amoun t of nitride or
carbide in the steel. The application of EGA is based ot:! the assumption that
each metal carbide and nitride hao; a cbaracteristic combustion or decomposi
tion temperature range, an assumption that is neariy always valid. The useful
ness of the method is limited by the difficulty in finding chemical reagents
that will attack the steel matrix without destroying the compound to be
determined. Also, the particle size ofthe nitrides and carbides may be so small
that it becomes difficult to retain them on the 5nest pore-size organic mem
brane (118).

EGA-UTA h<.1.5 been applied to the analysis of Fe)C. amorphous carbon,
and graphite in steel and cast iron (178\. In general, the previous claims for
isolation of these compounds have been correct. Different amounts of re)C
are isolated by various chemical treatment. which expiains the COOlradi<..1:ions
in the literature.

A comparison of the EGA CO2 curves for residues isolated from highly
aUoyed cast iron is shown in Figure 8.66. Curve A is lhe bromine-methyl
acetate treated matrix, whereas curve B is the residue from HNOj lreatment.
The curVes indicate that bOlh forms of elemental carbon (graphite and
amorphous) are easily distinguishable. After combustion in the EGA
apparatus, less than 20% of the sample mass of residue isolated by bromide
methyl acetate remained in the sample pan. This indicated that the residue
was nearly 90% carbon, and the remainder was Fe203 from the iron present.
Resolution ofthc EGA with a curve resolver shO\l.ed :hatsome Fc]C was not
dissolved in bromine-methyl acetatc. The iron equivalent of the amount of
CO2 evolved at 380'C filS Ihe microchemical iron va:ue obtained :or the
\soiated residue. This is further proof that the 3&0'C EGA peak is the result
of ,he combustion of Fc3C.

Three polymorphous crystaltinc ferr.c hydroxides. 1.-. 11-. and i'-FeOOn
are known as the major components of nawraliy occt.:rring oxidi/.ed products
of iron, whic~. logether with FcjO.. and; ar;olls amounts of amorphous
hydrated oxides. ;onstitute rust on sh~d suriaces. Thl: properries of each
componenl and the stale of the composite formed from the small crystal
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Figure 8.65. EGA <;urves of Hg~OJ'H2 0 (178); (crl(- -) :"0. (- - .. - -j ~,O: (. '-'-".J
:-;0,.(;')( - -)Ilg'.:(--- .. -_)O,.

ion in lh!5 interval suggests that sublimalion might also occur. l\;o sample
r~rnalns In the balance sample holder at temperatures in excess of 600'C.
No Water was detected during the initial decomposition process since :t was
removed by low-pressure conditions below 50°C and did flOt appear on the
TG CUrve either.

_ Over a decade. Bandi and co-workers have employed EGA-DTA. tech
mques to determine second-phase compounds isolated from steels bv selec
tive ~he~ical or anodic disso1ulion of the malrix. This method has be~n used
qua.l~latlVe!y to identify and quantitatively to determine approximatelv 35
carbides, carbonitrides, and nitrides, some of which (;ould nOt be ider.litkd
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The techniques of DTA. and to some ex.tent TG, have :or:g oel;:O ;JSCU ~ ...

geochemists and others to study the thermal behavior of clays ar:d m.me:-u,_.
Since many simultaneous reactions occ:Jr in clays. as well as sol.d-st:lt~

reactions that alter the decomposition reaction. the use of other method_
such as EGA, X-ray. IR. and so on, are 'Jsed to supple:nc:'!t conventiona,
thermal analvsis techniques. Consequendy. :here has recently beer: a~ unu
sual amoun( of interest in the use of EGA (\1S) in t:'e sl'Jdy ot thes:

compounds. '
The EGA and other thermal parameters or opalinuston has been re,JO:-:cc

by Mul:er-Vonmoos and \1u;ler (72), In addit:on t~ the clay r.1ine~ais kao,
initc and illite, opalinuston contains some chlOrite. vanous ~a,b.onatec.
quartz. micas. feldspars, pyrite, and organic materia!. Of part:cL:,ar [".teres'
are pyri1e. organic material and siderite. all oi ::-h:c:J. has a st~ong .Infl~enc~
L'il the DTA curve. The thermal curves 0: opaUlluston are g:VC:1 In f[g.ur.
8.68. Of ir.tcrest here are the F.GA l~S) curves or whit::-! curves for m,~
values of 18 (fLO), 44 (CO~)_ and 64 (SO") are prcsen~ec. Th;$ parttcu!a
sample containe"d about I %organic carbon and 1.2% pyr:te. both or wh:cr
were evident rrom the EGA curves. At ]35"C. the organic mam:r decomposec

. r d CO ' d' 41"1, d 469·C 'he "'vrlte dtwith the [ormat,on 0 H 20 an 2. a:l at - ar. .. t".
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F:gure 8.66. EGA ourves of residues ;solated from cast iron (l78), A. :realmen: of residue
wi:h ~ro:nine·me[J:yl aoe:ate ~ B. lreatme~[ with Hl'o:O,. Right ourve- r"50:"I:O;: 0: EGA "urve.
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The water desorbed below 100 'C consists or :nolecules adsorbed phYSically
on the crystal.

3 O.44."g 01 'es'oue
iSOlated wi.h
"i:(o aOld

appear to govern the nature of a steel surface exposed to various environ
ments and whether the steel continues to corrode or is protected from further
progression of the corroding reaction. Ishikawa and Inouye (179) subjected
the various forms of FeOOH to EGA in order to determine the nature of the
adsorbed water on the crystal faces and the mechanism of the rormation of
water from OH groups on the crystal surface or inside the <:rystal.

The EGD curves for Cl", (J- and i-FeOOH, as given in Figure 8.67, each
show three peaks at approximately 70. 180, and 260'C. These peaks corre
spond to the evolution of water because they disappear when a cold tra p is
placed in from of the TCD. For p-FeOOH, an additional peak is observed
at 370'C, which remains unchanged even when a cold trap of -20c C is
inserted in the TCD line_ The amounts of water evolved were determined by
measurement of the peak areas, In addition to other differences between the
samples, the amounts of water evolved from y-FeOOH at 180°C are larger
than the corresponding vaiues for the other samples. In contrast, the value for
','-FeOOH at 260'C is comparatively smali, The tota, amount of water
evolved at 180 and 260°C may be considered as fundamentally of structural
origin. arising ~rom the decomposition reaction

"I
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Figure 8.68. EGA and other thermal curves of opa:inuslon (72).
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composed, yielding 502 as the product gas. The H 2 0 content of the evolved
gases is greatest at about 550°C. The relatively spontaneous evolution of
CO2 indicates the decomposition of siderite, while the area of the CO2

peak corresponds to a concentration of this material of 0.4-0.5%. A broad
evolution of CO2 was observed from 400 to 625'C, caused by the decomposi
tion of higher molecular mass organic material and dolomite and calcite.

The EGA curves ofsiderite, as determined by GC techniques. were reported
by Kubas and Szalkowicz (180). Figure 8.69 gives the EGA, as well as the TG
and DTA curves, of siderite, which was heated in a dynamic helium atmo
sphere. The CO 2 curve peak, as determined by use of Gc. corresponded very
well with TG and DTA curve temperatures. There is a small delay in the
evolution of CO, which is present even in high-vacuum studies. On ~he basis
of these curves, the decomposition sequence follows the reactions

:emONaiurC, 'C

Figure 8.6Q. EGA.TG·DTA C:lrv"s "f iiderilc Ill:l helium a'rfI. \ I ~o

Morgan (l81) studied the thermal decomposition of several natural mir.eral

549



551

·If:'
;8

lOC5QO

APPLICATIONS OF EGD-EGA

L_' __

:00 200 30() <00 .IOe
TE"~"lAruR~. Ie

Most of the FeS formed during the second reaetiolJ is immediately oxidized to
Fe(II) and (Fe(Ill) sulfates, although decomposit:on of a smal! amount of
unchanged FeS is probably the cause of the 50 2 peak at 525 C. Iron (II)
'ulfate dissociates ncar 700"C into Fc.. 0 3 and 503 • the latter gas emIts
~02 + 102, thus giving rise to the SO.. peak at 703"C. ..

EGA techniques have been widely used :n polymer thermal stablltt~ and
degradation studies, the analysis of trace impurities and ad?itives, and In the
elucidation of polymer structures (12). They are also used \D vapor-pressure
measurements and !oxicity studies ofconstituents in polymer systems. Langer
(128) has reviewed the applications orEGA techniques to polymers as well as
numerous other compounds. Only a few illustrative examples wlll be
discusscd here. .,

The TG-:\1S of a polyacetal resin is shown in Figure 8.71 (149): The TG
curve indicated two mass-loss steps involving 75 and 21 %, respectIvely. !''is
of the two cuts corresponding to the two mass-loss steps showed mainly
formaldehyde for the first cut and tetrafluoroethylenc for the second cut.
Since polyoxymethylene and polytetrafluoroeth~lene are known to d~

poiymerize almost completely into their respective monomers, the ~esllJ

part probably consists of 75% of the former ~nd 21 %of the latter by welgh;1.
The TG-:\1S of polyvinyl al.'Clate, as studIed by ChlU and BeattIe (148), .5

given in Figure 8.12. Thc first major mass-loss occurs at about 250·( and

Figure 871. TG Jnd:'ofS e~rve, of" polyacelu: ,eson as de:enn:ned by Chiu and Beallie [1~9l.

(8.3)
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EVOLVED GAS DETECTION AND EVOLVED GAS AXALYStS

r:gur. ~.70. EGA·DTA ~urv., (JfCarr.~rIJn s~a:e. Jlar:ech Dume. w"!c, (:SI).

nixtures using DTA and commercially available H
2
0, CO

2
, and 50

2
Jetectors. These detcctors consisted of a nondispersivc infrared gas analyzer
.or H 2 0 and CO2 and an electrochemical cell for the S02 detector. The EGA
:JTA curves of Cambrian shale from Harlech Dome, Wales, arc illustrated in
.'·igure 8.70. The shale, which contains both pyrite and organic matter, gives
~GA curve peaks for H 20, CO2, and S02 evolution. It is interesting to note
:bat the two SO.. peaks oceur at the same temperature ranges as the DTA
~xothermic peaks, probably duc to the reaction

md
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involves the lib~rat~o~ of acetic acid. When the relative ion intensity of mass
~eak 60 of acetIc aCId IS plotted versus temperature, the integrated peak area
IS a measure of the total amount of acetic acid evolved. A linear correlation
was found for the acetic acid peak area versus the mass of acetic acid in four
polymer standards. Such a technique is useful for the determination of a
selected component without interference from other substances.
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CHAPTER

9

THERVlOPIIOTOMETRY

According to ICTA, thermophotometry is defined as "a technique in whIch
the optical characteristics of a substance are measured as a function of tem
perature whilst the subs[ancc is subjected to a controlled :empcrature
programme." Measurement of total light. light of a specific wavelength(s),
refractive index, and luminesct:'ncc lead to thermophotomelry, thennospec
trometry, lhermorefractometry, and thermolumine$cence, respectively. Ob
servation under a microscope leads 10 thermomicroscopy, and so on. In this
chapter, the optical properties of light emission, absorption, and reflectance
of a substance as a function of temperature are discussed. This discussion
includes high-temperature reflectance spectroscopy, dynamic reflectance
spectroscopy photometric methods, therrnomic;oscopy. thennolumine
scence, and oxylurnincscence.

A. Hlf.H-TE:\1PF.RATl;RF. REFLE(.TA.,\;CE SPECrROSCOPY A:'o.1)

DY;.iAiVlIC REFLECfA:'ICF. SPECfROSCOPY

t. Introduction

The measurement of th~ radiation reflec:ed from 3. mat surface cOL:stitutes
the area of spectroscopy known as di:Tuse re:1edance spectroscopy. The
difference between this technique and !ransrn:ltance spectroscopy is ,hown ::1
Figure 9.1. The reflected radiation is expressed as the ratio of Ii' f .. where
I, is the incident and I r the reflected radiation. The rC:1cc:ed mdia:ion may be
in the ultraviolet. the viSible, or the in:~arcd ~eg:o:1 of the electromag:1ct:c
spectrum. From a mat sur:'ace, the total retkcted radia:lOn. R r.-:onS;tS'S In
general or two componen:s: a rcgu:ar :eflectancc ~ompone:l( R :somet:rnc:i
reierred to as sur:ace or r:lirror rc~ect:onJ. ~tnc J j;rfuse re:"tec:.on l;Or:lponent
R r (1.1). The former compDner:t ;s ,hJ<: to tile re~b,;: :'.'[;.1: the sllrface tlfsingk
crystallites. while the lallef arises frc)rP. :r,e r;ltl:Jric):1 penet~at:n,>: 1:J:(l the
;l::erior of t~e soi'ld Jr.u ret:rP.crg.:ng to :1:<: sJr:'Jce a:'tcr beir.g se~.ltteretl

:1umerOus times.
A;,;cording lo :h K'Jbe\ka ,md \!l;;nk tt:eory 13!. t:-o.c J::r~tse ~enectiL':1

compol~er:~ for 1 J ..mm-:r,:ck 11ycrs C;' 1 powdered '::nlpk ian ;1I":n:1SI! ir:
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;hickness beyond this point has no effect on the reflectance) at a given wave
length IS equal to

The left-hand side of the equation is commoniy called the remissiollfunction
or the Kubelka-Munkfuncrion and is frequently denoted by fiR",). Experi
mentally. one seldom measures the absolute dilTus~ reflecting power of a
sample, but rather. the relative reflecting power of the sample compared to a
suitable white standard. In that case, k = 0 :n the spectral :-egior. of interest,
Roo ild = I [from equation 9.4)J, and one determines the ratio

(9.4)

(9.5)

(9.6)

s

k

R",,,,mple--'- r
R"'''d - r

(l - R,Y
2R"

I(r",) = (l - r.,Y = ~
2r"" 5

the more familiar form

from which the ratio kjs can be obtained using the remission function

Figure 9.1. Reflectance and transmitrance ,pec:ro~CDpy, (a) Tran~

roitcance mode; (b) reflectance mode.

(oj

(b)

where II is tne refractive index and K :s the absorption index de!bed th ' h
Lambert's law. • '.. . roug.

The i.Q denotes the wavelength of the radia:ion in V(lCUlar.. ar.d Ii is tbe l:Jyer
thlckness.

With Some algebra:c manipulation. equation (9.11 can !:le rcwr::tcr. ::1to

~here / is t~e reflected radiation. : 0 is the incident radiation. k is the absorp
:lOn coeffiCIent, and.s the scattenng ~oeffiCient. The absorption coefficient
IS the same as, that gIven by t~e familiar Beer-Lambert Lnw. T = e -kd, The
regular reflectIOn component IS governed by Fresnel's eqllation

(9,7)log f(r",) = log k - log s

Taking the logarithm of the remission function gives

ThUS, if log f(r",) is plotted against the wavelength or wave number for a
sample, the curve should correspond to the absorption spectrum of the
compound (as determined by transmission measuremems] except ;or tne
dispiacement by -log 5 Lo the ordinate direction. The curves ob:ai:led by
such reflectance measurements are, ger.eraliy cailed characrerrslic color -_
Curu!!s or typical c%r curves. Sometimes there is a small systematic deviation
in the shorter-wavelength regions due to the slight :ncrease in tht: scattering
coefficient.

By use of modern double-beam spcctrophoromt:ters equipped witi:J some
type of a :-eflectance attachment, r", is aUlomatically plotted against the
wavelength. Many investigators replot the data as percell[ reJlecrall ce (%RJ,
or pial by use of a remission-function ;able (4) I(I'",) or k/s as a function of
wavelength or wavenumber. The most common :nethod is probably the
former preccdir.g.

The preceding brief introduction to ret1ectance spectroscopy outlines the
most elementary principles of the technrquc. As wou,d be expected. the teeh
o:que is widely used for the study ofsoiid or powdered sol~d sampl<;:s. although

(9.1)

(9.2)

;':J.31[ J ( -~7tKd)= 0 exp --.--
I·e

/ I - [kl(k -I-- 2S)]112R", =-. ~ -- -'-- .
/0 I, [kl(k ..J., 2slY z



The use of a heated sample holder to contain :he compour.d under investi.
gation has been descri!Jed by severai investigators. Asmussen and AndersOT.

3. Instrumentation

HIGH-TEMPERATL'RE REFLECTANCE SPECTROSCOPY

not tnterfere with the measurements. The DRS technique is useful fo
determining ~he thermal stability of a substance. and also sample structura.
changes which are a function of temperature. Indeed. the technique showf
great promise as a complementary method to other therrr..al techniques suer.
as thermogravimetry. dilTerential thermal analysis, high-temperature X-ra~

diITraction. and others \45).

Ib) (r)

F;g:Jre 9.2. ta) H,gh-:emperature reflectance 'pce:ra cunes: (II) ane! :q dynarr.ic rettectallc,

specTra curves. at i., and ;.•. resiJectivcly ( I).
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2, High-temperature Reflectance Spectroscopy

Practically all the studies in reflectance spectroscopy (it shouid be noted
that the term reflectance spectroscopy used here will denote diffuse reflectance
spectroscopy only) have been carried out at a:nbient t.emperatures, or in
some eases at subambient temperatures. The latter would most probably be
used in single-crystal studies for the elucidation of "hot bands," that is,
transitions which originate from vibration ally excited ground states. How
ever, in many cases, a great amount of additional infonnation on a chemical
system can be obtained if the reflectance spcctrLU11 ofa compound is obtained
at elevated temperatures. ~onnally, temperatures in the range from 100 to
300c C have been used, although there is no reason why higher temperatures
could not be employed.

Two modes of investigation arc used for high-temperature reflectance
studies. The first is the measurement of the sample spectra at various 5.xed
or isothennal temperatures; the second is the measurement of the change in
reflectance of the sample as a function of the increasing temperature. The
first procedure will be called the static method or high-temperature reflectance
spectroscopy (HTRS) (6); the second is a dynamic method and has been
termed dynamic reflectance spectroscopy (DRS) (7, 8). The two methods are
illustrated in Figure 9.2. In (aJ, the HTRS curves, the spectra of the sample is
recorded at increasing fixed temperatures. 0. to 4. As can be see:!, the curve
maximum at wavelength ;.! decreases with increasing temperature while a
new curve maximum is formed at ;'2' By measuring the spectra at small
temperature increments, the :ninimum temperature at which the sample
begins to undergo a thermal transition can be determined. By using the
dynamic technique, these transition temperatures can be determined in a
more precise manner, as shown in (b) and (cJ. Plotting refl~tance of the
sample versus temperature (b) as the sample temperature is increased at
a slow fixed rate, at fixed wavelength ;'1' the reflectance is seen 10 decrease
with an increase in temperature. With a fixed wavelength ;'2' tr.e DRS curve
in (c) is obtained which shows the increase in reflectance of thc sample with
increasing temperature. These isolambdic curves reveal the temperatures at
which sample thermal transitions begin and end. and also permit the investig
ation of only a single thermal transition: mass-loss and en thaI pic efTects do

it can be used for liquids or pastelike materials as well. The technique is a
rapid one for the determination of the "color" of a sample, and is generally
convenient to use since commercial instrumentation is readily available.
Since only the surface of the sample is responsible for the reflection and ab
sorption of the incident radiation, it is widely used in the study of the chem
istry and physics of surfaces (5).

I,
. f

. I
I
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while the sample thermocouple was used to detect the sample temperature..
Still another heated sample holder was described by Wendlandt anc

Hecht (I). It consisted of a block ofaluminuro. 50 mm in diameter by 2S mn:
thick, into which was machined a 25-mm by 1-mm deep sample weLL r

35-watt stainless steel sheated heater cartirdge embedded in the main block
of the holder was used as the heater. The same two-thermocouple system:
one for the temperature programmer and the other for sample temperatur:;
was employed. For samples which evolved gaseous products, a Pyrex. 0

quartz cover glass was used to prevent contamination of the integratin~

sphere.
A heated sample holder, based On the design of Frei and Frodyma ~14,

which could be used for studying small samples, was recently descnbec.
by Wendlandt (15). The sample is placed as a thin layer on glass fiber elate
which is secured to the heated aluminum metal biock by a metal clamp and <

cover glass. Dimensions of the aluminum block are 4.0 by 5.0 em. Th=
block is heated by a circular heater element contained within the holdel
Electrical connections to the heater and to the thermocouple are made b'
meanS of the terminal strip mounted at the top of the assembly. Both th=
aluminum block and the terminal strip are mounted on a 5.0 by 5.0-crr.
transite block.

Generally, in the previously described heated sample holders, few att.empt:
were made to control the atmosphere surrounding the sample as It wa:
heated. A cover plate of Pyrex glass or quam. was employed but its mait
purpose was to prevent the sample from accidentally falling into the integr~

ing sphere of the spectroref1ectometer. In order to control the same
atmosphere. the sample holder shown in Fig:ure 9.3 was constructed r
Wendlandt and Dosch (16),

(9) studied the reflectance spectra of several M;z[HgI4 Jcomplex.es at various
elevated temperatures in order to investigate their thermochromic ~ --> ~

form transitions. The heated sample container consisted of a nickel-plated
brass block, 60 mm in diameter by 85 mm in height, the lower end of which
contained a chamber in which a small light bulb was mounted. Regulation
of the current through the bulb fi1ament permitted temperature regulation of
the block. The upper end of the block contained the sample chamber, which
was 35 mm in diameter by 0.5 mm deep. A copper-Constantan thermocouple,
embedded in the powdered sample, was used to detect the sample's tempera
ture.

Kortum (2) measured the reflectance spectrum of mercury(Ilj iodide at
140" but did not describe the heated sample block or other ex.perimental
details. Another heated block assembly was described by Hatfield et al.
(10). It consisted of a metal block in which a beating clement was em bedded.
~o other details are available. such as temperature detection or sample
rhickness.

In 1963, Wendlandt et al. (11) described the first of their heated sample
holders for high-temperature reflectance spectroscopy. The main body of
the sample container was 60 mm in diameter by 11 mm thick and was ma
chined from aluminum. The sample itselfwas contained in a circular indenta
tion, 25 mm in diameter by 1 mrn deep, machined on the external face of tbe
celL Two circular ridges were cut at regular intervals on the indentation to
increase the surface area of the holder and to prevent the compacted
powdered sample from falling out of the holder when it was in a vertical
position. The sample holder was heated by coils of Nichrome wire wound
spirally on an asbestos board and then covered with a thin layer oC asbestos
paper. Enough wire to provide about 15 n of resistance was used. The
temperature of the sample was detected by a Chromel-Alumel thermocouple
contained in a two-holed ceramic insulator tube. The thermocouple junction
made contact with the aluminum block directly behind the sample indenta
tion. To prevent heat transfer from the sample holder to the integrated
sphere, a thermal spacer was constructed from a loop of 0.25-in. aluminum
tubing and wet shredded asbestos. After drying, the thermal spacer was
cemented to the sphere and the sample holder attached to it by a spring
loaded metal clip.

A modification of the preceding' sample holder was described by Wend·
landt and George 112) and by Wendlandt (131. The circular aluminum disk or
the holder was heated by means of a cartr:dge heater clement inserted directly
behind the sample well. Two Chromel-Alumel thermocouples were placed
in the block, one adjacent to the heater and the other in the bottom of rhe
sample well so as to be in intimate contact with the compacted sample.
The block thermocouple was used to control the temperature programmer.

H

Fronl "de
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ri~ure 9.3. Scr.emali~II~;"lrallon ,,[ In.
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loading and rerno\·al. A gas-tight seal between the cover plate and tht'
sample holder is provided by a 44-mm-id O-ring. Two O. i25-in.-diamete
aluminum tubes_ located at the top of the holder, arc used to control the ga.:
inlet and outlet to the sample chamber.

With the controlled at:nosphcre heated sample holder. it was a simple
matter to connect a :hermistor-typc ther.naI conductivity celi to the systerr
and, by means of an external rnuitichannel recorder. record the DRS and th:
evolved gas detection IEGO! curves simultaneously (17). This modiftcat:or
of the apparatus is shown in Figure 9.4. ne cell was connected to a Car!
Model 1000 \-licro-Detector system by means of metal and rubber tubin~.

The ther:nal condul:tl\'iry ceil wa, enciosed by an aluminum biock which wa:
heated to lOOT by means of a cartridge heater. The block was connectec.
to a preheat chamber. also operated at lOO-l'. which was used to prchea:
th;: helium gas stream before it entered the detector. The output from th(;
detecror bridge was led into one channei of a four-channel 0- 5 mV Leeds ane
Korthrup multipoint strip-chart potentiometric recorder. The temperatur
programmer from a Deltatherrn III DTA instrument was used to control tht:
temperature tlse of the DRS cell. Output from the Beckman Model DK-2f

H1GH-TE\fPERAn:RE RfFLfCTA:-ICf. SPECTROSCOPY
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Figure 9.'1. Schematic d:agrams of DRS-EG D 'yslem (17)
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The sample is contained in a 1 by lO-mm diameter indentation machined
in the surface ofa silver heater block. The circular block is 25 mm in diameter
and it is heated by two 2.6-Q ~ichromc wire heaters. It is contained in an
enclosure, 55 mm square and 13 mm thick. The heater is thermally inSUlated
from the main body of the sample holder by a thin ~ayer of ceramic fiber
insulation. The sample side of the holder is er.closed by a quartz plate,
50 mm on an edge by 2 mm thick, which is held tinnly in place by two metal
strips. Each metal strip is fastened to the holder by two thumb screws;
they (and hence the cover plate) can easily be removed to facilitate sample
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a. The Octahedral --. Tetrahedral Transition in CO(py)zCl z

spectroreflectometer was also led into the multichannel recorder, as was the
output from a thermocouple located in the DRS heater block.

The complctc HTRS-DRS system is illustrated in Figure 9.5. The high
temperature sample holper is used in conjunction with a temperature pro
grammer and twO recorders. One recorder recorded the sample temperature
versus time; the other. an X - Y recorder, was used to rccord reflectance
versus temperature, as required for the DRS studies. A Beckman ~odel

DK-2A or a Bausch & Lomb Spectronic 505 spectrorefJectometer was
employed for the spectral measurements.

The octahedral -> tetrahedral structure transition ofbisfpyridine) cobalt(lI)
chloride, Co(pyhClz• has been the subject of a number of investigations
(12, 22), Wendlandt and George (22) studied the ~ransition using :he tech
niques of high-temperature reflectance spectroscopy (HTRS) and dynamic
reflectance spectroscopy (DRS). The thermal transition was found to begin
at about 100" and was completed at about 135". The color change reported
for the transiti.on was from violet (octahedral) to a dark blue (tetrahedral)
color; it was stated that the changc was nonreversible on cooling to room
tcmperaturc.

Recently, Wendlandt (18) reported tha t the structural change was actually
reversible. The blue form, after standing at room temperature for 24 hours.
reverted to the original violet compound. The HTRS curves of Co(pyhCI!
at 20 and 120'C are given in Figure 9.6. At 20'C, reflectance minima were
observed in the curve at 520 and 620 nm, with shOUlders at 500 and 550 nm,
respectively. Thc compound reflected rather strongiy in the 350-·450-nm
:"<:gion and at 580 nm. The blue terrahedral form. at 120°. absorbed very
strongly in the SOO-700-nm region, with shoulders at 425, 480. and 510 nm,
respectively. After standing 24 hours at rOom t<:mpcrarure, the reflectance
cur"e of thc bluc form was again recorded at 20", As can be seen, the cur"e
obtained was almost identical with that of the original compound having
the octahedral structure, Thus it is seen that the ct'crahedral --. Ilccahedrcll
~ransition takes place rather slowly on standing; it does not reven back to the
octahedral form immediately upon cooling to room temperature.

The effect of healing ratc on the ocwhedral ---+ retrahedral transition :s
shown by the DRS C:.lfVeS in figure 9.7. The heatir.g rate varied from 1.25 'i
min to !O";min: the laner value is considered to be rather high for DRS
studies. Surprisingly. the procedural transition temperature was greatest
IIOT) for the l.25~;min rate and lowest (95"') for the highest rate studied.
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The HTRS curves. from 25 :0 lSa·c. arc sr.own in Figt:.re 9.9. Two sct~.

of curves are shown. one set at :5 .1Oci ,5:. anc the other a~ 150 and 180'
The first set has a peak minimum at about 625 :'1m (corresponding to max;·
mum absorption) and corresponds [0 the curveS for the initial compounc..
while the second set has a peak minimum at 575 nm and com:sponds to th~

curves for the deaquatcd compound. Cu(enjSO•. ThllS, the deaquatior.
reaction must have occurred berw~ :-5 and l50'.

To obtain the transition temperaruro:: for the deaquation reaction, the DR:::
techr.ique was employed. as shown in Figure 9.l0. The transition temperc·
ture dependence on thl.: sample healing rate is readily seen; it varied frorr.
115" at 6.rC;min to l65° at ~5XCmin. This behavior is not unexpcctcL
because it occurs with pru<.iically :JJ1 the other thermal techYliques wher
some physical property of the sample is measured as a dynamic function o'
temperature (13). In all DRS studies.. the sample heating rate obviously mus:
be specifJed.

Since the Beckman DK·2A specrroreflec:ometer is capabie of recordin!
the sample spectra in the near-infrared wavelength region. the HTRS curve:

17001200

TIlER.'"IOPHOTOMETRY

~oo 700

I

r
I'
L:
1

r
r-

570

I
I
I
\-
1 10%R
~

However. on increasing the he:lt:ng rate, the reaction temperature interval
increased, from 95 145' for the 10"/min rate ~o 107 _12]" for the slowest
healing rate. This isjust the opposite to that observed. in dissociation reactions
involving volatile products.

The spectra of CO(PYJ 2C 2 in the visible and near-infrared regions (15) are
shown in Figure 9.8. At room tempe:ature, rel1ectance minima were found
at 1140, 1670. ~150, and 2440 nm. respectively. for tr.e :x form. On beating to
12Y, all these minima disappear except for a small min:mum at 2440 nm.
The l3·form curve :s practically identical to the curve obtained for retraht'dral
CO(PY)2 Br2'

The deaquation of LCu(en)(H10hlS04 was studied using HTRS and DRS
by Wendlandt (15). This reaction, which takes place between 75 and 150"C,
foilows the equation

400 500 500 700

Fig... re 9.8. HrRS curve~ of,·Cvlpy):CI, :r. :Me V1s:~le :1r.d r,ea:'I~(rnrcd wavele~g:h regoon
(i 5).
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The HTRS curves in the visible and near-infrared regions are given in Figure~

9.12 and 9.13. while the DRS curve, at 625 nm,:5 given in Figure 9.14.
As in the case of [Cu(en)(H1 0hJS04. two sets of curves are shown fo

CuS04'5H1 0 in Figure 9.12. At room temperature the reflectance minimulI.
occurs at about 680 nm; on heating to 135' the minimum shifts to 715 nrr..
In this temperature range, the compositional change of the compound is tha
due to deaquation from CuSO... ·5H 1 0 10 CuSO ... ·H 10. At still higher tem
peratures. slich as 250''C. the last mole of water per moie of copper sulfate i.

evolved to give the anhydrous salt. In the near-infrared region at room terr-

for all of the bands discussed. which may be due to the sample-particle siZt

changes.
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were recorded to 2700 nm, as shown in Figure 9.11. At room temperature,
the reflectance curve contained minima (absorption bands) at 1560, 1725,
2050,2150,2260, and 2500 nm, respectively. On heating the sample to 150°C,
the bands at 1560,1725, and 2050 nm remained unchanged, while the 2150
nm disappeared. The 2260-nm band shifted to 2280 nm, and the 251O-nm
band shifted to 2525 nm. There were rather pronounced changes:n intensity
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The DRS curve in Figure 9.14, showed tbat a major increase in sample
reflcctance began at about lOS", although the reflectance was gradually
increased from room tempera:ure up to 100' labout 0.1 a %R unit). At about
125\ the reflectance of the compound again decr<::ased gradually until a
maximum temperature of about 200' was attained.

In an earlier investigation. Wendlandt and Cathers [26) studied the HTRS
and DRS of the reaction between CoO~'6H20 and KCl. The DRS curve
revealed that the following structural and compositional changes occurred:
occahedral-CoClz '6H zO ..... tetrahedral CoCl~ - octahedral CoClz·2HzO
...... tetrahedral··CoCli -. The preceding reactions took place, of course, in the
presence of an excess of chloride ion: hence. the final product was K 2CoC14

rather than anhydrous cobalt(II} chloride.
More recently, the deaquation of CoCl1 '6H 20 was investigated in the

absence of potassium chloride, This compound is a rather difficult one to
study because it fuses at about SOc, and since the heated sample holder is
mounted in a vertical position on tl::e spec1:roreflectometer. the liquid
COC!2·6HzO is impossible to retain on the sample holder, This problem was
solved, however, by placing a thin layer of the p<Jwdered sample on a 25-mm
diameter round cover glass which was then :ctained on tbe glass fiber cloth
by the rectangular cover glass. The ViscOllS nature of the melt prevented the
compound from leaving the sample area.

The HTRS and DRS curves ofCoCl~'6H:O are shown in Figures 9.15 and
9.16, respectively. The HTRS curves reveal a rather interesting series of
structural changes. both in tbe liquid and solid states. At 25', solid CoCl2 '

6H,O has an ocrahedral structure with a reflectance minimum at 535' nm
and shoulder minima at 460 and 500 nm.. respc'-"tivcly. On heating the
compound to 55', it fus<::d and gave a rdectance curve wnich had one
minimum at 525 nm and a rather broad minimum between 600 and 700 nm.
This latter curve is similar to the one previously observed for a mixture of
ocrahedral- and tetrahedral---cobalt(Il1 .::ornplexes by Simmons and Wend
landt (27), Thus. a possibie interpretat:on wouid be that the .55' curve is
probably a mixture of o('ralledral-CoCl~'6H~Oand terral1edral-Co[CoCI 4 J.
On further heating, the mixture underv.ent iunher ceaquation and gave. at
iSS". anhydrous octahedral-CoC:'.. 'nlis :attcT curve contained a peak
minimum at 590 nm. with a shoulder rnl::lmum at 535 om.

The DRS curve. Figure 9.16. showed a pronounced decrease ia reflectance
at 45' which was due to the formation of the onahedral- rt'rralredral mixture.
At 100", the reflectance of the r.1ixlUre began lU ir.crease. reaching a maximum
value at ahout ISO", the:l decreasing Sllg..'1:ly above this temperature. The

.;
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CuSo.5H.O
DRS at 615 nm

10050

1700

_,11m

F:guTe 9.13. HTRS curves of C~SO"5H,O in the visibie and near-infrared waveleT.glh
reg;on (15).
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Figure 9.:4. DRSc~rveorC~SO.·5H,Oat625nrr.ar.daheatingra:e"f5.7emir. 1!5)

perature, reflectance minima were observed at 1510, 1675. and 2000 n:n.
respectively. At 150°, the first two bands bad disappeared whi~e the 2000-nm
band has shifted to 2060 nrn. A new band, at 2400 nm. was observed at the
higher temperature. At still higher temperatures, 200°, all of :he bands in
this region were absent.
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curve reflects the various structural changes that have been discussed
previously.

Yang (28) studied the HTRS of the deamination of :"Ii{py)...Cl1, the curves of
which are illustrated in Figure 9.17. The spectrum at 25'C is that for the
initial compound, l'."i{py)...CI2 • From 125 to 175'C, two moles of pyridine per
mole of complex arc lost, so ~hat the spectrum at 175Q C is that for the com
plex (Ni(PYbCI2 • From 175 to 275°C, another pyridine is evolved, so that the
275°C spectrum is that for :"Ii(pylCI 2 . The loss of pyridine ar.d the changes in
the reflectance of the initial complex: are shown in the 450-nm DRS curve in
Figure 9.17. The transition, :'l4pYl~Cl2 • "Si(PYhCl2 , began at 145" and
was completed at 160Q C: the loss of an additional pyridine began at 21 DoC
and was completed at 220°e. The increase in slope throughout the DRS
curve was due to the increasing sample temperature.

f. Thermochromism of AG2[HgI ~l

The thermochromism of Ag1 [HgI4] has been of great interest since its first
preparation by Caventou and Willm (29) in 1870. The trar.sition was first
investigated in a thorough :nanner by Ketelaar using specific heat, X-ray,
and electrical conductivity techniques pO· 33). Additional information
concerning the color changes (34, 36, 39), dilatometry (35), crystal structure
(37, 38), magnetic susceptibility (9), electrical conductivity (39. 40), ar.d
thermal stability (41) of the compound has been reported. The compound
has been proposed as a temperature indicator (36, 42) and as a pigment for
temperature-indicator paints (42 ·44).

The thermochromism of Ag 2 [HgI4=is due to an order-disorder transilion
which involves no less than three phalies. According to Kelalaar (331, both
the yellow {ow-temperature f1 modification and the red high-temperature :x
form contain iodide ions which are cubic dose-packed. while Ir.e silver and
mercury ions occupy some of the tetrahedral holes. The f1 for:n has tetragonal
symmetry. with the mercury ion situated at :he corners or a c'clbic un:t ceH
and the silver ions at the midpoints of the vertical faces. As the temperature is
increased it becomes possible for the SIlver and mercury ior.s :0 OCCt;py
each other's latriet: sites and also the two extra lattices sites Itop and bottom
face centers of the unit cubel which were unoccupied at ;ower temperatures.
Above 52"e. the mercury and silver ions are completely disordered. The
IX modillcation has. therefore. averaged face-centered cubic sYr:1metry. ~ore
recently. magnetic (39) and dieiectr:c polarization (37, .391 measurements
confirm the presence of a third phase. the Ii' modil:cation. W:th an increase
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are disordered, having ieft sites surrounded tetrahedrally by iodide ions anc
appearing in interStitial (octahedrally occupied) sites. The interstitial silve
ions wOllld be expected to be rather lah[le. sinee the octahedral holes arr
large compared to those at the tetrahedral sites. This is also apparent from the
low activation energy obtained (37) for the conduction process in f3-f
Ag2[HgI4 ], 12 kcal;mole below 20°C.

The reflectance curves for Ag2~HgI.d from 23 to :oo'C ar~ shown in Figur
9.[8. The yellow fi form reflects rather strongly above 500 nm. with th"
maximum shiftir.g to higher wavelengths during the transition to the ree.
~ form. The change in color is dependent on the rate of heating, At 2SC
min the transition is completed at a somewhat lower temperature than a.
the 10"C/min heating rate. This heating rate is extremely rapid comparee
to the temperature rise of 5'C/day used by ~eubert and ;-jichols (39) in thet
magnetic studies, The transition temperature found here was not very weI.
defined in that the color change appeared to take place over the temperature
range from 30 ro about 60'e. Reported transition temperatures includt
50,7 ± 0.2,5\,2.51,50.5, and 52°e.
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in temperature, the silver ions become disordered, occupyir:g at random ~ of
the face-centered positions of the ;Jnit cube during the {1 ~ {J' transition.
During the fi' ->::t transition, thc silver and mercury ions become further
disordered at random t of the corners plus face centers of the unit cell (37)
corresponding to two cubic (but not isotropic) cells stacked one on top oft~e

other, The Patterson function suggests that a portion of the silver atoms
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The DRS curves of a number of ~.[HgI~J comp(exes (M = Pb, Cu. Hg,
Ag, and TI) are given in Figure 9.19. All the compounds exhibit rather sharp
thermochromic transition, with the exception of Tl z[Hgl4 l Thc latter
compound is reported to have a transition at 116SC (9); however, it is not
evident from the DRS curve. The change in reflectance of the compouod
appears to decrease linearly with temperature.

and cis-[Cr(tmhX~JX compicxes (pn = 1,2-propanediamine and tm =

1.3-propanediamine).
Chang and Wendlandt (47 491 investigated several series ofcompounds of

the types (1) cis- and lrallS-[Co(e;Jb(H~OhJ{::-':OJh . I"H4 X and (2) cis- and
rrans-[Co(I"H 3J4(B 1 0h](NOJ h - NHJ(. In all l:ases, a rralls reaction
product was obtained. Various mechanisms were proposed as well as
synthetic procedures for the lrallS isomeric products.

g. Thermal Matrix Reactions
B. PHOTOMETRIC :vtETIWDS

[Cr(enhJCl 3 + :-.rH 4 C1(excess) -> cis-[Cr(en}ZChJCI + other products

50 lCO 150 200 'C

Figard :9- DRS curves or complexes (5 C min '), rI. Pbrhg I,]. 5g5 n;;: . 8, Cu ,i. Hg[.]. c'O
nm. C. HgfHgl.J. 600 ~m : D. Ag,[Hgl.]. 575 nm: E. T, rHgl.]. 550 r.m (~51.

The techniques of HTRS and DRS were used by Wendlandt and co-workers
(46-49) in the investigation of reactions between chromium(IlI) and cobalt
(HI) ammine complexes and ammonium salts (thermal matrix reactions).
Such a reaction is illustrated by (46).

A simultaneous photothermal analysis (PTA) and DTA apparatus has
been described by David (50). It was found after examining a largt; number of
inorganic and organic compounds that the two techniques provided com
plimentary information but that the PTA curves contained features which
were not present in the DTA curves. Compounds investigated included
limestone, clay, CuS0 4 '5H1 0, polystyrene, polyvinylchloride, and several
other poiymers.

The simultaneous PTA-DTA apparatus is illustrated in Figure 9.20. It
consisted of a Stone-Premeo DTA cell wh ich was modified by drilling a
0.275-in. opening in the cell cap and furnace <:hamber to permit sample
viewing by the photomultiplier tube. With an "end-on" photomultiplier
tube mounted on the top of the furnace. the sample in the ring thermocouple
container could be viewed directly. Lsing a two-channel recorder, one
channel recorded the output from the phototube and the other recorded the
DTA curve.

In the case of several limestone samples thut were examined. the DTA
curves revealed small. broad exothermic peaks in the temperatute range :rom
300 to 375"C, which coincided with the major glow peaks in the pTA curves.
David concluded that DTA appeared to be as sensitive as or perhaps mort:
sensitive than PTA for examining these ~ypes ofmatenals and perhaps would
be better suited to studies involving geological dating than thermolumi:1es
cent analysis. The lack of sensitivity in the PTA curves may be due to th~ slow
heating rale that was ~mployed (lO<C/minl. Typical thermoluminescent
curve determinations are made at heating rutes from I0'( 'm~n :0 16- C sec.
In the case of polymeric samples. David (501 found that melting and.or glass
transitions were not detected by PTA but decorr.position reactions were
observed. Thus. the DTA-PTA lechnique permitted differentiat:on betwe~n

these types of ~ran:;itions. A PTA curve peak began at approxlmately the
temperature where oxidation began. much tiki.:: that observed in oxylum:ne
scence. This behavior wa~ obs~rved even though Ihe samples we~e heated ir. a
flowing nitrogen 3'mosphere.

I
J
~

00 .----~-.,----r----,-----.-__.-__r-__.,

%R

AI: 1 mass ratio of [Cr(enhJCI3 and :-.rH4 X (X = fluoride, chloride, bromide,
iodide, and thiocyanate) were heated up to 200cC in a high-temperature
sample holder. The HTRS mode was used to identify the reaction products,
while the DRS mode was used to determine the temperature range at which
the reaction took place. As a result of these studies, new synthetic; procedures
were developed for the preparation of cis-[Cr(enhX1JX, cfs-[Cr(pnhX 2JX.



A somewhat more sophisticated apparatus was described by Rupert (5 I)
for observing phase transitions ofincandescenr materials. In this apparatus.
a photomultiplier tube was used to foliow the temperature changes of the
heated sample. The phototube responds to the luminosity of the sample.
which is proportional to the temperature. It is not necessary to know the
exact relationship between the OUtput of the phototube and the temper~ture

of the sample because temperature ~a'ibra!lon is accomplished by USIDg, a
calibrated optical pyrometer which receives part of thc.llght from the sample.
The sample was contained in 11 crucible located wtthtn the current concen
trator. The latter receives power from an indw.:tion heater whose output :s
controlled by an induction heater controller. Light from th~ sample emerges
through a O.070-in.-diameter hole in the top of the -:ruciblc. ~lnd travels
upward Ihrough a Pyrex or quartz wmdow into the (ower l:nd of a be:lm
splitter. Part of the light is reflected ut approximately 90' :0 the aXIs of the
beam splitter. by a partially aluminized mirror. 10 the optical pyrom.:~er

used to measure the sample tc::mperature. Typical cooling t:\If\lCS .,tudleLi by
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this technique include the freezing ofa molybdenum carbide- carbon mi.'lture
at 2540oC. a cooling curve of the freezing of zirconium carbide-carbon
eutcctic mixture at 2855"C, and a solid-state transition ofuran,um dicarbide
at 1800c C.

Although the KBr disk technique in infrared spectroscopy is well known. ie\1.
quantitative kinetic studies of solid-state chemicaJ reactions in this medium
have been reported. Hisatsune and co-workers (53-58) found that man:
chemical reactions were initiated by heating the disks to elevated temp.:rd
tures and that the kinetics of these reactions could be conveniently folIo.,.:ed
by this technique. The disks were placed in an oven heated at the desired
temperature for a specific period of time, and the lR spectrum of the disk
was recorded after it was quenched to room temperature. A typical disk
weighing about 0.5 g cooled from about 600~C to room temperature in
less than a minute. Disks prepared from potassium salts could be heatoo in
air to about 600c C, but above this temperature appreciable sublimation of the
matrix salt occurred. InitiaJ heating usually produced the greatest change in
the appearance of the disks. They turned opaque, expanded, and oflen
showed blisters on the surface 'When gaseous products were formed oy the
decomposition of the solutes. In some cases, the transparency of the disk
could be restored by breaking it into smaJl pieces and repressing.. fot
quantitative studies the rtm of the expanded disk was sanded off until it
fitted the die cavity. Studies reported included the trapping of the BO=- ion
(54), the carbon dioxide anion ICO;-) free ,adical (55). the carbonate anion
(C03") free radical (56), the formate ion from the acetate ion (57). and the
decomposition of the perchlorate ion (58).

The thermal decomposition kinetic, of silver carbonate using the disk
technique was reported by Wydcnen and Lebao (59). Continuous. in JilU

quantitative analysis of infrared active reactants and products of the de·
composition reactions was made possible by use of a heated ceIL The cell
was constr'Jcted of stainless steel and could be heated to 500" C ",ith the
KRS-5 cell windows maintained at room temperature by :::ooling water.
A similar approach was used by Wendlandt [601.

A heated tempera:ure-rrogr::tmmable IR cell was used by Tar-ilka ct :II.
(61) to study the :hermal dt::composition of a number of ~obalt[Illl ammine
complexes. The disk matrix material was either KC! or Kilr. :l!1d it was
reported that they frc4uently becume opaque \0 infrared radiation at devated
temperatures. A heated IR cell for use up to 200"(' was also descnbc:d by
LeRoux and \-fomano (621.

Difforert;.,
tnerrroc~uple

Sample
~o;der

Fu'-nace

~ Photomultiplier
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Figure 9.:0. Simu:laneous PTA·-DTA apparatus 1501.
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Figure Y.:!I fhe ~ell!e: FP-:! ~{ll stage, (a) Schema.::c clagrarr. of :he conLTO. ,ystem; (il

schematic diagram or hot slage.

I
I

I H.at;~g plate

inner WQll

I't
'i;

I
Outer wall

o

r-----------------------------------------,-------------
I I
I Il ContrOl uni1 : Fur"ace Uf",it

1 i
: Holle' ~1e1:to" I !
I ~ I,
r--~ ,--'-,

i m;; UI lp!t"PI!"'",N' N1~~~" ~ P"-allr/J.", 'Slgl"',1 I

L "d,."" I '" ~ n."",o,"",,,· I I

1 , ~"~

Heat !;It.r U
S,ampla carrier

by connecting the program signal motor to a series of counter wheels. 1

choice of three heating rales may be preselected: 0,2, 2.0. and IO,O"(/min
the temperature range is from - 20C to 300e C Temperature measuremen
and control accuracy is ±O. I"C below IOO"C and ±0.1 %above this tempera
ture. The hot stage. which can be fitted to any standard microscope. consist:
of an adjustable sample carTier. two metal heating plates in which heatin~

wires and the platinum thermometer arc embedded, and a compact blowe
for circulating air within the chamber. The design of the hOl Stage is s\.:cr.
that the sample is heated simultaneously from above and ~e!ow and is thu:
maintained in a uniform temperature fie:d.

Microscope stages for usc at low (- I80~C) or high tcmperat\.:res (I OOO.. C

.'

1. Fusion \1icroscopy

D. THERMAL OPTICAL MICROSCOPY TECH:"iIQL'ES

The term "fusion microscopy" includes the methods and procedures that
involve the heating of a compound or a mixture of compounds on a micro
scope slide (64). It includes all observations made during the heating of the
preparation (description. sublimation, decomposition. melting, etc.) on the
melt itself (refractive index, boiling point, critical solution temperature, etc.),
the solidification of the melt (crystal angles, birefringence, rate of growth.
etc.), and the cooling (polymorphic transfonnatiol1s. orthoscopic and
conoscopic observations. composition diagrams, etc.). The most important
applications appear to be (I) characterization and identification of pure com
pounds, (2) detennination of purity, (3) analysis of binary mixtures, (4)
determination of composition diagrams for binary and ternary systems, (5)
elucidation of phase diagrams, and studies of (6) polymorphism, (7) crystal
growth kinetics, and (8) crystal-lattice strain (63, 64). Identification oi a
fusible compound by this technique is very rapid. consumes only sman
quantities of material, and requires relatively little specialized training or
equipment. The purity ofa fusible compound is, in many cases, very quickly
detennined by fusion methods since impurities usually are visible as high
melting material, as liquid eutectic, or as early melting material. A mixed
fusion gives a rapid and dependable means of determining whether two given
samples are the same compound. Complete binary 'and ternary composition
diagrams can be determined usually in a few hours' time. Recent reviews on
this subject include those by Vaughan (65), Smith (66), Sommer (67, 68), and
McCrone (63),

The various hot stages employed have been reviewed by McCrone (63.
64); the most successful appears to be that described by Kofler. It was first
de:icribed in the 1930s and became commercially available in \94.Q. This
instrument was successful mainly because it was reliable: temperatures
indicated by the thermometer could be dependably associated with the
temperatures of the preparation under investigation. A much more sophis-
ticated instrument. the ~ettler FP-2 hot stage, Which was introduced in 1968.
is schematically shown in Figure 9.21. In the control system. the temperature
is detected by a platinum resistance thermometer placed in very c!ose
pro",imity to the sample. Power to the heating demcl1t~ is proportionallY
controlled by the difference between the resistam:e of the resistance thermom
eter and the resistance of a motor-driven potentiometer. As long as the
actual temperature and thc required program temperature :lrc in agreeme:ll
with each other. the rotation of the program signal-generator motor will be a
linear function of the temperature. Digital temperature n:adout is presented

I.'h
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have been described by numerous workers. Tynan and YOll GutfeJd (81)
described a stage for use between 30 and 800 K that permits !emperature
cycling of a small area of the sample while monitoring it by ar. optical micro
scope. The sample can be ilJuminated by a laser beam directed on a smail
sample area, typically 25 50.um in diameter, with sample heating by a small
electrical heating coil, or cooling by circulation of cold gases in the cell. A
mechanical vacuum pump and liquid l\'z trap permits the evacuation of the
eel! to -1 x 10- S Torr. Lower pressures can be achieved through use of a
suitable diffusion pump. The stage was used to measure transverse thermo
electric voltages of thin films of Pd on an AlzO, substrate.

Hildebrandt and Cocks (82) described a low-temperature stage that per
mitted frozen samples to be etched by vacuum desiccation or sublimation in
an inert gas atmosphere. Cooling rate and isothermal holding temperatures
were controlled by regulating ~2 gas flow through a liquid :\z bath and a
cooling block in the device. Cooling rates from 10 to iO/min were easily
obtainable to - 60°C. The stage was used to study frozen thin films of the
::\aCI-HzO binary system.

Charsley et al. (83) described a stage that permits observation of a sample
by transmitted light, as it is heated or cooled at a controlled rare over the
temperature range of -180° to 600'C. The sample can be viewed in normal or
polarized light and the intensity of the transmitted light measured using a
photocell and displayed on a recorder together with the sample temperature.
A cro:;s section of the stage is shown in Figure 9.22. The body of the device is
made from anodiz.ed aluminum and is water cooied. The sampie. normally
placed between two cover glasses, is heated by means of a silver block con
taining a nichrome heating elemen t. A sapphire window, approximately 2 mm
in diameter. allows the viewing of the sample by !ransmitted ;ight. Sample
temperature is detected by a platinum wire resistor located in :he biock im
mediately adjacent to the sample. A temperature programmer permits heat·
ing rates from 1r to 99°C/min. Cooling is carried out by using liquid l'i ~
flowing through a coil in the block. A controlled flow of coolant u:>ed in
conjunction with the heating program enables linear heating and cooling
rates over the entire temperature range.

Morrow i51) has described a DTA-lighl photometer polarizir:g system for
r1or-stage microscopy. Thermocouple wires. 0.003 in. iT'. di"mele,. were used
to detect the (7; - 1;.) temperature ditTerence for Simultaneous DTA measure·
meots. Sample capsules were fabricated by bencini! smai:. id~ntical stripes
of Al foil over both sample and reference thermoJunctlons. A smu:1 hoie in
the foil> permitted the viewing of tf:e sample by transmLtted ~ight mIcroscopy.
The primary use of the apparatus was to study the thermal properties of
:hermally sensitive polymers (84).
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Figure 9,23. M<:lt.er DTA.\herm0r:11cro;copy FP 34 r~rnace a::d ~amp',e ho.der. la) Cre"
secl,on of device: (h) sapphire saTf.p:e hoiders.
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deposited, five-junction gold-nickel thermopiles. The system temperature
is detected by a platinum resistance sensor located in the metal plate, which
also contains the resistance wire hea:er. A special heat filter is used to Cover
the observation opening. The temperature range of the stage is ~ 60 to 300Q C
with absolute temperature measurement accuracies of .... 0.4 to .... 0.8 degrees.
Reproducibility of DTA enthaipy measurements is about 5%. Microscopic
observations are at best performed at heating or cooling rates of less than
IOC/min.

Samples are contained in covered sapphire sample containers, as shown
in Figure 9.23b. These containers arc 5 mm in diameter with a cover 4 mm in
diameter. Covered sample containers arc used for volatile samples. For
viscous melted samples, they can be enclosed between two glass disks for
observation. Sealed aluminum crucibles can be used for nonsimultaneous
measurements, that is, only those for DTA. Another technique that can be
used for low-viscosity samples or Equid crystals is to piace three small
sapphire balls in !he sample to support the sapphire lid (88).

A schematic diagrams of the system is shown in Figure 9.24. Data may
be obtained by recording on a strip-chart recorder or transferred via an
RS-232 interface 10 a Hewlett-Packard Model BPS7 microcomputer. [n the
latter, the data curve is displayed on a CRT screen or a printer/plotter.

lS"umerous applications of thermomicroscopy have been reviewed by
McCrone (63. 64), Kuhnert-Brandstatter (89), and others. The usc of these
techniques in purity determinations of organic compounds is discussed tn
Chapter 12.

F~ure 9.:::4 McLLlcr DTA.t!:,:r::".omlcro,copy systerr. cons:s::ng o:',1'.e FP 84 bH ~Ia)!e. FP 80
CO:1!rOI ~ni~ Jr.d a HP 87 ~:crOC(}mpuLcri881.
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6 Microscope light source
7 DSC measur:ng sensor
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Wiedemann and co-workers (85-88) described several systems for simul
taneous DTA-thermomicroscopy measuremems. One of the systems is shown
in Figure 9.23a. As with the stage shown in Figure 9.21. two-sided heating of
the sapphire sample container is employed. The temperature differences
between the sample and reference comainers is detected by two vapor-
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2. Depolarized I.ight Intensity and Photometric Thermal Microscopy

In the usual procedures used in fusion microscopy, thermal changes in the
sample are visually observed; ph otomicroscopic techniques may be employed
to obtain a permanent record of the thermal events. Because the eye is not
particularly sensitive to subtle changes taking place over a period of several
minutes, automatic devices have been used to detect these changes. Onc
method is to use some type of photocell co measure changes in the sample
tight transmission or intensity of birefringence (45, 65, 69-78). Another
method is to use an infrared scanning camera sucn as described by Hyzer
(79). The former is primarily used for the accurate determination of melting
points, polymorphic transitions, and crystallization rates, while the latter
more sophisticated method can reveal the minute differences in temperature
in the area under investigation.

The apparatus used for recording the changes in light transmission of a
sample usually consists of the following components (65, 69, 73): (1) photo
detector such as a photocell, photomultiplier tube or photoresiscor; (2)
hot stage; (3) temperature programmer; (4) microscope: (5) some type of
sample holder; and (6) recorder (usually an X- Y (ypel. The output of the
photodetcctor is recorded as a function of sample temperature as the sample
is being heated at rates from 0.2 - 30"Cjrnin. The sample preparation (69)
for light-transmission methods consisted of placing it either melted hetween
cover slips or mounted in a silicone oil and then covering with a cover slip.
The oil cuts down light refraction and permits improved birefringence
intensity measurements. For crystalline or partially crystalline poiymers, an
embedding technique may be used. The polymers are embedded in a thin
layer (0.5 mm) of high-viscosity polydimethylsiloxane polymer spread over
the microscope slide. Still another technique (65) is to usc glass capillary
tubes to contain the sample. Powdered samples are normally packed :0 a
height of 3 4 mass in the bottom of the tuhe, while fats, oiis, and waxes can
be easily loaded into the tubes in their melted state;: hy means of a long
needled syringe.

The photometric heating and cooling curves of ammonium nitrate (73)
are illustrated in Figure 9.25. The four polymorphic transitions between
25 and 200°C are clearly indicated. The orthm'hombh -> monoclinic transition
at 42" is observed as un increase in light intensity. whlie the 1110lwclil1it' .....
tetragonal transition at 78'C is accompanied by it decrease in inten~ily. A
sharp decrease in intensity indicates the tetraqollal • l'tlhLC transition and
then the fusion of the cubic form at 169-C. On cooling, ;he melt crystaWzes
to the cubic form at 17S'C. Severai large changes Df light intensity arc shown
as the ammonium nitnue undergoes ;he various phase ~rar.sitions. .'\1\ these
measurements were made under poiarized light.
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-33.9"C

5~ 3'C

F,gur~ 9,:7
rJ:e (~3).
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1,2·dichloroechane :s shown in Figure 9.27 i83). On heating, the first change
in the TPI curve is seen in the region of - 3SQ C with a major change in tht
curve occurrL.'lg in the range of - 34.3 to - 33Se. This transition compare~

favorably with the lCTA values of - 35.7 -r 2.0Ge and - 31.4 + 4.3"C fo
the extrapolated onset and peak temperatures, respectively, The TPI curv~

also shows the magnitude of the supercooling of this substance, which make:
it unsuitable for use as a standard in the cooling mode.

Wendlandt (45) 'Jsed a microscopic method for the determination of th
reflectance of the sample. The apparatus, as shown in Figure 9.28, cor,
sisted of a low-power (l 00 x , generally) refiectio n-type :n icroscope, A. whicr.
is illuminated by means. of a monochromator, B, The refiecte<i radiation i~

detected by a photomultiplier tube, C. and amplifier, D, and recorded Of

either an X - Y recorder, E, or a strip-chart recorder, F. In order to heat the
sample to 250Q C, a :\1ettler Model FP-2 hot stage. G. is employed. Eithe
isothermal {± 1cC) or dynamic sample temperatures may be attained by thi:
device. The sample is moved through the illuminated optical field by mean:
of the reversible motor. H. The motor is reversed at preset intervals by ~

relay circuit and timer. J. Thus, it is ;:lOssible to scan the reflectance from th
sample, which may consist of a single crystal or a poWdered mixture. Po ......
dered samples may be placed direct~y on the heated microscope slide O~

~

i
:J

"§..
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E
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;-30 -

~
Dj- 40

The technique of depolarized light intensity (DUj microscopy was in~ro

duced by Magill (80) in 1960. Basic elements of the apparatus were a hght
source, polarizers, a sample holder, an analyzer, and a suitable recording
system, Barrall and Johnson (74) and Miller (75,76) have described app]jc~

tions of this technique to polymeric samples. Miller (75) prefers to call thIs
technique thermal polarization analysis (TPA).

The DLI apparatus used by Barral! and Johnson [74) is illustrated in
Figure 9.26. They found it convenient to use the recording system from a
DuPont 900 DTA module, The intensity of the depolarized light was meas
ured with a photoconducrive cell used in conjunction with a Wheatstone
bridge circuit. A hot stage, constructed from a copper block., could be used
:n the temperature range from -40 to 6oo"C at a heating rate of about
~aC/miD or in an isothermal operational mode, For faster heating rates, a
ow-thermal-mass furnace was used which contained a platinum heater and
"Nas usable up to Sooce.

":'he transmitted light intensity [TPl) curve of the melting and freezing of

F;gure ~.2(i. SchemaL:c diagram of Cepolar!l.ed ;;gr.: ir.;ensr:y "l:'paralUs IH)..... unoLran
~I'S microscope: B, analyzer shee:; C. polariler"heel; D, rno~ab:e abhe c"nden,er; E, ru~~sLen

lamp: F. movab!" bo: stage: G, :,eater; H. ;lrogram L!lermoc.'"pic. I. ,amp:e le~lpemrllre

:hcrmocouple; J. ,amp,e well; 1<., ;lin ;llug term,nal attached to 11:'croscopc ,!~"d' l.. ,hieldcd
cab:e CD D" Par.! mod"le; M. phmocell::-<, r.J<>vable mirror, O..)Cu,ar. p, lJ~ Po ,',I 91)0 lhffer·

e~tHlllr.ermal analyzer modLle; Q. progr~::lmer: R. '(. y rec"r~er.
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C.l O.J o.S,.,m
Figure 9.30. Scnnning micrare~ec:ancecurv~ of a sir,g:e cryslal of CuSO. jH~O:lt .arj('~s

:emper~\'~re5:wave:eng:h orinc·,derlllight 450 Jell. 100 x rnagr,:fiCJlIcr. ("18).

F:gure 9.29. Scanni1".g :nicmrellcctance
curves of a single crystal of CuSO.·

A 5H.O lit a wavc!er,glh of 450 nm and at
It temperature of 30'C (100)( mag
niJleatlcn) (78),

c

0.1

all showed a general decrease. which became more pronounced as the
temperature was incrcllsed from 80- to IOO"C. The decrease in the specular
reflectance of ~he crystals was due to the runnation or a surface layer of
CuS04 '3H 1 0 which is more opaque than the originai compoLind. Thus. the
forma/ron of the former can easiiy be followed by :he SMR technique.

·"gure 9.~8. ,\1;ctorefleclance apparatus, A, B & L microscope; 8. 8 & L munochroma:or
end lamp; C. pholomultipiier tube; D, amplifIer and puwer suppiy; E..'( Y recorder: F, slrip.
::>a(1 reCQrder; G, Metller hOl stilge: H, ,evlO'rsibJe molDr: J. relay and timer (45).

~Ise placed in 0,O-l.1-mm-id glass capillary tubes. In the latter case, it is pos
:lble to obtain the reflectance curve of a sample contained in a sealed tube.

Two modes of operation of the apparatus are possible: (1) The scanning
-node in which ~he sample surface reflectance can be recorded as a runction of
-.canning distance al ambient room temperature or at elevated temperatures
.nd (2) the change in reflectance of the sample as a function of temperature can
,e recorded. The former mode is called high-temperature scanning micro-

-ej1ectance (S\1R), while the latter is called dynamic microrej7ectunce· (D\1R),
-'he use of these two modes is illustrated by the dcaquation of CuSO~'5H]O.

The scanning microreflectance curves of a single crystal of CuS04 ' 5H 20
78) at room temperature are shown in figure 9.29, The curves represent
.he reflectance of the crystal surface at scans at pointS A. B, and C Since the
-eflecrance geometry or90c;90' was used, the curve maxima represent maxi-
-num specular reflectance rrom the crystal surface. Thus, surfaces perpen-
Jicular to the incident beam reflect the strongest giving the curve peak
-naxima. The CUrves are not very reproducible from crystal to crystal due to
.he different sur:aces or the individual crystals.

The S:'vfR curves of the same crystal at various temperatures are illustrated
n Figure 9.30, The curves changed little on increa£ing the temperature of
:he crystal rrom ,)O-50"C. However. at 70·'c' the specular reflectance maxima
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2. The TL Process

Leitmeier (106\. Royer (107), Saurir. (l081. ar:d :"orthrup and Lee (109),
Saunders (110), Parks 11111. Daniels et al. 11 ~ 2), Lewis III J). and Hose et al.
(114). The appiications d t!::ermo!u:nincscence !o problems of geological
thermometry and age determination ~ave been discussed by Ingerson (115),
Zeller (116). Cai~s 191 L aod Zurer 192). General reviews on TL include those
by Daniels et aL I:! 2L Bose et 301. Ill4), Lancaster (93), Manche (90), and
others (117-111. 1141.

A simple model of t~e ~hermoluminescence(TL) process is shown in figure
9.32 (130). Tn la). ionizing radiation creates an electron and a hole in the
crystal. The electron wanders in the conduction band until it ~alls into an
electron trap. forming an F--cemer. and the hole moves in the valence band
until it falls into a 30le trap, forming a V-center. L'pon heating, the electron
(hole) is excited into :.he conduction (valencel band, where it wanders until it
recombines with the bole Ielectron), giving otT light. This simple model,
bowever, does not take imo account the dominant influence of impL:.rities
on the TL process (1301. In the commonly used phosphor, LiF, for example.
impurities are n~essaf}' to give ~ighly sensitive TL.

Figure 9.32b shows schematically the TL process involving a divalent
impurity. Again, electrollS and holes are formed upon irradiation with ioniz
ing radiation. The hole can nOw be trapped by the impurity cation. When
the electron is released upon heating, it recombines with the hole at the
impurity ion. e:tciting a characteristic luminescence. The impurity ions can
also form complexes such as Z·centers that can trap eiectrons. As the crystal
is heated, the traps arc emptied first the shallow traps at low energy and
then deeper traps at higher energies, producing a number of TL peaks.

Other models and theories have been discussed by a number of investiga
tors (112, 132, 133). These traps are often described and graphically iilus
trated as electron wel~s ofdifferent depths depending on their potential energy
profi\es, which may 5plln a range of 0-4 eV (90).

The therma: ejection oi re!atively stable trapped eiectrons leads to the
production of the TL cune and may be similar to the one shown In F:gure
9.33. In this lig:.Jre. :he light intensity, l, :s piotted as J function of sample
temperature. T. during: a linear programmed heating rate. Each t:-ap is
characterized by :1 fre';juency factor. s_ and an activation enagy for L:.ntrap
ping, 1::, as well as the temperature at the pe::ik of c:lrve. 1;". The lalter tem
perature :5 dependent on :he heating rate. and for secor.d-order kine~ics, it
also depends nn tee r:-ac1ton of tmps populat~d.The par; of the c:.Jrve due to
blackbody rad;;ltiOll :5 :.lb.:ied BB.
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The evolution of liquid water in the deaquation of ClISO"'5H zO is illus
trated by the microreflectance of powdered CuSO.. ·5H 2 0 in sealed and open
glass capillary tubes, as shown in Figure 9.31. In an open capillary tube, the
~ample reflectance of the samples decreased as the temperature was increased.
However, since the liquid water was confined to the capillary tube, the reflect
ance did not increase again on funher heating.

f"guro 9.31. \1icrorefleclance of ,eaJed- and opc~-tuhe sample. of CuSO.· 51-1,0: !:C'd.!ing
ra~e of !O"C min ': wavelength of incident :ight, 450 am: 80 x magnification (78).

Thermoluminescence (TL) is the light that is released irom a crystalline
material when it is heated from room temperature to 400-500'C. It is pro
duced and stored when a crystalline material is irradiated with some kind
of ionizing radiation any time prior to heating (90). Among the most etTective
sources of radiation arc those originating from nuclear emissions such as

0:, {J, and i' as well as from X-rays, cosmic rays, and so on. The total light
emission is proportional to the overall :-adiation dosage t~e material has
received. The TL curve or "glOW curve" is the sum of all the measured light
quanta emitted when the sample is heated. Lipon cooling and reheating, no
further TL light will be obtained until the sampie receives an additional dose
of ionizmg radiation. TL is widely uscd in radiation dosimetry. arclwco
logical dating. geological activity, catalyst evaluations. and so on.

The early applications of thermoluminescence to '.he analysis and idcnti
~lcation of rocks have been made by Deribere (104), Garlick \ I05), Kohier and
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populations (901.

Cnder simplified assumptions. the rate of eseane of traooer
proportional :0 the intensity of emilled light, I. and can be ~

(90)

where J is the TL intensity in photons per unit time t. n the cor.
!rap charges at time t, 5 the frequency fac:or characteristic c:

the activation energy for thermal charge release. k the Boltzm:..
and T the Kelvin temperature. Since the temperature lS mere"
with time. equal ion (9.!) can be integrated between the lim
tempera\Ure. 7;, an.d f.nal '.emperaturc. "fl' to give ,he I Linter
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lei

F:gure 9.32. Schematic band models for thermoluminescence (41): (a] simple r.1odc:; (hl
model With Impurity present; (e) model involving electron and :-'ole traps and impurity ion
recombination centers.

3, Kinetics of TL

The kinetics of the TL process has been described by Randall and Wilkens
(96), Boyd (122), ~anche (90). Halperin and Branier (97), Chen (94, 95), and
numerous others (98). The review by Chen (95) is a ve~y comprehensive
discussion of the subject. Only a simplified discussion will be included here.

where '1
0

is the trap charge conce:1tration a~ 7; and nr(Jnorllona
under the Tl. curve. Eaeh of the peaks in Figure 'j,JJ may OC;1n "

representation of equation (9.9). represent:ng three lllJ'''"l::1I1

and populations.
The ael:vlition energy, E. ~.m be cvalLlated by cakl;ialion~ f'''

charge in T", with heating rate, Several ~cthods han' heF.n ll~t

ca,ct:l:ltions. each yielding var:ous aecume.es \H ,r:<: r. va"[t·s
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4. Instrumentation

Out""t .... '
"~ ./':~

~.I~
1','11111· I III,'~

Figure 9.34. TL instrument descnlxd by S=io (99), (a) Block diagram of imtr.lmem
(b) Ught.measuring sysle't1.

are recorded as a function of:in::e. The temperature range of the apparatus i~

from ambient to 500'C. TL <:an'es can be obtained on 50 mg of finely po\\-
dered sample.

~ewer methods of obtaining the TL I;urvc of a sample involve :ock-ir
amplifIers, photon I;ounting.. and computer data ,eduction.

A recently described TL instrument. capable of obtaining reproducibk
TL curves, is shown in F:e:ure 9.34 (991. The in5trume:1l can be used in ar
isothermal mode as weI: as-the usual non:so:her;nal :node, and at subambien·

I Pream;J

Pel
Micraccr;lpuler

Du Pcn~ 990
Thermal
Ar.a'yzer 1

___--.J----L_D...:.S.:..C...:.CSI: ~aseL-_

1 ~,~E-------,

order kinetics, the TL curve peak is somewhat asymmetrical. whereas in the
case of second-order kinetics, the peak is nearly symmetrical.

--,
J~otter'

1"umerous instruments have been described for the measurement of the
thermoluminescence of solid samples. Older instrumental arrangements
have been described by Urbach (123), Randall and Wilkins (96), Boyd (122),
Daniels et al. (112), Saunders (I 10), Parks (111), and Lewis (113). Basically, the
apparatus consists of the following components: (1) a heated sample block.
(2) a sample-temperature programmer or power supply, (3) a photomultiplier
tube and power supply, and (4) a recorder, of either the two-pen strip-chart
Jr the x-y function ~ype. The TL curves are normally obtained at fairly fast
Jeating rates of 1- 20"Cisec. As the sample temperature is increased, the
sample emits light that is detected by the photomultiplier tube whose output
~urrent varies linearly with the intensity of the emitted light, This output
lrrent is converted into a voltage signal and recorded on one channel of the
np-chart recorder. The other channel of the recorder is connected to a ther
>couple embedded in the sample chamber and hence records the sample
Imerature. Thus, both light intensity emitted and temperature ofthe sample

S B;.) - .~



5. Applications

The types of substance that are thermolumincscent. either in their natural
state or after radiation bombardment. include (112) ,he alkali metal halides,
calci1e. dolomite, fluorite, aluminum oxide. magnesium oxide. gypsum.
quartz, glass, feldspars. feldspathoids. certain drtet.l days. and ceramic
materials. Of over 3000 rock samples examined for thermoluminescence.
some 75% showed visible light emission (ll21. Nearly all limestones and acid
igneous rocks arc naturally thermoluminescer:t. d:Jc mainly to the presence
of trace clements of uranium. thorium, and ,0 on. Calcium and magnesium

603
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F:g:ue 9.35. Block diagram for ~bu::a::eous TL·OSC appara:us (! 0:). (.... " A, ) ;Clck';n
amplifiers ::.toed 10 frequcnc:es REF: a::d REI',. respec:ivcly: 1:\,1 differemial amplifier:
(B) temperature iJragra,,,mer and d'fferer.t:aJ calor:me:e.: (C,. e,J choprers w:at,r.g at :wo
differenl :re" uenciL'S: (0:. 0,) oa:ar'meter "ups w:tl: ··sa:niJle" and ·'rere.e::ce·' materials:
(HV) ~egula,ed higll-vottage power ,upp~y: (l..) :a~"s :or reference signal': IF" F,) :nalched
fiber optics; (P:, P,) photocells for generating reference signals REF, and REF, : (P~1) photo.
multip!ier lube: (5" 5,) lighl signa:s originating :rom 0, ar.d 0" res?"ctive!~: (S. ~ 5,)
signal output :;om :he pbotomul:iplier: fS. - 5,) :heIT;1alumi f.escen: si ,!nal: (H: . H ,) power
input to caiorime,er cUps: (T,. T1) temperature slgn;].l; :rom 0; and D, Jt ti"'e I, (T ,) average
temperature olcaiOflmeter cup. at ::rf.e I: (H, - Hl) d;.'ferer.l:a; heal :npu:. dH dr: (REe)
twoo<hanr:ei recorder for ;he sir.:clla::eous display oflae g:ow CL.:'!e and :l'.er::log,a:n.

carbonates show light yellow to orange light emission. where'~_s porassium
and sodium feldspars exhibit white to blue-violet light em:ssio~.

The 1'1. curves obtained arc characteristic of a specific sample or sub
stance and yield information concerning specific impurities preser.~ or
indicate that the sample has had certain heat tre;:ltmC:1ts or pr,yslcal hi:;tories.
However, glow curves are not suitable for the anaiysls ofchcncical.:ompounds
but are uscfui for identilil:at:on ar,d control purposes or.;y. Th:s IS \\[u:;tr;llcd
by the Tl. c:Jrves for several dolomite and calcite samples in Figure 9.37.
The Curves deiiOitely show differences based on [he compm:tlon of the sample
but coulc! hardly be [.;sed for [he anf!lysis of. say. Ihe :na~mes;un! or L'alcium
eonten;s.

TIIER.\fOPHOTOMETRY602

te::nperatures or at reduced pressures. Since it uses a commercial DSC cell
as the programmable furnace, it is capable ofsim:Jltaneous TL-DSC measure
ments. The system consists ofa Du Pont 990 thermal analyzer and DSC cell,
a 9824A P~T, and a PET microcomputer. T~e P:vtT was choser. ~or its
maximum sensitivity in the 390 420 nm spectral region. Included in the
light-measuring system are filters that absorb heat and minimi7e the typical
black-hody radiation encountered al around 400"C. A specially designed low
and high-sensitivity amplifier was used to amplify the output from the PMT.
The output from the amplifier was digitized and processed by the micro
computer and sent to peripheral devices such as a piotter and printer.

~anche and Carroli (100) used a Perkin-Ume~ DSC-I B to obtain simul
taneous TL-DSC measurements. The TL unit was capable of differential
TL measurements; that is, two identical samples were employed but only one
of them was heated (10 I). A lwo-channcl recorder was used: one channel to
record the TI. signal and the other for the DSC curve. A block diagram and
listing of component parts is given in Figure 9.35.

A representative set ofTL-DSC curves obtained on the preceding instru
ment is shown in Figure 9.36 (l 01). The sample used was a 20.0 :ng pellet of
40% (w/w) LiF in KiSO J. The sample was irradiated with X-rays for 1.00
min at 36 kY and 16 rnA. :-.!ormally, the heating rate of the furnace was 80cCI
min in a ~2 atmosphere. The K~OJ could also !:Je used as an internal tem
perature standard. By integrating the peak areas, the investigators found that
the intensity of TL of LiF and the enthalpy of transition of K=-<O j :n the
mixtures were linear functions of the weight fraction of the individual salts.

Commercial TL analyzers are available, such as the Harshaw Model 2000
thermoluminescence analyzer. It can be used ior routine personnel dosi
metry monitoring or for research purposes. The apparatus consists of a TL
de~ector, an automatic integrating picoammete., and a TL computer
processing unit, Pia and Podgorsak (102) have recently described a com
puterized TL system based on this instrument and a PDP-8E minicomputer.
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Figure 9..17. "'atural and ,'-ray activated g:ow c~rves of
some caldte-<lo\orr.ile =P"CS. ne - l indicates ;'-ray
irradiated (: I 3).
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The 1'L curves of samples oflunar material appear at 350'C for lunar f.nes
and 400"C for crystaliir:e rocks (l ].:1). Tl:.e TL IS probably the result of an
equilibrium between gains from radiation by cosmic ~ays Jombarding the
moon's surface combmed with the possible ?resence of radioactivity in the
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Figure 9.36. Simultaneous n-DSe curves of UF in Kl"O, (100),
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Saunders (110) has shown that the intensities of the peaks in the TL curves
increased with increase in depth in a ~J:iagara limestone deposit. The glow
curves were useful for studying the various strata of Ihe deposit. Parks (J 11)
reported a similar study relating TL curves of the samples with the identifica
tion and characterization of a formation, the identification of the top and
bottom of limestone formations, and the characterizatior. of erosion or
nondeposition of zones.

Garino-Canina and Cohen (125) used TL curves to characterize germanium
oxide-aluminum oxide mixtures_ It was found that after excitalion by ultra
violet radiation, the peak positions, between 50 and 70=-C, and the peak
intensities of the curves varied with a change in alumina content introduced
into the germanium oxide glass. The amount of alumina varied rrom 0 to 5%,

A rather interesting application ofthis tcchnique is in the evaluation of the
efficiency of surface catalysis (112,126). The TL curves for three comrr.ercial
alumina catalysts are given in Figure 9.38; the relationship between Tl
Curve peak area and catalyst activity are given in Figure 9J8b. The total
glow curve is composed of two peaks; the areas u.nder peak number 2. we~e
related to catalytic activity. As can be seen from Figure 9.38b. an excelLent
correlation exists between Ihe peak areas and the activity of the catalyst. It
should be noted that many catalysts do not give any thermoluminescence.
and in other cases there is no apparent' correlation. A number of catalysts
Ihat have been examined do exhibit such a correlation and hence suggest
thermoluminescence as a useful 1001 for catalyst evaluation.
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(9.10)Age = (TL). x (do~e~._
tTL), (dose rale),

lunar soil and losses from the thermal environment of the moon. Thermo
luminescent results indicate that the temperature variation penetrates about
10.5 cm beneath the lunar surface.

Another application of a geological type is that of dating lava flows (135).
At the time of a volcanic eruption, hot lava removes any past thermolu
minescence, and after the lava cools the natural radioactivity present in the
environment irradiates the lava over a period of years. The thermolumine
scence intensity can then be recorded to determine the age of the lava flow, a
calculation based on a number of :actors.

a. Archaeological Dating

Archaeological dating of pottery sherds by TL has been comprehensively
discussed by Cairns (91) and :'v1ancbe (90). All clays contain a few parts per
million of ~J8C, 2J2Th. and 4oK. When this clay is heated above 400°C, as in
pottery manufacture, the natural TL is released and the TL clock is set back
to zero. Over time, the radiation damage builds again within the clay.
Reheating a sample of pottery and measuring its TL curve peaks gives an
indication of bow long it has been since :he piece was fired. Although archae
ologists once had great hopes for TL dating, it is now primarily used to
expose modern ceramic fakes (92), where a high degree of accuracy is not
needed. The TL method of dating has an error ;evel ofaround =7%, too high
for work done in historical rimes. Sometimes, however, it is rhe only dating
method available for use by the archaeologists.

In principle. the age of a pottery sherd can be calculated by use of the
eq uation (90):

where (TL). is the natural TL: (TLl, ;s the artificial TL: (dose ra~e)n is the
natural dose rate, in rads!yr; and (dose). is the artificial dose. in rads. In
practice. however, many complications inherent in these meast:rements
make the determination much more complicated. The age equa:ion r.ceds
much modification due to the complicating facrors.

The simplest model for dating pottery require a minimum of three
measurements (103):

I

-l

I

l

I

I
1 :.0t
:,'j I

~ I..
0-

j 0.5r-
I

urc 9.38. (al TI PIVC' of cataly'ts: (hI TI. ar.d catalyr:c :lCI",:~y (lie}.
1. The Ilarural TL. The stored TL is assurr.ed to have accumulated

linear:y with time starting ~rom :he day the pottery was first fired.
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b. Measurement of Ionizing Radiarion

sensitivity is a fairly accurate indicator of archeologic age. especially when
averaging is used to obtain a better mean for sherds from the same time level.

Csing a ~elativc dating method. or.e can calculate ~he age of a pottery
sherd from

Perhaps one of the most important applications of :hermoluminescence nas
been to the measurement of ionizing radiation (130. 133 I. Since :he ther.r.o
;uminescence intensity is proportional to the :n:ensity of radiation striking
the solid. crystals or powders can act as radiation dosime:ers. The advantage~
of:h is method of radiat lon measurement arc the sma:l size und the large d~se
range of sl.:.ch solids. A small crystal of a :hermolum\:1escent :nat~rial is
embedded ina small badge that is worn by the personr.el. At period:c :ntervals.
the crystal is placed in a detector Ithermoluminescence :lpp3.r;l:l:~1Jnd hented,
From the integrated intensity of the :ight e:nissior:. the ar:\ol:nt of ionizing
~::tdi;.lIion can be determined. ~

For personnel dosimetry. the TL :T1ateriaI. available :r. poweer llT solid
form. consists of LiF. CaF~. Li horate. CnSO~, ~Ig borate. Jnd Olhers. A
:ypicaJ TL c:urvc of a l.iF ribbon. shown in Figure 9,.;.0. was dc:ermined using
a Harshaw ~odei 2000 TL analyzer. Wr.en measured with LIF. a 10 mR
exposur.:. can be measured with a standard deviation of :ess thar. : 0,%.

(9.11)Age = K l'-- (TLl, ,
(TL). x R•.J

where (TL)" and (TL). arc the natural and artificial TL respectively, R. is
the :x-particle count rate or.. a sample of pottery. anc K is an empirical
constant that is determined from a plot of the specific TL for each sample
versus its known age.

Absolute dating methods are based on the fact that radioactivity within a
sherd is nonuniiorm. The bulk of the TL comes from :-adioaet:ve mineral
inclusions such as quartz and 50 on. Methods of employing this procedure
are called the quartz inclusion technique. feldspar inclusion technique, and
50 on. The dating techniques all require a time-lapse period of at least 500
years since a young material lacks sufficient light output in :he 300-500°C
TL curve. The quartz prcdose technique has a range of appiication of from
presem.day to 1500 years. Normally, TL can be used to date pottery sherds
and other ceramic materials from 101 -1 x 104- years. The error limit is said
to be at best ±5% but more realistically, =10%. The error of == 7%, pre
viously cited, appears to be too high to be very useful for serious applications
of the technique.
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2. The artificial TL. This measurement gives the TL !lusceptibility oflhe
pottery sherd, and is obtained after it is heated, and then exposed to
an artificial source.

3. The annual dose rate. A determination of the annual dose rate
experienced by the sherd in its hurial circumstances.

The TL curves of a pottery sherd are shown in Figure 9.39 (47); the ratio
of natural thermoluminescence to sensitivity (TLm••/S) plotted versus the age
of the pottery is also shown, The ratio oi natural thermoluminescence to

rme :vears BPi
~b)

c·igure 9.39. (£I) TL curves frol11 a pottery sherd. A, compared Lll :he :her:n:,lum:nescence
nduced by" sla~dJlrd X-irradialioo: B. of a lyp;cal sterd: ;h) ~aLio .If r.at\lr.ll :hcm:tllu~lIne.

,ce~.ce ~o ,;en~i\iV\l)' ITL_"iS) p!ol·.ed 'versus age of \I-.e p01\ery I : )lil,



TL has been used to study radiation damage (38) and also the radioactivitv
of certain minerals (106, ILl, 128, 129). .

When many polymus arc heated in air vr oxygen in the :empcraturc range
100-300°C, they ex.h;bit a low-level light emission that is cal:ed oxylum:ne
scence (OL). This phenomenon was first detected by Ashby in i 961 (136) who
heated polypropylene in an oxygen atmosphere. It was :1Ot~d that: (I) oxygen
must be present for light emission :0 occur: (~) ,he inter.si:y of the :ight was
proportional :0 the concentration of oxyge:J in conwct w:rh :hc polymer

2. Intensity and Spectral Distribution

611OXYL t,"!I?'ESCE:-':CE

surface, and (3) the presence of stabilizers decreased :he intcr.,ity of :he light.
Thus. a new 1001 was discovered that provided :r..va:uabi" :nsig.ht into the
study of the oxidative degradation of polymers as well as to elucidate the
effects of stabilizers on the polymer ox.:dation process. This technique is ~ot

widely used at the present time, althot.:.gh :lume~ous invesllgations have
studied :he fundamental nature of the process, as well as its kinetics and other
physical pararr:eters, It has been fO,und that OL is a ge~eral phenor:1cno,n
that applies to many other orgamc compounds as well as to polyrr.enc
materials (24). The OL of po;yrr::.e,s has recently been rcv;ewec ~y Wendlandt
(165), St:vaJa et aL (160), and George (1661.

There is not much agreement on the name for this phenorr:enon. Ashby
(136) and others used the term oxylumineswnce: Barj(er et al. 11391 C:J.!~ed it
thermochemiluminescence creL); David (SO) used photothermai analysis
(PTA); Wync.e ar.d Wendlar:.dt (142) called it light emission (LE); and Stivala
(160) called it chemiluminescence (CL). The term employed here will be
oxyluminescence (Ol) although chcr:1:Juminescence would probably be
just as appropriate.

The emitted OL light of most polymers is fairly low-Ievei in t:,at it ,eqL::res a
.~ensitive photomultiplier tube (PMT) and phorometer circuit :0 detect it.
Ashby (136) used a PMT and photometer :n which the light emission was
expressed in amp of anode C\.lrrent. It was estimated :hat ! lumen generated
10 amperes ofanode current for the P\1T employed. The OL intensit:es. using
this system. ranged from 1O-: c-l0- s lumens for a:1 the polymers ;nve~tig.

ated. ~y!on had the most inrer:se OL in that at 1000C, it .::mmed enough I,ght
to be seen by the dark-adapted human eye. Schard and Russellll37) employed
a P\1T and photometer system with a luminous sensitiv:ty of - 80 amp per
lumen in .he region of 4CX) .: SO nm. The Ol intensities. as described pre
viously (136), ;ere expressed in anode current from 10- 1 :-10- 8 amp.
Barker et al. (1391 stated that the OL of a Lexan ~esin and polypropy:ene at
250°C in air could be see:1 with the dark-adapted ht:mar. eye. Wynr.e and
Wendlandt (:-1.21 used a sensitive photor. counter; t~e OL was expressed in
cpm in the range :0' -105 . The P:vtT ar.d photomete~ used by David / ~O) !-:ad
a sensitivity of 2000 amp per lumer. in :he spectral range::OO 600:lm (See
Section B)

The spcl,;lral distribut:on of the emitted I:ght :,as beer. deter:nined bv a
wavelength niter method, Ashby (136) fO'Jf'd that the PMT anode current was
attenuated about 50% ~y ir.terposing a Ii Iter th:lt ilbsor~ed ligl'lllJflhc wave
lengths shoner than 420 om be:ween the po:ymer ar.d the P\tT. No current
COL:id be detected if a filt.:, was interposed that absorbed iight of Wl!ve-

1. Introduction
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3. :vfechanism or the OL process.

Relative 01. signal ::: K (WJ.v = lilA,
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(9.15)

(9.:6)
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Hydrocarbon + oxidizing agent • 3 p' -'- other products

also noted that the species responsible for OL increased more rapidly in the
case of nylon than in polypropylene and reached an equilibrium or stcady
state condition much sooner. The rapid increase in luminosity. on changing
from nitrogen 10 oxygen atmosphcn:5, indicated that ~he OL process occurred
principally on the surface of the polymer. There were no significant ditTe~

ences in the OL of polymers when the thickness oithe sample varied from 7 to
70 mils. Barker et a!. (139) calculated that for a 0.1 g sample of polypropylene.
about 2 x to -1: photonsireaction site were obtained. They postulated that

the process may be similar to that proposed by Vassilev (146) to explain the
chemiluminescence of substituted anthracenes in hydrocarbon solutions.
This process consisted of the react;ons

where the subscripts: and 3 denote singlet and tripiet states. respcctively,
and the primes denote electronic excitation. Thus. the observed OL may be
due to the fluorescent:c, \'f> and/or phosphorescence, "r' of the acceptor
materials. Spin orbit coupling is the mechanism leading to a :neasurable
intermolecular energy transfer rate, kpi\.,

de Kock and HoI r140,147) argued that since the reaction of polypropylene
with oxygen was too complicated to be used for verifying the origin of OL, ;]
model system composed of dicumyl perollidc mixed with polypropylene
could be employed. Heating this mixturc in a nitrogen atmosphere would be
expected to give risc to OL. and at the same time the nature of the reaction
products could be ascertained. From the spectrum of the model system. wh ich
was almost identical to :hat of the phosphorescence spectrum or aceto
phenone {a decomposition product). it was stated that the observed OL of the
former may result from the phosphorescence of the reaction product. acera
phenoTIc. Parr ofrhe eumyl radicals split off methyl radicals and the remaining
compound may be an excited acetophenone molecule. which. via a phos
phorescence process. deactivate to the electronic ground state, It was cor.
eluded that the OL reaction of polypropylene may poss\bly be interprelcd
as the phosphoresence of a carbonyl-group containing reaction product.
Wynne and Wend;andt 11421 sugg.ested that the 01. process involved polymer
peroxy radicals. RO·,. such as are involved in the thermal degradation of
polymers (t 48). In the presence of oxygen. the polymer :'rec radicals. R.
formed hydroperoxide radicals. RO~. or mokcu;es, RO~11. ~i\iing the :'oUow-

(9.12}

(9.lJ)

1',.,

Ai = I Fjd;.
,,0

I':L)

Ii = K I FtW.d.l
.0
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The resulting spectrum consisted of a broad peak from 400 610 nm with a
maximum at about 540 nm. A. shoulder peak was observed at about 475 nm.
Also using wavelength filters, de Kock and Hoi (l40) obtained the OL spec
trum of dicumyl peroxide in polypropylene. The OL curve extended from
360 nm to about 500 nm with a peak maximum at 420 nm. It was very similar
to the ph?spno:escenee spectrum of acetophenone dissolved in poly(methyl
methacrYlatel; in fact, the peak maximas were exactly the same.

we:e determined graphically and the OL :;pectrum, W)., was estimated by
application of the mean value theorem in the form

where W. is the radiant power density of the 01. and K a proportionality
factor that depends on the sensor area and geometry. The filter output
"areas" (1 vs ;.),

lengths shorter than 515 nm. It was concluded that in OL. 50% of:he light
emiSSlon had waveJengths between 420-·515 nm and 50% between 300
4~0 nm. Barker et a1. (139) a;50 employed filters to determine the spectral
dlst:lbutlOn of the emitted light. Using a set of Corning filtcr~, the SDCctrum
oj the OL of Lexan PC in air at 210-230cC was determined. If th; overali
response of the P~T and filters is F; (i = a. b, c, .... g). the PMT signal
should be . ~

The origin of the OL process in polymers has been the subject of numerou"
investigations, with lit~le agreemcn t as to the mechar.ism of the light-eml:ting
process. Ashby (36) found that for every photon of iight i:mitted, :0.1 car
bonyl groups were formed. This estimate indicated that the chemical ~cac
tionls) involved in OL occur with ::1frequency when compared to the reaction
leading to carbonyl formation. Schard and Russell 1]37) indicated that as the
number of tertiary hydrogen atoms increased, the OL increased. Thev stated
that OL may be useful as a method for determining chain branching, It was
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4. Kinetics of Oxyluminescence

where IJ = a coefficient.

The OL intensity is assumed to be due ma:nly to recombination ofperoxy
radicals. th L:.S

The kinetics of the OL process in polymers has been fairly exter.sive1y 5Iudied
by several investigators. Schard and R:.lsseil (139) were the first to calcu.late
apparent activation energies, E, for the OL reactions using Arrhenius plots
of the light intensities measured at various temperatures. They found DO

relationship between E and the intensity of light emission. Polyprop~'lene

required a higher E (97.5 kJ-moI - I) than polyethylene (82.4 kJ mol 'l but
the former had a greater intenslty oflight emission. Poiy(methylmethacr;ilatcl
had a sharp change in slope (for the log Ot. vs. liT curve) aud bence different
values for E were obtained. The averz.ge value of 97.5 kJ moi -: found iOr
unstabilized polypropylene was reasonably close to the 109 - 113 k1 mol I

for the oxidation of bolh isotactic and amorphous polypropyler.es found by
other techniques. It is even closer to the 100- :05 kJ mol 1 that ~ianY:J....;ck

et al. (149) found for the E of peroxide fonnation ;n atactic polypropyic!Je.
They reponed an Eo f 113 kJ mol-: wh ie!::. co uld be interpreted as supponing
the theory that light is emitted by the reaction of the R0 2• radicals. ~:.. lon 6.
which undergoes an autoretarcant reaction [2J, had a lower E than did
polyolefins.

Barker et ai. (139) c:llculated an apparent E for polypropylene :rom Ashby's
data [1]. The E values ~anged from 23.4--73.6 kJ mol - L depending un th<:
oxygen concentration. They reported that 01. obtair.ed in stat;c atmosphere
systems always tend to be low. thus the flow replacement of the boundary
layer gases is important. Compar:ng the OL E for polypropylene IE = ,-:-~

kJ mol-J) with the E for oxidation by 0 1 absorption (121 kJ :nol )l the
authors found that the former was larger than the average value obtained bv
the other three methods. The E for Lexlin consisted of three values: - .12 kJ
mol- t at lower te:nperatures, - 138 k1 mo;- : for intermediate te:npef':HUre.
and - 251 kJ :noi -: for the h ighe: t~mperature reg:on. These va,ues are in
reasor.abie agreement with TG results. Cycling (lata indicated t~al In OL
was appm.ximately a decreasing linear function of the number ofcvd.::s Ill'i

heating and cooiing. Resull~ obta:ned in a CO atmosphere g;l\C E value:; of
about the same 'l1agnitudc as in 0:. The Wil:iams Eyr:ng :ne:hod 1150)
that was developed for thermoiummescencc iTL) was applied to :he OL
process, giving an E for polypropylene of ~ ! 55 kJ [;10; - I.

THERMOPHOTO.\1ETR Y614

109 termination steps:

1. 2R' -. products

2. ROi"';'" R --> products

3. 2ROi --. products _. O 2

4. R0 2H -. (products''''

5. RO~ --. (products)'" ~ O 2

6. (products}'" -. (products)

"R' T" ROo --.... prodl.xts

At high oxygen concentration. step (3}, thought to involve ketonic inter
mediates, is the most significant, whereas at low oxygen concer.trations,
step (l) predominates. OL accompanies all three termination steps; however,
that associated with steps (2) and (3jls con:;idemhly :nore intense that that
arising from step (1). Wynne and Wendlandt (142) called the light emission
from step (I) "chemiluminescence" since it occtJrred in a nitrogen atmo
sphere and Ot. from steps l2} and (3), which occurred in air Or oxygen atmo
spheres.

Stivala et aL (160) have summarized the transitions of Ot as arising from
free radical reactions, such as

The asterisk denotes an excited Slate, such as an electronicailv excited ketone
which can undergo an electronic transition (n - .. rr*) typ~. AlthOUgh OL
during oxidation of various polymers can be satisfactorily interpreted using
step (5), recent investigators have invoked steps (5) and (6) \161). Step (S)
appears to be the most probable origin of OL.

The basic autoxidation scheme of polymers ~!1at results in OL r.as heen
pre:;ented by Stival:! et at (160). This st:heme Involves the following. reat:tions:
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7
4
4
4
3
I
3
J
J
3

3
3

IS
:8
18
18
18
18

Reference

---- ----
E

IkJ :TIo1 - ')

63 (:0 435 K)
97 (>435 K)
41 (to 460 K)
199 (>460 Kl
80
44.4 I < 3OO'C)
251 I > 3OO'Cl
j 55"
97
73.6b

82.4 [above :ra:lsitior: point)
3; lbelow t~ansltion {Joint)

64A
50,6
46.9
85.8
27 Ibelow trur:sit:or. point)
135

60
100
100
l35
100

Poiyel!lyJene (LD.;

Table 9.1. Oxylumille~ellce E of Sel~ted Polymers

Poly{caprolactor.e)
Poiycthyler.<:. 25% C:
Polyvthylene, 36% CI
Poiyethyler.e. 42% CI
Poiyethylene, 48% C
Poty(vinyl formall

OXYL CMtNF.SCP.-;CE

Nylon 6
Polystyrene
Polyurethane
Poly(methyl metl:.acry:ateJ

Polymer

:-';y100 66

Alathon I
Potypropyle:le
(Profax 6701)

'E-W method [16~.

'0,/(0, + :'<,: ratio - :.0,

bilizer. A rapid method for determinatior" 0;' :he concentration of the stabill
zer in the polymer was also developed.

Schard and Russe!t (138) studied the OL c!lange for polypropylene coJ:
taining varying amounts of the stabilizer, 4.4'-thiobis(3-methyl-6-tert
butyl phenol). The Ol was deiayed for [1. short period of time after admissior.
of oxygel1 to the system to an extent depending on the stabilizer cor.cen:ra
tion. The rate of OL emission curve ;ise appeared to vary ir.verse:y as a
function Df stabilize:- concentration. Preiimir.arv studies showed tha: the
effect of stabi;izer on the OL of polyethylene wa:quitc different rrom th:1l in
polyethylene. The tlme to maximum intensity ofOL was or :ittic value in the
former sir.cc with 0.1 ~~ of stabilizer present. the maximum intensity was
attained almost instantly.

(9.18)

(9.19)

(9.20)
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(-E)I = -dnjdt = S'nb cxp 1f
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where R - Rb :s the P\I1T response (photon counter), ;x is a constant, and ¢
is the quantum efficiency. For Alathon Z (polyethylene), E .::: 80 kJ mol-I
in air, oxygen, and nitrogen atmospheres, between 385 and 460 K.

Chen (151, 159) described a general kinetics equation that was applied
to a thennoluminescence "glow" curve but could possibly be employed to an
OL curve as well. The basic equation is

where b is the kinetic order and S' is the preexponential factor in sec-:
cm:l1b - tl. The general theory of the TL process was also reviewed.

Wendlandt (152) described a method for evaluating the kinetics of OL
employing a method developed by McCarter (153) for evolved gas detection
(EGA). using the corrected light emission curve, the mte of OL was given by

Wynne and Wendlandt (142) found a linear relationship between OL and
the rate of reaction using

where k is the specific rate constant in min - :, a :s the areu of the Curve peak to
temperatUl"e T (or time, t) and A is the total area minus 11. The Arrhenius
equation was tben used to calculate E,. An E of 100 kJ mol : was cakulated
for poly(vinyl formal) using this method,

The OL E values obtained for selected 'polymer:; arc listed in Tabie 9.1.

It was po:nted out by Ashby (136) :hat in the presence of stabiiizers {anti
oxidantsl. the OL of the polymer was changed. Csir.g poiY;'lropylene con
wining. a I: I mixture of the swbilizer. 4,4'-th:obis(6-terr-butyl-o-creso1)
with dl!:l\.tfylthiopropioniitc, he greatly reduced the OL intensity for an
initial time interval and the exter.t of this reduction was tietermined bv the
concentration of the swbilizer. When the slabiii:lcr concer:tration· was
depicted. tr.e 01. returned to its originai inwnsity. 'this suggested that :he
intensity of OL is reduced as the rute of o.xidation was redL:ccd by the stu-
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6. Instrumentation

Collins and Wendlandt (155) used OL to determine the sta!:Jilizer concen
tration in polyethylene. The initial deviation of the curve from the baseiine
as well as the peak maximum temperature were both found to be a function
of stabilizer concentration in the polymer. The method was compared to
those using TG and DSC

30,--------------="..,.,-----~8 4

The i!J.strumentation used to follow the OL process in polyr::ters is relatively
simple. It generally consists of a light detection apparatus containing a
sensitive photomultipiier tube and photometer; a :urnace and temperature
controller or programmer; an enclosed cham ber surrounding the sample that,
is capable of a controlled static or dynamic atmosphere of oxygen or other
gases; and a recording system. The output from the photometer is plotted .:
versus time (isothermal mode) or temperature (nonisothermal mode). More
sophisticated instruments have recently been described (162 ·164) in which
the emitted light is collected by means of a lens system and focused on a
cooled photomultiplier tube (PMT). The PMT output signal is analyzed by a
photon-counting system to yield a digital record of the light intensity.

Most of the early studies used the isothermal mode (136-; 40) but more
recent ones employed the non isothermal mode (50, 141 ·142). Many of the
early isothermal studies were carried out at a temperature of 150c C (136-139)
but the nonisothermal mode has been used to study polymers up to a tem
perature maximum of 400c C. This is usually the upper temperature limit

f':g~r" 9.~1. Effect "r oxygen concentm.,on on the inLcnSlty "I' OL 'lr po.ypropyler.e : 138).



Table 9.2. Polymers Known to Exhibit Oxyluminescence

7. Applications of OL to Polymers

and condensation and extratable pyrolysis products of the polymer using a
gas chromatograph and mass spectrometer. To determine the OL spectral
distribution. investigators (136, 140) have employed various light filters.
Simultaneous OL and DTA measurements were obtained by David (50)
using a commercial DTA apparatus, whereas OL-DSC data were recorded
by Wynne and Wendlandt (141,142) using a du Pont or a Perkin-Elmer DSC
instrument. Johnson and Chiu (145) also obtained light emission measure
ments coupled with smoke evolution detection and TG.

Reference

50. 136
136.137
136,141
137
137
137. ;4i. :52. :56
;37.140, !56.158
:37.156
147
140
142
141
:41
139,141
141. 152
156
156
\56
156
156
152
\52
\52
\52
152
\52
152
152
152
152
152
152
152

152
157
,57
1'7
157
!57
:57
:57

6"'

Table 9.2.

i'olyrr.er

Poiy(vinyl c:,:oridc/
Polyoxyr:lcthylenc
Polyacrylonitride
PolyterrafluoroethY'er.e
PolYlcthy,ene tcrcpr.thlllatc)
:\ylo:1 t
:-';yloI1 6
Nylon :'h
Ethylene propylene r:.tbbers
Oleumyl peroxide in polypropylene
/\;atl":on i Ipol~e:~ylenel

lvi:her.e
Nalgene
Po,ycarbonati:
Poiylvinyl pyrroiidir.CI
Nylon 6 9
t"y]on 6'\~

""yion 6· \~
:'>y:on 6 T
:\yion \2
PolYlvinyl formal)
Poly(vinvlidene :'luoridel
Po:Ylvinyi fluoride)
PoiYlvinyl a:cohoIlIOO% hydroiyzed
Polylvinyi stea,ca,tci
Poiylvinyi butyral)
Chlorinated poiycthy!er.cs
Po;y(dial1yi isopbt;,alateJ
Po:yldiallyl phthalate)
Polycaprolactone
PoiYlaccta!)
Poiylacrylarn:deJ
Polytl.kyc!O-:1i:X:lllcdirncthyleneterephthalate l
Polyll..t-buty:ene lereph tha:atci
PDlylbul~j methacr~la:el

Cdlu:ose acetate
Cellulose propHlnalc
Ethyl ceBulo.,e
Cellalose acctale :,u!yratc
Hyd~oxyp~opy: ccliulose
Ccil~J1ose sul:a:e
Cc.lcllt'Sc :~Iaee::tte

Reference

136-139
50.136-l]S.155
:36
136 -138
136
50,138-:3S
50. : 36-13~
:36
:36
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Po:ypropyle~e

Polyet~ylene

Polylsobutylene
Polyurethane
Poiyclt1oroprene
PO:Ylmethyl melhacrylate!
Polys:yre:le
Polylviny:icene ch~oride)

Polyhexnmethylcne adlpam Idc i:\yion:

Poiymer
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Ylany of the early studies on the OL of polymers inVOlved the isothermal
mode (I 36 --138). More recent studies employed the nonisothermaJ mode of
heating in which the furnace atmosphere was changed from argon, to

oxygen + nitrogen, to oxygen, and so on. The effect of oxygen concentration
on the OL of polypropylene is shoWD in Figure 9.41 (136). The intensity of the
OL increases with oxygen concentration in the temperature range studied.

L"sing the noni50thermal mode, Figure 9.42 shows the OL of various
nylon polymers, as determined by Wendlandt (156). The OL curves for nylon
6,6/12, 6/T, 11, and 12 arc quite similar in appearance in that they all consist
of a broad prominent peak with peak maxima between 250 and 3~YC.

The shoulder peaks on the leading and trailing edges of the main peaks are
different. The OL curves for nylon 6/6, 6/9, and 6/10 are unique in :hat they
consist of two or more curve maxima. For example, the curve peaks in nylon
6/9 have maxima at 225 and 335'C, respectively, whereas nylon 6/6 has a
peak with a maximum at 375'C, the highest temperature recorded in any
curve peak. The OL curves may be used for the characterization of the nylon
polymers, supplementing other TA data. OL has been used to characterize
other polymers as well (152, 156, 157).

A compilation of poiymers known to exhibit 01. is given in Table 9.2.



Almost every polymer studied by this technique exhibits a weak emission
of ;ight in the presence oi air or oxygen.
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10

CRYOSCOPIC A~D DIFFERE~TIAL

SCA1\:\T\G CALORIMETRY
PCRITY DETER.'\n:,\lATIO~

A. CRYOSCOPIC :'vIETHODS

1. Introduction

The purity of organic and inorganic compounds can be determined by a
number of techniques fanging from simple phys:cal tr.ethods of boiling- and
melting-point determinations to more sophisticated instrumental methods
such as absorption or emission spectroscopy, An attempt is made to sum
marize the principal instrumental techniques for purity (or ~mpu:-:ty) deter
minations in Table 10.1. The figures c.;itcd arc not very accurate aed may
vary widely. dependir:g on the main component as well as the impurities
present, The first six methods may each show a number of contaminants in
orte single exper:ment and permit the determination of each of them. E!ec
trical conductance pert'::1its the estimation of ions in aqueous or :-lor-aqueou,
solutions as well as the :onic components in semiconductors. Although t!'le
latter :s a rather limLted technique. it does approacl: the optir.111m purity
control method for group contaminants.

The method offering the widest potential for the determinut:o;1 of :he
purity of a s:Jbstance is rhennal (}.nalysi.~ (1). It is appiicable to aii ;;:.Josta~-:::s

which are sufficicntly stabie at their melting ~oints and permits :he dc:cr
mination of the total quantity of impurity not soluble in the sohd phase.
Thcrmal analysis may be defined as a method :or the dctcrminut:on of the
amount ofcontam:nll.nl(s) ~n a substance from an ana:ysis ofche temperature
time or :ernpe:-ature-heat content ~urves a: i:s melting pain:. G:a~gow and
Ros, 138) prefe~ to use the broad :e~m of'\:ryoscopy," v. hich they define a~ :h<:
science of :he determination of terr.peratures. :ro:n soiid ·liquid eq·..Iil:briJ.
'Jf thl.: freczing po;nts of liquids :l~.d of the :ne:tir.g points of so:ids. :l:1d t~e

uses of such measurelf,enb for ar.alytical pLJ:-poses. The tcrmsfret':ing {'villi
and m<,!tiIJU point arc commonly accepted (38) as n:ferr:ng to the temperature
wJ:ere an infinltesima~ ilrr.Ollnt of miid is ir. eqt:ilibrium with :iCjuid when the
measurements :.Ire performed in equilibrium with air:!t one atrr.osphere.

Variolls rr.e:hods hay.: been used LO determine the tempera:t.:re-tirn<: or

627



Table 10.1. :\1ethods of Impurity Detenninalion of Chemical Compounds (1)
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(10.1)

2. Theory

CRYOSCOPIC METHODS

The treatment of temperature heat content curves from a theoretical view
poir.t rras bec:l ca:-ried OUT b: a nUr:.lber of investigators. starting with White
(6) in 1920. Otrrer early papers on ~rrc subject are by Andrews el al. (7), Skau
(8), Mair et al. (9), Glasgow er a1.(IO), Malotaux and Straub (11), and Thomas
and Parks i(2). \1ore recent :reatmer.ts have been given by Rossini (13),

Mastrangelo and Domte 1141, Badley It 5), and Smit l t). Trre reader is :eferted
to trrese referer.ces for a more comprehensive prese:1lation than that given
rrere.

To analyze the lempcrawre \'crsus tiZle curve. we discuss the curves in
F:gure 10.1. The basic analysis of this curve has been described by White
(6) and modified by Carleton It 6). The resulting temperature versus time
curve is based on trre linear relationship of rreat ioput to time aDd to the
equation

"

Substance

x
X :'l

Orgar.ie Inorganic

x
;{ x
;{ x
x x
x x
;{

S~nsitivity'

10·'-10-'
10 1_10- 8

;0- 6

10- 3_10- 5

10-'
10- ,

to- 8

10- ,

Method

--------.--- -----

Emission ar.d X-ray speetro~copy

Activation analYSiS
Polarography
Mass spectroscopy
Chromatography

Absorption spectroscopy
Electrical conductance
Thennal anaiysis

'Smalle,r fracti"n of impurity ,-till detectable.

628

temperature-heat content curves of a substance. They include the following:
where N 2 is tl-.e moie fractioo of sol ute, tJ.H is the rreat of fusion of the solvent,
To is trre freezing point of pure solvent. and T is the equilibrium temperature.
This equation is :cstricted to those examples which arc nearly pure and in

T

5amJ'" nea:'ng
and melt:ng

Lc;~.d Sil'1'~,e

heatl"g

o y/------=.=-;:-;.:-=----....Sl

!
I

/
I

QI R

\.. Eutet:Jc mel~ng

Thermometric methods (not to be confused with trrermometric Ura
tions) in which temperature time curves are obtained at various
intervals, Heat evolulion or absorption occurs continuously aDd
preferably at a constant rate. The amount of heat supplied per lmit
time is not measured directly but may be calculated as a fraction of ,he
total heat of melting of the substaoce.

CalorimetriC methods in wrrich temperature-heat-content curves arc
obtained. An adiabatic calorimeter or a differem:al scanninl! ca:o,
imeter may be employed. Trre latter instrument is much m;re con
veoient to use aDd is capable of almost the same accuracy and pre
cision as the former techoique.

Dilatomerry (volume-temperature curves) and dielectric COlIStal1f. The
latter method appears to be as accurate as the other tecrrniques. and. by
v:rtue of use of an extensive property. it is r:ot :r:l1uenced by ~rre

amount ofrnater:al used. These methods wl:1 :lol be discussed here.

1.

J.

Fig~re ID.!. :Iolel::~g~temp<:T"3:~re cur·.-e ror two·co:71pc!le~: 'ys:em; - . aCI~al equil::J-o
~"Jr:: curve: .•... iceal"ec pr.'Ce,;. ;;eal,r.g .... ·.th,>:.>1 "e:;in!! (\pe(':I;c~henl :omponer.:) (161.

Vanous reviews on the subject of tr.ermai analysis as a meur:S of p-:.:rity
determination of organic compounds have been publisrred by Sturtevant 12),
Cines (3), Matrrieu (4). and Smit (1. 5), Glasgow and Ross 138). Skau and
Artrrur (39), and mrrers (40-42).

,P

Solid ;,amcJe
"1eanng

TlTle.s
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(lOA}

{I 0.7)

(10,8)
Mf

A = fa!

CRYOSCOPIC METHODS

Iff is the mole fraction of the solvent Crozen at temperature 7;

whence

Thus, the theory predicts that a plot Ori\1 against ;\t/11 T will give a srraight
line whose slope:~ --x/A. The term A is eljual to

Equations (10.5) and (10,6) are rearranged to

. ,v> - s A( T. - T) A /', T
j = ~Yl . = X T Ai'I; ~Tj =;-=. A~T l10.5)

If I\t represer.ts the time dilTe,el1cc from the point ofcomplete melting, YS.
and M: the total .ime represented by the ideal melting fiat line, OS, then

and is a characteristic property of the major component in .he sampie. When
I\Il is not known. ,J may be determined ~rorr: an additiona: run on the $am?lc
containing a known mole fraction or' added solL:tc. Alternatively. 6fr may
be estimated by comparing the curve for the >arr:ple with a curve for a
reference substance of known heat of fusion. obtained in the sam.: appu'atus.
Then x is the product of rI and x/A determi;:ed from the slope of the I,,:urvc.

For the temperature- heat content curves. a similar expression ca.n be:
derived. Rossini (13) has shown that the thermodynamic relation for equi
librium between a liquid phase, of tne major and minor compor.e:tas. :.1nd
a crystailine phase of :he major component alone is given by

where:'v: and.V, are the mo;e frae:ions of the major and minor componcnts.
,espectively, in :he liquid phase. The lcmper:.lt:m: 7" is the freezing ,",oint or(lOJ)

110,2)..vI = .4(Ta - T)

CALORIMETRY I'l:RlTY DETERMINAno~630

which. on freezing. the pure major componenl solidilies.leaving the impurity
in solution.

The linear relationship of heat :nput to t:me follows from the mainten
ance of a constant tcmperaWre interval between the sarr:ple and the bath.
During melting, this heat input has two components: a specific-heat compon
ent which raises the temperature of the sample and the thermometer bulb.
and a melting component. The separation of these two components on a time
scale is illustrated in Figure 10, I. The initial straig!1t-line ponion. PQ,
represents the heating of the solid sample and ther:nometer bulb. In the
case of a two-compor,er.t system, there is a flattenir.g oi the curve at the
eutectic temperature, QR. Above this clltcctic, melting and heating occur
simultaneously, as indicated by RS, The curve arcbes ar:d flattens out until
all of the soiid is melted and then the slope changes abruptly. where heating
of the liquid sample begins, at ST.

The dashed line represents an idealized process in which all solid is heated
to the freezing point and then all the sample is melted isothermally. The two
lines. QO and OS, are thus separate specific-heat and melting components for
the actual process. The flat line, as, represents the mel ling of the two sub
stances, solvent and solute, with different heats of fusion. However, for most
substances studied, Ihe amount of solute is always small so that on the
central part of the curve, which is used for analysis, the fraction of material
melted is proportional to the distance along OS.

Analysis of a temperature versus time curve depends on the construction
ofseveral projections, such as X Y, from the actual curve to the ideal flat line,
or, the sample slope as thai of PQ could be used with negligIble error.
However, a run llsually begins at a temperature at which some melting is
already under way, so that the slope of the separate specific-heal component
is not known. When the properties 0; the sample arc known, a ,lope for X Y
may be approximated from the dimensions of the apparatus, the specific heat,
the heat of fusion of the sample, and a rough estimate of the impurity,
assuming ideal solution behavior. L"sually, however, these properties will
not be known, but either the properties' or the slope may be est:mated with
sufficient accuracy to be useful.

If ,'I: represents the mole fraction of impurity in the original sample and T1

the f~eezing point of the impure sample (temper.:ltt.:r~ at point S), then
c4uation (10.1) gives
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(10.15)

(10.17)

(;0.16)

110.18)

(10.19)

1-11; - T,.)-----
nC, -t- C~

h ..." rl

dl; ciIb
-=-=r
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.iT,
dt

----- -----------

Ii,-T,
1=-

r

.,,----------6

Figure IO.l. Tho :neJting l;'.ln·e of henzolrifiuonde (: 7).
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24~ l:~5
C

where Ti, is the temperaturc of the blocL 1; is the temperature of the sample,
and k is the heat transfer coefficient. The rate of temperature change of the
sample is

and displaced in time at a given temperature by a lag, i:

where n is the :-lumber of moics of sarnpie. C, is its r:lOiar heat capacity, and
Cg is the heat capacity of the glass bulb. =ple well packing, and part of the
thcrmocouple. If Ii, is increased at a constant rate. r, 7; wiil approach
asymplOtkal1y and follow a parallel limc-~·e~sus-temperatureline such that

displaced in temperature at a givcn lime by a thermal heat. !r:

Tf:us.1 is a funt:t:or: only of:he heat cupacit)' and k. but II is also a function
of heating ~ate. r:

(10.10)

(10.11)

(10.12)

(10.14)
dUJt = k(T" - 7;1

B= (~) _. (I\C p
)

To 26.H
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the pure major component (N 1 = I), and Tis the equilibrium temperature
for the mixture. The quantity A :s given by equation (l0.8), while B is the
other cryoscopic constant

where Cp is the molar heat capacity of the liquid less that of the solid. For
highly purified samples., T approaches To and N 2 approaches zero, so that
equation (10.9) can be written as

If N1 is the mole fraction of impurity in the liquid phase for a fraction F
of the sample liquid. then

where Ni is the mole fraction of impurity in the sample. Combining equa
tions (10.11) and (l0.12) gives

T = To - ("J)(~) (10.13)

A plot of I' versus (11F) will give a straight line of slope - (/1;'1'1 A) and the
imercept at (liF) .= awill be To. Thus, from the slope of the ~ir.e. the purity
of the sample can be determined. Such a curve of (l iF) versus temperature
for benzotrifluoride is given in Figure 10.2.

The previous procedure is based on the assumptions (17) that (I) th~

values of T are thermodynamic equilibrium temperatures. (2) an ideal solu
tion is formed in the liquid phase, (3) the impurity is insoluble in the solid
phase, and (4) Ni is very much less than 1. Departure from linearity in a plot
of T versus (IfF) may be taken as an indication that one or more of these
assumptions is not met fully.

Gunn (37) has proposed for quantitative pur;ty determination another
method. which can also be used for the estimat:Ofl ofhcat capacities and heats
of fusion of the sample.

Assuming :\ewton'~ law, the heat transfer to :he sample is
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(10.22)

{!D.1J)

{10.24)

ZfOOl =y
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x = rl,lt~ - t,) = hAt~ - U

The amount of heat which has been used to melt pail of the sample at time
I. is k( W - X /; the quantity W - X is denoted as Y. The reciprocal of the
fraction of the sample melted, F I, is

3, Experimental Techniques

The area. CDEFG, will be called Z; in practice, it is evaluated by graphical
integration, that is, by dividing tbe area into several easi;y measured triangles
which cover an area :udged visually to be equal.

The heat transfer~ed to the sau:ple to warm it from 1; to T~ is k(AIIICl,
and is denoted as W The heat required to warm the solid from T; to r;, in
the absence of melt:ng would be k{AJK C), and is denoted as X. Instead of
integrat;ng X graphically, it is noted that

where F-I may be calculated for as many points as desired on the me:ting
curve.

For the ideal or sufficiently dilute solutions. ~he van't Iloff law of frcezing
point lowering has the form

where 'fa is the melting point of the pure material and ,'12 is the mole fraction
of impurity. Hence, the values of 1;, plotted against r 1 should lie 00 a
straight line whose slope multiplied by the cryoscopic cOll~taOt. RT2;MI, is
equal to .v2'

For therronl analyses by the static method. a predse :ldiabatic c;1!or:mcter :~

required. Although r:lUny adiabatic calorimeter, have bee:1 described :n the
:iter:.l!ure. Gla~gow el aL (IS, have described a calorimeter which was used to
delc;mine the purity of benzene ilnd other substances in :he temperature
range 10· JOOK, The calorimeter is illustrated schemutica!iy In Figure iDA.

The sample container. suspendet! in the caiorimc;er by a smull :ube, was
~'onstructed of l:opper ant! had a capacity of about : 06 m!. Tinned copper
vanes were arranged ~adiuHy [rom the central reentrant weil. cor.ta:r::ng: :.l

heater and a pla:inum resistance thermometer. :0 the outer Vrall of rhe

(10.20)

(10,11)

/------
IT, _

r,'c
L-__--'-_~ . ....l

i l 'n° l'"l !f

Id"uJized :r."hir,g ~~""'e 1.17)
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[
'f

H f . - H j = k (1!, - T,) dz = k(ABFGC}

"',

ntJ.H ~ k(ABFGC) - k(ABFEDC) = /.:.(CDEFG)
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. The treatment for purity determinations used by Gunn (37) asSumes that k
IS a constant, but that its value need not be know::; :ikewise, the values of n
C" and Cg need not be known. '

,~n Figure 10,3 is illustrated an idealized meltir:g curve to be described by
thiS tre~tment. Curve AB represents tile block temperature, increasing at an
approxlm,atcly Constant rate, r. Curve CGF represents the sample tempera
ture, t, bemg selected before this temperature depars from a line pllrallello
~B. Fro~ e~uation (10,14), it follows that the heat trar::sferred ro the sample
m warmIng IC from T; to 11 is

rf no latent heat were associated with the fusion, :hc sample would warm
along path CDEF, where To is the melting point and the curves CD and EF
arc separat~~from AB by the ditTerentlags, Ie and II, which reffect the different
heat eapacltl~sof the solid and liquid, that of the solid generally being Jower.
Th~ absorpt:on of heat would be k(ABFEDC); hence. the molar heat of
fUSion. t:.H, of the sample is
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00.25)

(IO.26)

(10.27)

ler
H =< 4.1840
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_Ie_t_ _ !y C = C
4.1840WT W P" J1S

radiation. A high vacuum, 10- 6 Torr, was maimained in the space surround
ing the sample comainer and the adiabatic shidd.

The resistance of the platinum thermometer was measured by means ofa
Mueller bridge. The electrical input energy was determined from the measure
ments of the current and potential across a lOOn Constantan wire heater and
the time interval of heating. The heater current and !Xltential were measur~
by means of a Wenner potentiot::lcter in conjunction with a resistor and a
volt box. The time interval of heating was measured by means of a precise
interval timer.

The calculations involved in the determ:narion of !.he specific heat of a
sample have been described by Stull (19). During a heat input. an electric
current of I amperes flowed through the sampk heater because of a voltage
e impressed on the heater terminals for l seconds. The heat in calories, H. is
then

This heat input caused the temperature of the sample to go from its initial
state, 71, before tbe beat was applied. to Tf . the final temperature of the sample
after the sample had reached a constant tempcra[Ur~.Thus. "0 - 1; = t\ T
the rise in temperature due to H. and -i!7[ - 7;1 = T.- the average tempera
ture of the space heat input.
~ow heat was absorbed by the sample container of weight w grams and

specific heat Cp< at 7;" as well as by ~he sample of W grams and specific heat
Cps at 7;,. Expressed mathematically,

and combining equations (10,14) and (10.151 one llbtains

Equation (10.::'7) is the basic equation used to caicululc th.: heat capacity or
the sample. By siig..'lt modification or the equat!otl. th.: calculations can be
made by an eiectronic digital computer.

Other calorimeters that have been used for :nelting deler:ninations have
been described by Clarke et al. (20), Aston wd Fink (2l!. Pilcher (22).
~azee (23), and Ruehrwein and Huffman (::'·h

[n the case of the dynamic method. the conSlar.t heat supply to the sample
is obtained by mamtaining a constant thermal head ~twee:l the sample and

TJbe t~errr.ocou~!es

Leacs wjl~ heaters

Sh'eld W1~n ~eaters

roewar

-:'emoerfng "'ng

Calcnrl'eter healer

1'nermorr.eler

--Shield :~errr~col:o:es

"
I

IIJ!--- ~eads

I;!t--Thin -wailed mC1el tube

III
II!

CAWRIMJ=:TRY FL'RITY DETERMI:-;ATlO~'

-A

'0-'- • -.. Adiabat:c calor:meler f'lr volati!e cu,r.pvunds r I~).
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:onramer. The vanes were held in place by means of a thin coating of tin. A
.hm copper thermal shell was attached to the upper periphery of the Con
.a~ner to o?tain a nearly isothermal surface. The outer surface of tr.e COIJ

al.ner, t.he I~ner and outer surfaces of the shell. and the inner surface of the
.ldlabatlc shield were gold plated and polished to minimize hellt transfer by



its surrounding. This may be done by two different methods: (1) by a constant·
wail apparatus and (2) by an adapted-wall apparatus (I). A constant-wall
apparatus maintains a constant temperature between the wall of the sample
container and the sample. In an adapted-wall apparatus, a constant tem
perature is maintained between the wall of the sample container and the
sample. In an adapted-wall apparatus, a constant heat supply to the sample
is also maintained when the sample is surrounded by a mantle and its tem
perature is continuously adapted to the temperature of ,he sample in such a
way that the difference between both temperatures remains constant.

The various constant- and adapted-walJ apparatuses have been sum
marized by Smit (I). The former type have been built by White (6) and by
Rossini and co-workers (9, 10), Instruments of the latter type have been
described by Thomas and Parks (12), Malotaux and Straub (11), Carleton
(16), Smit and Kateman (25), Smith (26, 27), Glasgow and Tenenbaum (28),
Glasgow et aI. (18), Handley (29), and Barnard-Smith and White (30).

The applications of the constant wall instruments are ma!nly for the deter
mination of cooling or freezing curves. and not for heating or mel ting curves.
This is probably because when heat must be transported to the sample, [he
outer wail of the apparatus, and thus the isolating mantle, must be at a
temperature much higher than when heat must be transported from the
sample (I). Since due to radiation the isolating power of a vacuum jacket
decreases rapidly at increasing temperatures, it is clear that the thermai head
for heating a sample at a permissible Tatc will be lower than the opposite
thermal head for cooling the sample at the same rate.

Depending on the temperature range to be covered, the wall of the
adapted-wall instruments consists ofa glass bulb immersed in a liquid bath or
a thick cylindrical mantle made of metal. The temperature of the bath or of
the metal mantle :s adapted to the temperature of the sample so that the
difference of the two temperatures remains constant. Between the wall and
the measuring vessel containing the sample, there is an air space which
provides the necessary insulation. The thermal gradient or diffe~el1ce

usually amounts to about 2"e, and the rate of heating of the sample is quilt:
iow, about 0.1-0.3"Cjmin. This type of apparatus is not stirred.

i\ simple apparatus of the adapted-wall type has been described by
Carleton (16) and is a modification oi the apparatus described by Smit (261.
The apparatus is schematic<J,lIy illustrated in figure 10,5

The enclosure of the sample is in the form of a thin. uniform (iim sur
rounding the bulb of a O.1·'C graduated mercury thermometer. The ther
mometer was positioned by means of a bored cork in a gluss sample tube
drawn to the proper dimensions in the portion surrounding :he thermometer
bulb. To reduce the effects of temperature fluctuatlOns. the sample tube was
jacketed with a slighrly larger tube retained by a plastic ring. The entire
sample assembly was placed in a 3DO-ml round-bottomed flask. in slIch ,j

Fig;"e 10.5. !\t'paratus for dNe=inBtior.
of :nei:;ng lempera:ures (16).
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4. Errors, Limitations. and Other Factors Affecting Reslllts

The errors in the determination of temperature ve~sus heat content or time
curves have been discu~sed in de:at: ~y Smit (31) and \tIcCullough and

position that the thermometer bulb was at the approximate center of the
flask. The dask was immersed to the r:eck in a suitable heating bath which
was provided with a stirrer, thermostat, and thermometer. The volume of
sample required for a determination was about 0.3 ro!. The outside bath
was healed at a rate of 0.3°e per 100 sec or per minute. A plot of sample
temperature versus time was started at l5..20oe below the melting point of
the substance.

Another apparatus which was similar to that described previously by
Glasgow ct al. (10), and modified by Barnard-Smith and White (30), is
schematically illustrated in Figure lO.6. The sample. usually about 2S mL
was frozen and melted in a double-walled tube, the rate of heat ~ransfer from
the refrigerant or heating bath to the sample being controlled by the vacuum
between the walls of the tube. A rotating stirrer was used ar.d. for smaller
samples, an aluminum tube was inserted to reduce the volume oi the sample
chamber. The temperature of [he sample was measured by a platinum
resistance thermometer and a \1ueiler bridge. The instrument could also
be used for heat-of-fusion measurements by insertion of a ser.es of aluminum
vanes. These vanes ass:sted in the even distribution of heat throughollt the
sample.

CALORIMETRY PL1UTY DETERM[:-:A.110N638
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antipyrine showed a range of constant temperature at 11O_":':;'C. which
appeared to be independent of the rate of heating. The cooling ,,:urvc deter
mined at a comparable rate of cooling showed a small undermoi:.ng peak
and then the temperature rose to a maximum at abour 109'C n.:: heighr
of the maximum was dependent on the rate of cooling. The cune$ c,blained
by hearing and cooling the antipyrine and O.l-mole-% acelamJide mLxlUre
were comparable to those obtained with the pure antipyrine.

Similar analogous behavior has been observed with azobenzo:c-e.. benzyl
benzoate, and p-xylene. and slight diffe~ences with naphthalene..

Figure 10.7. Heating and cooli~g curves of a sa:np:e of anlipynne c:onr3'D~~ oJ I iDole-' 0

aceI8:"lilide. Upper curve is the heating curve (3 i).
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Figute [0.6, Freezmg-point apparat1,lll (301.

Vaddington (17). The former discussed the qualitative consideration con
~erning the rates of phase transitions, the rates of diffusion, and the tempera
'ure differences occurring with the "thin-fi1m" method. The latter were
~oncerned with !be limitations ofthe caiorimetric method based on the results
If morc than 125 melting-point studies.

CALORlMETRY PURtTY DET'ER.\lI:"ATtON

a. Limitations of the DYlUlmic Method

:3Ijd~Liquid Transitions. When heat is supplied to a system. :ts temperature
-ill increase until the net rate of melting equals the rate of heat supply.
Vhen heat is withdrawn from the system, its temperature will decrease until

.ne rate of heat production by crystallization equals the rate of cooling. T!1is
s only possible below a temperature T"" the temperature at which thermo
1vnamic equilibrium exists. However. 10 this region. the rare of heat produc
,IOn may be low and may increase only slightly at decreasing temperatures.
~onsequently, the temperature obtained may differ appreciably from the
~quilibrium temperature, The temperature linally obtained remains constant
-0 long as the rate of heat production of the system equals the rate ofr.:ooling.
-his is illustrated by the heating and cooling curves of antipyrine containing
J.l-mole-% acetanilide, as shown in Figure 10.7, The heating curve of pure

,i

~i
t·

Solid-Phase Transitions. A heating curve usually shows the ;::u~'tence of
solid -, .mlid or enantiotropic transitions. When melting occur, tx:forc lhc
solid -+ solid transition is completed, the melting curve \\ill 0D\iuusly be
unreliable. Smit (31) recommended thaI the sample be siDred [or .1 ;xnod of
time at a temperature above the transition temperature bdore determination
of the melting curve.

Rates of Diffusion. Wher. :he solid and liquid of a mul:icomp..':1c:-:t ,~srem

are in thermodynamic equilibrium. the composition of the solid ·.,'Ill usually
difTer from that of the liquid, Wr.en the system is submitted to :-ur..J.e~ melting
or crystallization. ,he composition of at least one of lhe phases \,u1change III

the v:e:nily of the contact surface. Diffusion rends to equalize the .....C'nC':::mra
tion difTercnces occurring bOlh in the ;olid and in the :lqUld ;O;lSd and
should. the~fore. be promored,



b. Limirations of the Static /\4erhod

L'ncertainty of Impurity Values Inhor.lOgeneous diStribution or :mpunty
in :he liquid phase may result in low values of ,v! because the slope of the

The limitations of the static method undoubtedly apply to a greater or lesser
extent to any melting-point method. These limitations are as follows II 7).

643CRYOSCOPIC METHODS

It is rather interesting to note that the impurity values determined by staI~c

:neIhods are systematically lower than those deterTr.lI-:ed all the same sample
by dynamic methods lJ. 4), However. ::lr. extremely careful study by Glasgow
et al. ll81 on a sample of very pure benzene contaminated by known a~,ou.nrs

of II-heptane showed that the divergence between the two methods of
determination was not so large as was :ormerly obti.lined. T;,e results of this
study are give:1 in Table 10.2. It is suggested that t!"le diffen;m;e in values may
be dL:.e to d:emisorbed water as a source of [;ontamina:ion.

c. Comparison of Results Obtained by the. Stanc and Dynamic Methods

melting curve is usually decreased by this effect. A more important SOurce of
error. formation of solid solutions has iong been recognized as a possible
limitation of all melting-point purity methods, but it has not been realized
that the phenorr.enon is so common.

Evidence of Solid-solution Formation. It is not unreasonable to expect that
that solid solutions may be formed in highly pud'ied samples, for the
impurities may often be isomeric with the main component. About half
the melting curves observed by ~cCuIiough and Waddington (17) showed
moderate to pronounced deviation from linearity of the T versus IIF plots,
:ndi~ative of solid-solution formation. In fact, linear melting curves over the
entire range of fractions melted are ran:. Both the formation ofsoJid solutions
and :nhomogeneous distribution melting-point studies to be too [ow, The
calculations of impurity values from the slope of the melting Cl1rve at high
fraction~ melted will minimizc errorS in most cases.

Applications of Solid-solution Theory. If a melting curve shows evidence of
appreciable solid-solution formation. it may require application of a solid
$olution treatment (14.15) to give an aCcurate impurity vaLue, although Smit
(I) has critized one of the treatments l14), Ur;for~unately, the method often
has failed to give an adequate representation of observed melting curves. In
some instances, the solid-solution treatment has given an excellent represent
ation of experimental data, but the high sensitivity of the method to smail
thermometric errors makes the calculated impurity values unreliable. for
example, the difference in temperatures observed with 70 and 90% of a
sample melted may easily be in error by ±0.0005<C. for the solid-solution
treatment. such an error would correspond to an uncertainty of 500% in the
impurity valutO for very pure compounds with normal cryoscopic constants.
whereas the same O.OOOSoC errOr corresponds to 150% uncertainty if solfd
insolubility is assumed.

CALORIMETRY PFRITY DETER.'vItSATtO:-;642

Rate of Heat Transport. When heat is supplied or withdrawn from a
calorimeter, temperature differer.ces will occur throughout all parts of the
calorimetric system, includi:lg the wall, the sample, and even the l.1ermOm
eter. These differences constitUTe a source of errors, the magnitude of which
depend on the rate of heating, the sizes of the system compone!lts, ar.d the
heat conductivities of the construction materials. The magnitude of these
errors has been calculated by Smit (31).

Effect of Stirring. Stirring promotes the homogeneity of the liqu:d phase
only and does not affect the inhomogeneities occurring in the ,olid phase.
Thus, even when stirring is applied, thick layers may be disadvactageous.
Stirring is an advantage at times in that it may cause disintegration of soiid
particles which may promote the bulk rate of crystallization. The advantage
is rather dubious, according to Smit (J l), because stirring can only be applied
over a limited range of solid-liquid ratios.

Temperature Differences During Melting. Melting, of course. starts at the
inner wall of the sample container and subsequently proceeds to the ther
mometer bulb, As soon as melting starts, the flow of heat to the thermometer
decreases appreciably, It is not reduced to zero, however, because the
temperature of the thermometer is below the temperature of the melting zone.
The difference between the temperature indicated by the thermometer and
the temperature of the melting zone constitutes an error wh:ch gradually
decreases with time. The deviations will be large at the start of the melting
process and gradually approach zero as the curve is continued. It is important
to know within what time this error has decreased to a value not exceedinll.
the limit of accuracy of the determination. An attempt has been made JY
Smit (31) to calculate this exact time.

Influence of Contact Between Layers. Contact is :lever perfect betwcer. the
glass wail, the sample. and the thermometer bulb. This impcrfect contact can
give rise to extra tcmpera ture differences. H ea t can flow from the envi ron meo t
along the stem to the bulb of the thermometer and subsequently to the sample.
TJe temperature of :he thermometer will be high when :mperfect contact
ex:sts between the sample and the buib.



The following recommendations have been suggested by Smit (31) for thermal
analysis:

l. When a static metbod is used, each period of heal supply to Ihe
.mbstance should be followed by a period of ~adiabaticconditions" of
sufficient length so as 10 approach equilibrium to a desired extent.

2. For the dynamic method, healing curves arc preferred to cooling
curves.

3. Before starting a measurement of a heating curve, rhe sample should
be kept at a temperature slightly below the lnitial melting point for at
least I hour.

4. The stirring method for determining heating curves is not recom
mended.

5. The rate of heating of samples with small heats of fusion should be
decreased as far a~ practicaL

6. Subject each curve.1O an internal check and also select a reliable pan
of the Curve for punty determination. Besides ~.xperimentaJ checks on
the technique, the curve should be checked to see if it obeys the equa-
tion (311 .
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melted, T" is the melting poir.t of the absolutely ?ure substance, Cf and
em are cor.stants, and p is the mole-% of contamination present in the
sample.

Equations (ID.17) can be rearranged to g!ve

where C! I C2, and C3 are constants which can be resolved algebraically by
selecting three pairs of corresponding values of Ty and Y. If the 7;. values of
the melting curve are plotted as a function of 1!(C3 + :n. the plot should hi:
a straight line with slope C2 0

With all of the preceding distressing sourCes of error and limitations.
thermal analysis has several incomparable advantage~ \ t), Being a physical
method, it may be applied without aoy knowledge conceming the chemical
properties of the main component or the contaminants of the sample. It is
sensitive, although not equally sensitive, to all types of contaminants. When
the sample may be considered as a binary system, it certainly permits
quantitative determination of its content of contaminants.

5. Applications to Impurity Detenninatioos and Other Problem

The impurities in synthetic mixtures of :Japhthalene with anthrazene or
diphenyl were determined by the melting-curve method of Carleton. 1~ 61.
Melting curves for pure naphthalene alone and :or naphthalene conta~nmg

1.45-mole-% diphenyl are given in Figure 10.8. The ideal melting flat lines
extend across from To, and diagonal Fnes reprcsent~ng heanng WIthout
melting (specilic-heat effect) are drawn in at selected valu~s. o~ 1: Slopes cf
these lines are obtained by resolving the slope of the equlltbnum cur..-e a:
,DOC into separate specific-heat and melting components. calculnled from :he
dimensions of the apparatus and the properties of naphthalene.

The calculation was as follows for pure naph thalene·. The quantities 10and
.-.; were estimated as 79.7"C and 0,003. respectively. In the lOT temperature
illlerval 65· 75··C. the change in fraction rr.ehed, (1 - fl, was calculated frorr.

d. Recommendations

CALORNETRY PURITY DETERMr:->AT10N

-- -------

Purity (mole-%J
"--'

Computed From
Sample Contamination Dynamic Static

---
A I DO" 99.994:1: 0.002 99.9937 ± 0.0010
B 99.9964 99.970 :1: 0.004 99,958 1: 0.005
C 99.9610 99.940 =0,002 99.947 :1: 0.005

Table 10.2. Comparison of tbe Results from D)l1amic and Static
Metflods(18)

'T~e 'pure" ~"mp\e was a'\Sumed 10 be p~~e beyond tne ,ens:livity of lhe
melr.od~ of analysis employed.
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Because A is cqu;ll 10 0.0134 for nuphthaiene. ;1 - /l :s equal to 0.0220.
The me!ting component for the 65-75 C :emperuture range is the proOl:ct
of 0.0::6 a~d 35.0 call1.! (MI ofnaphtha:enel. L)r 0.8: '::1: ~. Frorr. the dimen-

.10.301
:'(

{I . f\ =< •.,=-:-. ='- ." ~ I( 7', ,'. ()

(iD.lS)

where T, is the temperature at which It fraction Y or the sample has
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Figure 10.9 shows a plot of!J.t against !J.rj!J. T for the naphthalene-biphenyl
mixture. The best straight line drawn throug!1 chesc points had a slope of
- 0.95; hence x. = 0.0175 = 1.75 rnolc-% contaminant which includes the
added biphenyl ar.d the originai impurity, From a similar analysi~ of the
naphthalene by itself, .X -= 0.34 mole-% impurities. Thus. the mole-};,
biphenyl found expe;imcotaJly was 1.41 compared to the 1.45 actually added,

In the mcthod employed by Scbwab and Wieners (32), the amount of
contaminant originally present in a sample can be obtained by determining
the freezing curve of the original sample and also the curve of the original
sample plus a known amount of contaminant. The preceding comparar:ve
method is said to be applicable even if the fracrion frozen does not vary
linearly with time. Herington (33) has also described the use of this method
employing a similar experimental apparatus as previously described.

A set of freezing curves used in the comparative method is glven in Figure
10.10. The difference. tl,'f, between the initial freezing temperature and the
temperature at a time equal to haff that required for complete freezing is
found, as shown in curve 1. A known amount of impurity• .'1:: mole-X. is
then added and another freezing curve is obtained using the same rate of
cooling a~ previousiy employed. A value, !J. 7i, for the difference between
the ncw initial frcel.i:Jg temperature and tht:: temperature at a time equal to
half that required for complete rrec7.ing is thus obtained. The same procedure
is carried out after ;he addition of a second amount of lmpurity. .Xz, and
another tl,T2 value :s obtained.
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F'i~ure 1:) 15. Ia) ~1e::.0g curve 0; p1...re 1aphLl;a~e:oe: Ih: I~:eillr.g. Ct.rrv~ l}!' ;,.~p;:.halc;,e ;::'r"I

la,n,ng :,.\5 mole·% clphe~y! 1i6:.

sions of thc apparatus employed. the IOlal v•.lJJC 0: the ~p~cit:c·heat corn·
per.em was I,,: cui g,

A triur:l!:e ",a5 con.>trt;cted with the slope of the C"u:',l:-,r',~11'":l curve ;It 70 C
:ormir.11 the lonu side as shown a: Fig:\..fC 10,Xu, T~,t: o:hcr t\ln s:lit:s rcr1n~5cnt
the rne!::ng and·specitic-hea: components, whusc ra::(l WilS iJ.•~1 :0 ILL Tho::
slopc oi th~ ,;pecil:c-heat component was used i:1 the analys:s. l.Ines hav:nf!
the slope uf the :;pccIJ\c-l:e3t COl'":lponen: w::re thC:1 dr,l\vn fDr s<:b:tcd values
of !J. T. and th~ m:er.~e£;tion., wilh the ideal :neit!:1,1l: nat ;i:1e ~ave the cor
respond:ng vall:cs of i~ T uS 51:own :n Figure :I).:<h.
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From thc relationship

higher than the melting point of the main material and should have a lower
melting point. The chosen material should not form solid solutions, nor
should it form a compound with the main component.

When a freezing curve is obtained, the values may vary at times. due to the
nonlinearity of the temperature in the entire system, defects in ~he tempera
ture detec~ion. and so on. The determination of an actual curve to fit the
experimental data presents a difficult problem. Various techn:qucs. such as
the use ofa flexible spline. have been employed to draw this curve. An optical
method, using a lantern projector, has been employed successfully by Saylor
(34). Another method that has been suggested is that giver. by Kienitz (35).
A hyperbola is constructed from certain values of time and temperature
which best represent the measured curve. Tn this way, the freezing point of a
sample is better obtained than with the analytical or geometrical methods of
evaluation via three points on the equilibrium curve.

The-puri ty ofa n-penrane sample was determined by a calorimetric method
by Clarkc et al. (20). The results obtained for pure n-pentane and for a
synthetic n-pentane-iso-octane mixture are given in the resistance (tempera
ture) versuS time curve in figure 10.11. For purity determination, these data
ba ve been converted to the fraction melted after each equilibralion period by
allowing for the heat necessary to raise the temperature of the soiid and
liquid and :or the amount of heat leak from radiation and conduction. The
heat of fusion determined from this work was 2090 c210ries per mole, which
gave a purity of 99.79 mole- % for the n-pentane.

To the sample of pure n-pentane, 2.40 mole-I;; of iso-octane was added.
The melting curve so obtained showed considerable curvature. while that for
the pure IJ-pentane was a straight line. From :he slope of the line. a purity
of 97.58 mole-% was obtained compared to a theoretical value of 97.53
mole-I;;.

The purity of two samples of pentaborane was aiso determ~r.eL! with this
instrument. Sample I was 99.99 molc-% pure, whiie Sample II analyzed as
99.91 mole-}.;. When the two samples were mixed together to oblain a sample
purity of 99.94 :nole-I;;. the experimental c::.iorimctr:c purity was 99.949
mole-%.

The purit)' of several highly reactive subs:ances. such as ;~tan!umIIV)

l.:hloridc. was obtained In a special freezir.g-poir.t apparatus devc!oped by
Glasgow <lnd To:nenbaum (28). The freezir.g poir.t of :::anillm(lV) tetra
chlo;idc und~r sa:uration pressure with zeta impLlr;ty W::iS cJ:I:t::ated to be

-24.10 ~ 0.01 T.
The the~rrJaIanalysis ofa number of norma! a:kar.es was stud:ed by \1azee

123). In tho: case ofa binary mixture in wbich the components arc completely
miscihk both in the :k;uid and solid states. the CLl:ves in Figure 10.12 were
l1btained. Curve lui is the tempe~:ltt.:re-composit:on phase diagram. whiie

110.31)

(1032)

Curve 3

Curve 1

\
\
\

~--=

'"

II

"----------------- ------'
-Ime

Fguoe 1O.~O. Temperature-lime curves obta:nod in rreezing exp"ri"le"l~ (331.

the amount of contaminant originally present, ,'\;. can be given by

The experiments arc carried out in duplicate or triplicate and the standu,d
errOr computed. The standard error was found :0 vary fro:n sample to
sample. bur the mean of several results indicated a value of approximately
±x/8 for this quantity.

If this technique is used, it is important to choose a suitable substance :0
add to the system. In general. the melting point of :his mater:ai should not be
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1. Introduction
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Figure 10.: 2. (a) f-x diagra:n of mix:ures of n-C; I H•• and fl-C"If•• ; (b) hea:;ng r,;ut'le ;'or

50 mole-'; n-C"H.... and 50 mole-~; n-C!,H•• (23).

where CS and DP are the amine salts. The system consisting of these four
substances is a ternary system of the reciprocal or metathetical type. Systems
of this type have been investigated by thermal analysis by Skau et aL (36).

In 1966, Gray (50} proposed a method for the determination ofabsoiute purity
of a compound using differential scanning calorimetry (DSC), This method
was based on the fact that smail amounts of impurity in the sample broadens
its melting range and lowers the final melting point from 7~. the melting point
of the infinitely pure material. to" lesser temperature. 1~. An example of thls
effect is shown :n Figure 10.13 for the DSC curves of benzoic acid of three
different purities. As the impurity content increases (97.2%), the melting
point decreases and the range oi melting broaden~. Very smail impurity
levels have a marked effect on the mc:ting point and the melting range (98.6%
primary standard). With proper sample preparation and instrument optimiz
ation. DSC ;,5 a rapid. accurate, and ;Jrecise technique for the analysis of the
purity of many different types of substances. It is estimated that over 75%
of crystalline organic compounds can be :lnillyzed by the DSC method if
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Figure 10.,1. Meiring CUrie for n-pen:ane (20). (0). n-pentane. 99_80·~ pllre~ : x) same
..... 2.26 mole- Cl

{ iso-oc[ane.

(b} is lhe he:lting.ct.:r~e 50 obtained .on a 50-mole-% 'l-C: H,..-50-mole-%
tl-C13H4S synthetic mlxt:Jre. The heatmg curve is simple and easy to interpret
and leaves no room for uncertainties. The amount of "!mpurity," in this
case the amount of the second component, can be caicuiated with sufficient
accuracy.

~hen ce~tain organic salts, such as cyclohexylamine slcarute. cyc!ohexyl
amme pal~.ltate. and others, are melted, they undergo the probable double
de\:ompOSltlOn reaction
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±5%

::10 2 K

10min

DSC·I13'
iPerki:l-E\mer Corp.}

±IO ~%

:.!..1 )( 10- 3 K

2-4 days

100 g
::: 10- 2 K

Calorimetric \'lcthoJ
of Johnston and

Giauque (51)
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Condition or Propc:-t)'
Measured

Weight of the sample
Accura~ of the absolute

temperatures
Accuracy of the relative

temperatures
Accuracy of the measured heat

of fusion
Accura~ b the purity value

for high-purity substa:lces
Time for a premei\ing

measurement

2. Principles of :vteasurement

BarraH and co-workers 140. 42, 48); Joy et al.[41}; Gray (50, 53, 54); Brenn;in
et a1. (55); Cisse et aJ. (56); Palermo and Chiu (57); De Angelis and Papariello
(47); Plato and Glasgow (43); Plato (58); Staub and Perron (59); Brown (60);
Gustin (61); Burroughs (62): and nume:-ous others,

AlT the DSC methods oi purity dete:mination depend cn :he applicability
of the van't Hoff equation. This res;ricts the method to systems where the
impurity forms a simple eutectic phase diagram with :he major component;
that is, the impurity or impurities llre soluble in the mel, and the components
do not form solid solutions (53). Cse of the van't Hoff equation assumes that
the solution of Impurity :n major components above the melting point is an
ideal solution in the thermodynamics sense. Also. the method assumes that
the solid-'.iquid system :s essentially '10 true ~hermodyr.am;c equilibrium
during the measurements, Failure to meet any of these conditions will :ead
to err~neo\.ls results. Olher possibie errors are assoC::J.ted with the instru
menwtion employed. This involves the else of the smaliest possible sample
size consistent with homogeneity [SOl, proper encapsulat:on to minimize
tempc:-ature gradients l\I~th::l the sample. and the slowest possible heat~ng

rate to approach equilib:-nJm concilior:s, It is recommended that the meltll:g

'DSC-lB refers :0 [he i:lstrument employed III :he DSC roea~urements.

Table 10.3. Comparison of tbe Johnston IlDd Giaque (5l)-Premelting :vIethod with
the DSC :\-lethod (52)

/1
9B.6% /: II \
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figure 10.13. Effect of ?urily on the DSC mell:ng-peak shape llnd melling temperature of
benzoic acid (r).

they are sufficiently pure (4J). Because total impurity is measured. a relatively
large experimental error does not appreciably alter the purity value in the
first decimal place. Also, an experienced analyst can estimate the purity of an
unweighed sample to within about 0.2 mole-% by visual inspection of the
DSC curve produces in a 3-min. run.

A comparison between the DSC method (using the Perkin-E:mer DSC-l B
instrument) and the pn:melting method of Johnston and Giauque (51) is
shown in Table 10.3 (52). Johnston and Giauque (51) came to the condusion
that the nitric oxide used in their measurements contained less than 10 3

mole-% of eutectic impurities. or the so-called purity is of the order of
99.999%. The authors excluded the possibility of noneutectic ;mpurities.
It should be noted that the ditTerence between the twO methods is not ,in
thermodynamics but rather in instrumentation and the properties of the
methods of measuremen t. The disadvantage of the calorimetric method is the
extremely long measurement time of .:! -4 days, which is due to the large
sample massc:s and the necessity for eqUIlibrium to be attained at each
temperature. The penalty for a shorter analysis time is. of course. u lower
accuracy in purity measurements.

The DSC method for the purity determmation Df organic compounds has
been extensively and critically reviewed by numerous author», One of the
:nost comprehensive reviews is that hy Marti (52); others include those by
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where T is the cquilibrium meit temperature, To is the frerczing point of th~

pure sol've~1. Jnd 0.'ii~<I\, I is the standard 1Ol0br enthalpy of :neiting ot th
pure solvent. as,umed to be ir.depencent or lcmperatu,e ()vC~ the ral1g~
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soiurion 10 the melt is formed. the mole fraction of ,olete (impurity, corr.
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curve be analyzed over a range of fraction melted from 10-50%, where the
curve is least sensitive to gradients or lags in the inst~:Jmcnt-samp:e system.

Brown (60) has rcvie\l, cd the DSC method of purity lictermination in a
comprehensive manner. A typicai idealized DSC curve is shown in Figure
10.14. The fusion reaction is endo:r.e~:nic wi:h 7~ the melting point (freezing
point) of the sample with the area ABC proponiona: to the er.:halpy of
melting, tiH",ell' As mentioned earlier, the presence of an impu~!ty in the
sample ,owers the freezing point and broadens the :neltir:g rilnge, giving a
broader DSC curve peak such as :s illust;ated in Figure 10.15 (60). Tbis
illt:strates a DSC curve of 0.01 rnmol of an :mpure jJhenacetin sample at a
hea:ing ~ate of : K/min. The slope of YB is used :0 correct the programmed
:emperature, 'r;" to the s!I:nple tempe,ature. 1; II; = T~· YW). The freezing
point is Tr and the area ABC, represents the enlbalpy of melting, i\J{~<I"

T~e frJcrion melted, F,. at temperature, 7~, is equal to area ADf:area ABC.
The maXtmum value of the apparenr heat capaciry of the sample is =,.

A simple derivation of the van't HoI: equation has been given by Brown

f-;g..::-c :0 14 rJt;Jil/~C. DSC "Ur\~ "II' :;1(' I:·.I.::.~ '":~ ,':.1) JI 11: - . .1 .: r.:rL.' :l\:'J':~ 11~\'~ •. ;,l:t

1.,l:'Jll::g :-au..'. t.~ :::::: I K :~~In !;., n~.~ .. lll;'1'-= "r IB; - I R'ol .... ...: ... 1.,';": " =.:.'''r~ ... : I'. .. ~:h:rr.. 'l' '.'~'•.

7:1 ... rhe:ll~,:,~g rhll:1:.I\:·l~~( .raCrc;7 ........... .::n:\o :h....:.:!r.:;'.II:-'h PI' .,~ :'.'~1.1. \11/1.;, .:" '" 'In~ llU\:

l1U"":1 \..d~c \·rl~": i-l:-;;1:J;~""~ I':":U', capw.:I!\- ,lllh ... .. ::;,(~!"C'·~t:e··I1: .. .:'r ..d '

"'.
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(l0.45)

dH dH dF
dT = dF' dT

dH x1RT5
"di = (T3-= .IV

H( F) = ilH~.II.l oF

dF x!RT6

aT = LlJJ~c!l, 1(70--= T)
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For an absolutely pure compound with zero melting range. dH/dT would
become infinite at the melting point, Ta. For an impure compound. dH/dT
is finite and a function of T.

When the fraction melted, F, is zero, the apparent heat capacity of the
sample is that of the solid mixture, and when F "-' 1 the apparent heat capaCity
of the sample is that of the ideal solution. Intermediate behavior:5 obtained
from

where dFfdT is obtained from equation (J 0.37) as

Assuming that

and therefore

combining these results yields

This equation gives the variation of the apparent heat capacity oi the sample
during melting, as a function of T. The upper limit of the melting process is
'f = T.r (when F = I), The lower limit of the me!ting process is T ~ To.
when

Since dli/dr is proponional to dH;'dT, plots of dH;dT agulnst T ~eprescnt the
initial part of the ideaiized DSC meltmg curvc.

(10.35)

(10.37)

(10,36)

(10.38)

(10.39)
dH dH dT JH
dl = dT' dl -= ¢ . if

[X!RnJ 1T=T. - --- -o -0 F
~Hrncll.l
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X! To- - Tf x~RTo
F = - - = -- --- = - - - - - - -

X2 To - T ~n~.II.I(Tc - 1")

n. Also,
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which on rearrangement gives the van't Hoff equation:

3. The DSC Curve

where m is the molarity of solute and .w, the molar mass of the solvent. Then

Brown (60) also discussed the DSC melting curve. The output of the DSC is
proportional to the heat capacity of the system, dH/dT, or

where dHidt :s the thermal energy transfer to or from the sample as the
lemperature ofthc sample holder. 7; is changed <1I a constant rate. dT, lit = cPo

where K f is the cryoscopic constant. These relationships apply to low impu
rity levels, ;(2 < 0.03, that is, to the extremity of the liquidus curve of a
simple eutectic phase diagram (60).

Only when the sample is completely melted, at T > 7f , is the mole frac
tion of impurity in the liquid. Xl> the same as that in the original sample,
xf. Assuming a linear segment of the liquidus curve and using equation
(10.33), one obtains

If F can be determined at various temperatures. 1; a plot of T versus 1fF
should yield a. straight line, provided that &H~.Il.I' is independent of tem
perature. The quantity, xt can be determined from the slope of the resulting
curve ifvalues for To and ~H~.II.1 are known.
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Z = ,I - ,~' \" - " ,I'

·1T' ,.*RT~m\).~
..I(TI = -K - Tn'~ + (T~K - 'R.'vI T

r.eat capacity change Ir. 501. n.e effect of this ,mall correction :s illustrated
on the DSC curve ot ':Yc!c'hcxane as shown :n Figure 10.16u. The correct
sample tcmpcrat:m:. T,. is :he curve extrapolated to a ~rue baseline (44). A
small-area measurement l.-lBCDl must be added to the partial area under
consideration. A t~ pica! pier of r. versus I/F is ;ilustrated in i"!gure 1O. 16b.
T!le raw data, as sho'ln :;l the curve. do :lot ddlI:e a straight line 144). This is
because some peak are-J is missed before the instrurr.ent deviates measurably
from the baseiine due to the noise levels and sensitivity im'olved. Tnat-and
error additions of small ir.crements to both the partial area ane the total
area a:-c carried OUt until a straight iine is obtained.

One of the most serious limitations of:he method is the assumption that no
solid solutions are formed.. For solid solution systems (63. 44)

where the distribution ratio of the impurity between :he iiquid and solid
phases is K - k:k' and ;s lero in the absence oi solid-solution formation.
There is no cr:terion. howe\er. that permits solid soiutions to be detected in
the DSC curvc.

Other linearization methods have been dcscribed by Sondack (63) and
Wiedemann and Riesen 16-+1. 'These methoes are bast::d on adding constant K
to the total or partial areas

The rest;:ting ~4uat:l'r. gll~ :he ~;near ~<1T:n Z as a f:.Jr.ctior. of \. and y. Or.e
cxper::ncnl givt::s a set l';,aiues fOf 7.. \". ~r.d y. which permits the ca:culatioo
Ofll, b. and [' to gi\'c Ihe t>t::~L t:t l,fl~C cune, Cons:;!:!! u givt::s the lincarizat:or:
constant. K. h deta:r.ines :r.e melting point of t~c pur~ substance. 70: and
thus the impurity. xi!. ':;l:l oe .:alcu\aLed fror:1 [', The tOLal area need not be

by iterative linearization Uf simultaneous multiple iinear regression IMLR).
These graphical methods arc shown by the curves:n Figure 10.l-; (64).1:1 the
MLR method. the cquarJQn is rearranged in a linear mannt::r such as

(10.47)

110.46)

110"+8)

. dH
1 .- T. = - RoP S dt

" (A - el A
Itr. -=. -- - ~ - --

(a, ~ e) (an ~ 1:1
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The !low of thermal energy from the sample hoker at the programmed
tem;1erature, Tp , :0 the sam pIc at a slightly lower temperaturc, "1;, is governed
by ~ewton's law of cooling (60).

Ro may be obtained from slope AB in Figure 10.16 by use of the relationship

The real DSC melting curve, because of :actors such as t!lermal :ag, looks
more like the inset in Figure 10.15. The range of F values used in practice is
llsuaJv restricted to 0.1 < F < 0.4, Even in this restricted range, the linear:ty
of plois of T against I!F is often poor. Corrections mus, be made for thermal
lag (49) and undetected prcmelting.

The value of Ro is then used graphically:o correct the prograrr.med tcmpera
tun:, Tp , to the true sample temperature. T,. The latter is then plotted agair:st
1/F in the van't Hoff equation.

Even with correction for thermal lag, the linear:ty 0: the plots of 1;
against 11F is not good (60). Melting actually begins at the eutectic tempera
ture which may be far below the range of temperatures being examined.
Corrections thus have to be made to the measured areas :or melting that has
occurred at lower temperatures and thaL is difficult or ':mpossible to measure.
Brown (60) has shown that the correclion may ~ e es!:mated from

where a. is the partial ilreil :;p to temperature T.,. ,-1 IS \::~ :o:al area. and f. is a
parame:er whose value is adjusted so ~hJt a plot or 7; .1g:li::st th~ corrected
I. F is linear. The restraints are that the Jnal value of (.-1 -I:) should corres
pond to the correct value of L\JI~<:I, 1 (if bown) and :ha: the valce of To
should be correct. The correct;on. 1:. may be quite large and valucs of as much
uS 30% of the total area arc not uncomrr.on. ObvioL:sly. tr.e approximation,
(:-l + r.l ~ A cannot be used.

Another correction ill the DSC curve :s :hat of the hasdinc shift due to
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determined, hence, substances that decompose immediately after melting
can still be measured using only the first portion of the curve.

Staub and Perron (65) proposed :hat instead of continuously heating the
sample, heat is applied in steps until melting has been completed. This is
similar to the older static method, but with smaller samples and shorter
times. A typicai stepwise heating curve is illustrated in Figure 10,[8 (57).
A temperature interval, say, 0.5 K, :s selected, and heat is applied until the
furnace temperature has increased by this amount. The heating is slopped
and the curve permitted to return to the baseline. If no melting has occurred.
an essentially constant area results from the difference :n heat capacity be
tween the reference and the sample. When melting occurs, this area increases
and after correcting for background area, the isothermal step temperature, 'f.,

Figure IO.:S. S:epwise heuting ",e~!:lld. Healing r.l:e 5 c: min . (.If 6 "ec ~o ,'btuin .l t!.T of
aye: (8).

20'S
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:ure ven'u~ I'F f'Jr S. 7'dl:neth~:'I, 3·uda",uni:L:!c G,ul



5. Experimental Measurements

To obtain usable data from DSC measurements. Bar~ail and Diller 142)
recommended the following guidelines:
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Obrained :Ylo:e %CyciohexaneK nDwn :vID:e: %Cydohexanc
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Sample: Size
Img)

], .J <0.10 0.05
0.64 0.61
1.~4 1.I-1-
2.~2 ;.71

1 ~ <:: 0.1 n {l.()7

0.64 l).6~

O.SJ 0.7(\

I~ U%

melting and finish with a point at the cudothe:mal minimum and
contain at least six points.

5. The heating rate and sample size U'.u.:;c b.: adjt.:sted so that the slope of
the endotile:m never exceeds the slape 0f the pure star:dard at half the
peak heigl:t of the standard.

6. The the;;na; lag must be measured with J stanc!ard that melt.> near
the sample.

Palermo and Chiu (57) recommended sample sizes from 2-4 mg; 5 mg
sample sizes result in thermal equilibr:um :Jot being maintained. Heating
rates should be less than I"Cfmin: faster heating rates, up to 10"Cimin. have
been used for qualitative comparison. unstable l:ompounds, or extremely
broad melting peaks. If thermal equilibrium is maintained and a solid
solution is not formed. curvature of the T, .....:rsus I, F plot may result from the
insensitivity of the instrument to detect early meiting. To remove this curva
wre, a constant is added to the fractional and total areas t.:ntil linear plots
are obtained. This may be accomplished either manually or with a computer.
The most common limits for lfF in the linearization procedure are 10-50%
of the melt. If too little of the curve is used. the purity \'alue will be too high;
and if too much :s used.. the purity value will be toO 101li.

The effect of sample size on the purity determmalion of benlcne can tair:ing
known amounts of cyc]ohexane is shollin in Table IDA 157). With small
samples. the method is accurate to abom 1 mole-% i:npurity. With larger
samples. the~ai equilibrium is not easiiy maintair.ed. .:spedally for low.

Table IDA. Dynamic DSC :vIethlJd with TUIK"-Sbaring Computations-Benzene
CyclohexWle Series 157)"

~He:H~ng rate: ll.~ C ",:1. I.! F iLmlls: ~ ',n!:n ~~l"'~ :-;1~111. "~.ln :-:.aL~ ! pl'lnt 3 ...t.:;:: I": -lJw:
15 .'Ill :nir. -,

(10.52)

(10.53)

(10.54)

XlK ?-,-
Xi
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1. The sampie size must be less than 3 mg.

2. T!le heating rate must be less than 1.25<,min.

3. The encapsulation in a volatile sample seakr must be modifH:d 10

maintain good thermal contact.

4. The precise caiibration of the temperature axis must be made. The
area considered for :,:F caiwlatlon must start al the :irs: detectable

Procedures for solving for X';, K. and To are given using a ite~ative, multiple
regression method.

is plotled versus liF to obtain the mole-% impurity. The hem of fusion is
calculated by summir.g all :he areas. Lsually no correction :~ necessary to
obtain ;inear 7; versuS liF plots. Staub and Perron (65) claimed that the
nonlinearity in th~s curve results from an absence of thermodynamic equi
librium. Palermo and Chiu (57) believe that this is not true; they think that it
is due mainly to instrument intensitivity. Gray (53) has also pointed out
that this does not appear to be the case and suggests <:quations for its correc

tion.
Ramsi::md (66) described a modified expression for the va,:t HorT equation

that does not apply the usua: approximations to the mole fract:on impurity
and To and 7,. The new derived equation is

where K is a partition coefficient def.ned to be
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and X'J is the mole fraction of component I in the original sample. Solv:ng for
T, gives
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purity samples. Large sample size and high-l1eating rates are known to
decrease the applicable purity range.

Brown (60) described tbe procedure for purity determination in the
flowchart shown in Figure 10.19. Computer programs for these calculations
have been described by a number of investigations and also are available for
commercial instruments. A detailed procedure is outlined by Brown (60).

6. Applications

Differential scanning calorimetry as a purity determination technique has
been applied to a large number of substances (41). Compounds studied
include aliphatic hydrocarbons (44), amides, amines, and carbamates (43,
51), benzene derivatives (43,51,52), halogenated compounds (41,43,44),
malic acid (52), organophosphates (43), pesticidal chemicals (43), pharma
ceuticals (51, 52), steroids (52), benzoic acid (41), polycyclic hydrocarbons
(41), urea (41), cholesterol (41), liquid-crystal-forming materials (46, 53, 54),
and numerous others. One such investigation (43) determined the purity and
heat of fusion of 95 high-purity organic compounds.

The estimation of purity of pharmaceutical compounds is one of the most
important aspects of a drug profile (67). t:se of the Dse merhod has sig
nificantly decreased the'time necessary for such an analysis.

Impurities in liquid crystal materials can induce the appearance of a
mesophore where none exists in a purer sample. or can inhibit the formation
of a mesophore that would be presen t (68). Small amounts of impurity may
broaden and shift tbe mesophore transition to lower temperatures by several
degrees. Hence, the DSC method is useful for the determination of liquid
crystal purity.

~arti (52) has reported bis experience in analyzing over 10,000 melting
curves for about 500 different compounds.

Joy et al. (41) compared the purity determination results obtained by DSC
with th ose obtained by gas chromatography (Ge) and tit rimet:ic assay va;ues.
For a number of polycyclic hydrocarbons purified by multipass zone refming
followeD by simple sublimation. the results Obtained by Dse and Ge assay
are given in Table 10.5. As can be seen. in most CLises. the agreement between
the two methods is good considering the quite differer.t underlying phe:1om
ena. It should be noted that a value of 99.99 area-% was :.lssigncd for the
GC assay whenever no impurity peak was detected.

A corrt:lation of the purity determined by DSC ilnd by :he phase solubility
method for several pharmaceutical samples is given in Tabie 10.6 (69\. The
correlation between these lWO methods is quite good. Seven independent
determi:1ation of the purity of estradiol dipropionate sample gave a standard
deviation of 0,04% purity.
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DSC curve, ofcornpounrls :hat should not be studj~ bv the DSC ?urily :nelhod

clear evidence that the compoup.d is not of high puriry. In contrast, 8. ::igh
purity value cannot be tahn as conclusive evidence L'Jat the compound :s
indeed of high puriry. Above 99.'10 mole-% punty. rhe premelting behavior
on which the DSC calculation lS based, becomes progressively smalle:- and
the purity value as assigned becomes srrong!y d~po;:ndent on the assumption
made in the calculation. The practical upper limit for absolute DSC measure
ments may therefore be about 99.95 mole-~~ With lh~ presently available
instrument and technique. However, it is possible 10 detcct diife:ences in
impurity content of as little as 0.005 molc-%. If replicates are run, the relative
purity of two lots o1'a single compound can be a5S<."SS<Xl up to 99.98 mole-%.

The lower limit oj purity determination using the stepwise DSC method is
about 95 moie-% without linearization and 92 molc-% with linearization
(57), However. the time required is approx:matcly I -2 hours compared to
about 30 min ror the DSC method. Csing only :\\"0 peaks in the stepwise
DSC method, the investigators concluded that this method could be L:sed
down to 90 mole-%. Palermo ar.d Chiu (57\ do n(lt thinj( that it can be used
below this value because :he var.·t HofT approximation becomes invalid. The
two-step method is independent of the heut o~rus;onand ',ess time-consuming,
It was cautioned that other analytical mcthCl-Cs ,houid alwuys be u5ed :n
conjunction with DSC methods. whenever ;JOssible. Or.l;c the app'ticabiiity
of the m::thod is es:ablished. DSC may pro> e :0 bc the most convenient one
to usc.

Figu~e 10.cO_
(cl).

DSC Purity
(mole-%l

99.99: 99.99
99.95: 99.96
99.97: 99.96
99.99: 99.96
99.99; 99.99
99.96; 99.98
99.96; 99.93
99.99; 99.97
99.75; 99.77
99.7]; 99.92
99.94; 99.94
99.97: 99.98
99.97; 99.94
99.97: 99.96

99.~

99.9
99.6
98,4

100.4

Ph~ Solubility (%l

GC Assay
larea-%J

99.99 iI70l
99.99 (220)
98.24(125)
99.9911701

99.99 (75)
99.99 (140)
99.99 (140)
99.99 (210)
99.99 (2101
99.97 (250)
99.99 (250)
99.97 (200)
99.99 (240)

99.33
99.9]
99.4
98.3\
99.96

DSCI%)

L:HC328
UHC ]29

CHC ]24

l:HC 322
l;HC ]23

L:HC 325
UHC]26
nIC 327

l.1-IC 3]0
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J. T. Baker l:LTREX Lot ~o.

Estradiol dipropionate, :";F
Estradiol cypionate, ~F
Chjorpheniramine maleate, 'CSP
Dexchlorpheniramine maleate, NF
Methsuximid, ~F

Sample
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Acenaphthenc
Anthracene
Bibenzyl
Biphenyl

Compound

Table 10.6. CorrelaliOll or Purity Data from DSC and Phase Solubility (69)

Durene
:"aphtha:enc:

Phenanthrene

Table 10.5. Comparison of GC Assay and DSC purity Values ror Some Zone-refined
liydJ"ocarbons (41)

Pyrene

Trans-Stiibene
p-Terephenyl

The DSC method for calculating purity is not universally appJicabie to all
compounds. The material being studied should not undergo decomposition
during melting. The DSC curves in Figure lO.20 represent cases in which the
DSC purity method should not be applied (70).

In view of its rapidity, use of milligram quantities ofsamples. and application
to the purity region from 98.0-99.95 mole-% DSC is a most vakable tool ror
characterization or organic compounds (41 l. For a thermally stable com
pound, a low-purity value, based on a satisfactory run of :he Instrument. is
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CHAPTER

11

MISCELI,A~EOLS THERMAL
Al'IALYSIS TECH~lQUES

A. I;"TRODLcno:"i

Although the principal thermal analysis techniques are thermognsirnetry.
differential thermal analysis, and differential scanning calorimetry {sec
Chapter I}, there are a number of other thermal techniques.. besides those
discussed elsewhere in this book, that are useful for solving chemical and
tecbnological problems. Some of these methods are of recent development
and hence little used at the present time, but they possess the potential for
wider use in the future. Many of these techniques are employed to supple
ment or complement the three principal techniques ofTG. DTA. a.od DSC,
either in the simultaneous (single sample) or concurrent lmultiple samples)
modes.

Perhaps all the analytical techniques that produce ternperarure-depe::Jdcnt
data may be classified as thermal techniques. If these data are obrained as a
function of temperature, the list of techniques might include X-ray diffraction.
L'V-VIS-IR spectroscopy, nuclear magnetic resonance. electron spin
resonance, electron diffraction, and so on. Obviously, space limitations
prevent taking such a broad viewpoint of thermal analysis. TIW5. only a few
of the mOre important miscellaneous thermal techniques 'Will be discussed
here. They include thermomechanical methOdS {TDA, TMA, and DMAI,
thermoclectrometry, thcrmosononirnetry, thermomagnetic methods. accele
rating rate calorimetry (ARC), and other related calorimetric methods
(SEDEX). The discussion Oil each technique is necessarily brief since entire
monographs couid, and have in certain cases, been written On each of them.
However. each section does provide an insight into the principles... instru
mcnta:ion, ar.d applications of the technique.

B. fHER.\10MECHA.'\ICAI. "rETHODs

I. Introduction

The changes of vo:umc. shape, length. and orher properties ,C;:lting to the
physical shape of a substance constitute the broad area ot" t::cIT.1al anaiysls
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known as thermomechanical methods, Three techniques are commonly
included that are related by expansion behavior and viscoelastic effect (1):
they are lhermodiiatometry (TDA) or dilatometry; thermomechanical analysis
(J:'v! It); and dynamic rhermomechallometry (DMA). The diff~re;lce among
these thr~e techniques lies in their methods of measurement. In thermo
dilatometry, the sample is allowed to expand or contract under its own mass
ar.d no dimensional changes arc measured. For thermomechanical analysis,
a stress is applied to the sample that is nonoscillatory ar.d the deformation
under load is measured, In the last case, dynamic thermomechanometry or
dynamic mechanical analysis, an oscillatory stress is applied to the sample
and dynamic modulus and/or mechanical damping of the sample is/are
rr.easured, Thus, the three techniques involvc the measurement of dimension,
deformation, arid dynamic modulus or damping under no-load or rlon
oscillatory or oscillatory load, all rccorded as a function of sample tempera
ture while the sample is being heated at a linear heating rate,

Daniels (I) has correlated the behavior of a sample with the three tech
niques in the following manner: In TDA, the bulk effect of the sample's
molec~lar response to changes in thermal energy is measured. These changes
invoive crystal structure, lattice vibrations, and physical and chemical states,
all of which can result in the change of length of a solid sample. Similar
changes occur in T\1A when measurements arc made under an ap~lied

stress but changes in shape or size may result. These result from etther
dissipaJ:ion of energy by relative motion of molecules (viscous response) or
storage of energy. which is released on removal of the stress ielastic response).
Thus. TMA response is a combination of expansion behavior and the visco
elastic effect. The viscous response is time-dependent but the elastic response
is i:1dependent of ~ime. Hence, the viscoelastic effect can be resolved :nto its
two components by use of a "time probe," the freque:1cy in DMA.. The
.esulting stress in a sample L;nder a continuous oscillatory load WIll be
osciilatorv also at the same frequency but will be out of phase with the stress
by an am~unt that depends on the relative elastic and viscous responses.

Classical dilalOmetry or TDA is gener3l1y used to detect volume or length
chu:1ges caused by phase transitions of various types, The most common
phase transition that is determined is the solid I -> sn/it!1' although solid -.
liquid and solid -> !las transitions can be determined, The techmque can also
be used to detect shrinkage and si[ltering ofa sampie upon heating to e!evated
temperatures. The linear coetIicient of thermal e:>;par:sion of a sample can be
determined; other uses include the determination of the glass transition
:emperature, 7~, softening temperatures. distortion temper:.l:ures. and so on.
Temperature ranges employed vary from - 150 to 2S00T, lind the sample
can be heated or cooled during the measurement.

Gray (29) discus5cd the recording of the derivative of the 1'\-1 A curve. Dr

a. TDA and TJ1A
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2. Instrumentation

where I is the sample length at T, 10 is the sampie length at O"c, T is the tem
perature in C, and :x is the linear coefficient of ,hermal expansion, In the
TMA mode, I is recorded as a function of temperature, and in the absence ofa
phase transition and assuming :1, is constant. the curve wIll be a straig!ll line
with slope :x. If equation [11.1) is differentiated with respect to time. the
following expression is obtained:

where dT/dt is the heating rate and is constant. Thus, in the D1'\1A mode of
thermal expansion measurements. the pen displacement is directly propor
tional to the coefficient of thermal expansion. and by appropriate calibra
tion, it can be read directly from the curve. Also, a !list-order transit:on
would appear as a peak in the curve. the area of which is ttl.

TMA and DMA are widely used to study the properties of polymers anei
other materials under various experimentai conditions in the temperature
range from - 200 to approximately 850''C. The former usually gives iimlted
infonnation on viscoelastic responses as well as dimenstonal changes. where
as the latter is concerned with viscous responses.

derivative thermomechanical analysis (DT\1Al, This mode ofrCl.:ordir.g is of
value particularly in expansion measurements. The variation in length of a
sample as a function of temperature is commonly expressed by the equation

Compared to many other analytical techniques. the instrumentatior. invoived
in TDA and TMA is quite simple. A large number of1'DA instruments r.:J.ve
been described in a book by Valentich 121. The instrumenwtion ofTDA .md
TMA has been discussed by Wer.dlandt (31. Daniell t I. Pau~ik and P:wlik 14).
Gill (5). Riesen and Sommer:.luer (6), and others,

Changes in the dimensions of a sample :uc dctected by a mccr.:.lr.:c:l:.
optical or elect,ical transducer although the ',ransduce: '.5 usually a :ine:\f
variable differential transrorme~ (L VDTl. The sample may be positioned
either vertically or horizontally. The lane. usua;ly introduces friction between
the sample and the support tube. which may be reduced :0 acceptabit: leve:,
but never totally eliminated 11 L Ve,ricai diluto:netas ovef\;ome the yrob-

MISCELLANEOUS THERMAL A~ALYSISTECH~IQL:ES672



675THER.\10MECHASICAL METHODS

is f:t~ed to the probe assembiy which consists of a shaft :Jpon which tbe LVDT
core is mounted. Any change in position of the core in the annular space of the
LVDT results in a change o~ voltage which can be recorded on a potentio
metric or X- Y recorder (or computer data reduction system), The probe
assemhly inciudes a weighl tray. which permits a choice of loadings on the
sample surface. 1be entire assembly is supported by a plaslic float rigidly
fixed to tbe shaft and totally immersed in a higb-density ~uid, Using standard
and optior.al furnaces, tbe temperature range of the system is - 1"i0-72.ST.
Sample probes for the system are shown in Figure 11.2. Probe (al. a flat
tip of 0.140 in. in diameter is :or coefficients of expansion. Probes in \bl. flat
and hemispherical tips, are for penetration and compressive modulus.
respectively. Probe (c) is a wedge-tip probe and sample mount for flexural
deformation and modulus measurements. Probe (d) is for tension studies of
fibers and films, wbile probe (e) is a syringe-fit piston-cylinder for cubical
coefficient of expansion of solids or liquids. An accessory, whlch permits
deformation studies on drawn fibers. films, and so on, consists of a sample
tube, sample clips, and a mounting tool. Samples offilm are placed in a slot
on the sample holder and cripped with a pliers,

The Mettler T:v1A 40 thermomechanical analyzer is illustrated iI: Figure
11.3, A measuring sensor applies a user-dcfinahle fo,ce to the sample of
-0,05·05 X. The position of the sensor is continuously ITIonitmed :JY a
LVDT T\I!A measurements can be made in the temperature range· 100
I000°e. This module is part of the Mettlcr T A 3000 thermal analysis system_

The Du Pont \l!odel943 T\I!A module is shown in Figure 11.4. The appa
ratus uses a LVDT to sense linear displacements of the sample probe. A
thermocouPle in direct cor-tact with or in close proximity of the sarr.ple is
used to d;tect the sample temperature. The sample and probe arc sur
rounded by a temperature-controlled cylindrical healer 3l1d Dewar ~sembly.
Various probe configurations aHow the apparatus to be :Jsed in the e~pan

sion, compression. penetration. tension. stress relaxat:on. parallel piate
rheometrv. and fiber tension. The temperature range of the inS1rament is
-180-800''C; an optional furnace can be used to exte:1d the range to 12oo'c.

Two novel sample holders ~or the Du Pont apparatu:; are shown in Fig.ure
1!,5. In (al. volume coefficients of expansion can :JC determined. even of
i:-:-egular shaped samples. A fil:ir.g rr.edium tmnst'ers the dimensional cr.anges
of the sample ,0 the dilalomete, probe. A film clamp assembly is show:] inlbl.
which is used to secure a !:lm sample and :ncrease t:tlse of operation (7. 81.
The clamps slip over the fused quartz hooks of the tension probe aiter [he
tilm has been secured between them, ~ominal sample sin: is 0,05 x 0.04 :n.
x 0.0005· 0.005 in. thick.

TMA instruments are also available commerci;t:ly i~om Stanton Redcroft
Ltd. and olhe~s. The Stanton Redcroft \1odel 791 car. be used in the tempera-

MISCELLANEOUS ruER~AL AI"ALYSIS TECHNIQl'ES674
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lern of friction, but achievement of zero loading is difficult. The LVDT core
must make light but positive contact with Ihc sample and its mass must be
counterbalanced by flotation or spring loading, In TMA, the vertical ar
rangement is easily adapted for use under applied loads. The stress may be
applied in tension, fk:wre. compression. or torsion.

The Perkin-Elmer Model TMS-2 T\I!A apparatus is shown in Figure 11.1.
The system consists of an analyzer moduie, analyzer conlrol module, and
heater control module. In penetration and expansion modes. the sample is
placed on the platform ofa quartz sampie t:Jbe, The appropriate quart probe
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Figure; 1.3, Me,ller TMA 4Q·TMA apparal:.ls: A, measuring sensor; Il. sample supp".
C, purge gas inLet: D. linear variable differential transformer: E. linear mo\or coil: F, tine:
motor51l!lOr.

Figure I! .2. Perkin.ElmerTM A probes: (a) expansion:
(0) compression: (c) flexure; (til extens:on: (I!) dilalo
meter.
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sponse of the sample measured. :-.;umerous instruments have been designed to
use the preceding principles, some of which are commercialiy available (1).
In the free vibration instruments, the dynamic modulus is related to the
natural frequency (maximum amplitude). This amplitudc ar.d peak width
is related to the dampin~ by

F,~ure • :6. Du Ponl """,]e: 93 I D\1A dpparat'J5

where N is the peak width at maximum amplitude/.,)2 and f is the resonant
frequency. The Du Pont instrument applies Ii flexural stress of ftxed ampli
tude to the sample. The modulus is reJated to the resonant frequency of the
system and the damping to its power absorption. The torsional braid ap
paratus employs an intermittent stimulation by the application of a torsional
strain. Decay of 05cillation is measured, and the modulus rdated to the
frequency of the oscillation and the damping to the deCTea~e in amplitude.

The Du Pont ~ode 981 DMA apparatus is shown in figure 11.6. The
sample arms are ftxed to the rigid block via low-friction flexure pivots (9).
A compound resonance system is formed by clamping the sample between
the arms. The sample-arm"pivDt system b oscillated at its resonant frequency
by an eiectromechanical transducer. Frequency and amplitude of this
oscillation arc detected by a LV DT positioned at the opposite cnd of the
active arm. The LVDT provides a signal to an electromechanical transducer,
which in turn keeps the sample oscillating at constant amplitude. Sample
resonant frequency, measured to 0.01 Hz, and damping, measured to 0.1 dB.
are digitally displayed. Young's modulus. E. for the sample may be obtained

1°5 n

~or

Iloo KS
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ture range -180-5()(YC. whereas the \ilodel 792 can be used :rom ambient
room temperature to IOOO°C.

DMA instruments usc diffcrent principles to study the viscoelaslic response
of a sample under oscillatory IDad {I). They arc: 11) fhe samplc may be
driven in :orced osci;la:ion or allowed to resume its natural fre~uenc)':

(2) the stress may be applied in flexure. tension/compression. or torsion: :.Inc
13) the load may be applied continuously :ll1d Ihe :nodlli~d oSI.:i;hltory n:-

'.



Table II.I. Specifications of DuPont OM"

The tcchr-iquc ot wrsio71al braid analysl.l (TBA) was ;nl.
(44,45). It pc:mits thermcmechanical "imgerprims at p,
the temperature range ·190 S(XYC in controlled atmo~

is prepared by impreg:nating a glass braid or thread sUDsl:
of the material to be tested, followed by evaporalion 01 l

the heating of the sample impregnated braid, it is subjectt.
oscillations, From these oscillations, the relative rigidi:~

where p is the period of oscillation. is used as a measure 0,

Jus. The mechanical damping ir.dex. l/n,;s used as a measu,
mle decrement. where n is the number of oscillations betwe
but fixed bouncary conditions in a series of waves. Change~
rigidity and damping index are interpreted as iar as possi:
changes in the poly:ner. Major and se(;ondary transitions, sue
glass transitiOns. are read ily revealed, as are the effect of man}
and degradative reactions. The technique has been the subject
Gillham (l0. 461.

The apparatus L:sed in TBA ':s shown in Figure 11.8. The I'

than: cps) and cecay oft:le freel} oscillating penduluTii provla.
on the modulu5 and mechanical damping of the poiymer under
An electrical analog of the decaying pendulum oscillation :s
atte:wat:ng light w!lh a circular transmission disk.. whi'.:h it.al
relationship bet\\crn the light transmis5ion and disp!ac~

G' . " .:.
---'>+~,.

.... /. -','
Drive Shaft Clamp. "

F:gure 1: .7. p~ ~1L."

3. Tor"
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(11.4)

3-100 Hz1. 0.01

0,01-1.0 tan
, 150-500"C

(s~balr.bient temperatures require
optionai cooling accesso~)

0,5-~0'C min - I

0,05-1,0 mm (peak':l)-peai<)
001-1.6 mrr. lhiebess
O.O~ . !3 mm w:dth
20-,2 mm SU:T.pie :er.glh
6 20 mm working lc:1gth
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Freque:1CY Range
and resolut:(J:1
Damping range
Temperatt;re ~ange

Heating rate
Osc::la::lJn amplitude
Sa;nple Size

680

from the relationship

where j is the D\lfA frequency, J the moment of inertia of arm, K the spring
constant of pivot, D the damping distance, W the sample width, T the sample
thickness, and L the sample length. Specifications of the Du Pont D~A are
given in Table 1U. The D~A module is used in conjunction with the Du
Pont 1090 system.

A schematic diagram of the PI. DMA mechanical ass¢mbly is shown in
Figure 11.7. In normal operation a bar sample is clamped rigidly at bOlh ends
and its central point is vibrated sinusoidally by the drive clamp. The stress
experienced by the sample, via the ceramic drive shaft, is proportional to the
current supplied to the vibrator. The strain on the sample is proportional
to the sample displacement and is monitored by the nonloading eddy current
transducer and the metal target on the drive shaft. The drive shaft is support
ed on light metal diaphragms that allow longitudinal but not lateral motion.
Soft materials such as rubbers, adhesives, and fats can be measured in shear
sandwich geometry by a special clamp. Films and fibers can be measured in
bending by shortening the free length. Liquid polymers can be supported on
films or absorbed into papers or braids, similar to the torsional braid
method. The sample environment can be controlled with nitrogen. an inert
gas, or controlled humidity air. Temperature of the sample area is detected
by a platinum resistance thermometer.
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TDA applications have been reviewed for inorganic compounds (4,11,13
clays (!2), metalUc glasses (14), met~l!urgy (lS), c~ramic s~ience (lo}, anL
zeolites (17). Since :1ur.cerous apphcatlons of thiS tecr.llIque have beer.
described. only a few illustrative examples will be discusscd here.

The use of TDA to detcct phase transitions (47) of various types of cow
pounds arc illuseated in Figure 1L9-solid1 -> solidz phase transitinc

:2
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~

Q

'"
8· .
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Urear ~ransrlis~:Qr'" disK.

Magret.c ~ta."ltiler

4. Applications

Rcbb.., .upport
for d:,k

Ftg.lre I: ,8, Tllr5iona~ uraid analys:s apparatus (46),

a. fDA

Accord:ng 10 Paulik and Paulik (4\, TDA techniques have generaily been
neglected in thermal analysis yet they can provide useful inf9rmation about
changes occurring in the crystal ~tructureof inorganic compounds, an area
in which other Ti\. techniques have not been very usefuL The TDA curve can
reveal many processes occurring during the solid-state or decomposition
reaction including crystal modification and recrystallization processes. One
reason for this neglect is the ddIiculty in interpretation of the TDA curve, as
in general it usually gives a more complicated picture than TG or DTA
curves of the decomposition reaction. for example \41. in a thermal decom
posilion reaction. the sample decomposes and an amorphous or micro
crystalline phase is formed. The recrystallization that llsualiy follows is
generalty protracted and overlaps the previous process. DTA and TG
indicate only the first process but TDi\ depicts both processes. lienee. TDA
curves are frequently recorded simultaneous with TG, DTA, electrothermal.
and emanation :hermai analysis (ETA) teChniques \0 aId in their
interpretacion. f'igL.re : 1.9, S"",e I.



685

22,)

i6-6
23·8
7,6

39·7
419
39·j,
22,0
26·4
2~'9

<JI

39·0
- IlO'O

_..
tSO:J"llE?rmCls€'g1"lf21"'t

------- -----.-- -----~
I

\Ialcrial

THER.\{QMECHANICAL METHODS

Table 11.2. Linear Coefficiellts
of Tbermal F.xpslIsion (<1)

Ot'lennincd by TDA (19)

:\lumin::JIT.
Cupper
Br.m
Glass
SaC,
Kc.l
KBr
Car,
SrF:
BaF,
nr:
(i) ~0-180"C

Iii I 130- 280°C

<J!
figure 1/.11, Pr:nciple of q~asj-;sOlher.l1a!d:lalOmelry (201,

·4

I
I

case of BaCI1':::H;O. WEier of crystallization occurs below 300"C which is
~ol1owed by a recrystallization process which takes place from 350-850°e.
JUSt before the substance :uses. an ~ -> f3 crystalline transition occurs at
about 900"e.

TDA has provided useful information on the tempering process and
the influence of indil'idual alloying elements :n steel (15). Complications
arise due :0 (he fa<:t that while the cecomposit:on of marten.me produces a
COlltraction. decompc'silion of any retained ~'-iron is accompanied by ex pan-

Py.ex 5g or. t :r,m~

A: 5g on 20 mm2

: 00 200 300 400 50C 600 7CO 800 900 ICOO
Sar'lplc ter"'loe"a:L.re. ~::::

6

4

2

6

:t
Br----------,r---,......-..,,.----,,----------,

~ISCEtLANEOI;STHER~AL A:-lALYS1S TECH:-lIQL:ES

F:gere : 1.10, TDA c'~rvcs of A:, PI. ~nd Py,ex g!u;s (I ~),

letected in KAsF6• KC2HjSO~, and CO{py)zCJ2 ; a decomposition reaction,
3aCJ 2'2H zO deaquation; and a solid -. liquid transition, the fusion of
icetanilide.

Typical linear coefficients curves of aluminum, platinum, and Pyrex
;lass arc shown in Figure 11.10. Tne loading on the probe is 5 g with various
:izes of the samples indicated (18), Linear coefficients of thermal expansion
'or several metals and other substances, as determined by IDA, arc given in
"able 11.2 (191. Single crystals of the inorganic salrs were used for all TDA
neasuremeIl rs.

The quasi-isothermal dilatometric (QID) technique (13, 201 is useful for
~intering studies sInce kinetic data, diffusion codficients, as well as the
:lprimum sintering conditions, can be determined by USe of a single experi
.nent. The sample is heated in a diJatomcter at a COIlstant rate until the dljdt
~ignal, which is proportional to the shrinkage rate, becomes larger than a
Jreset limit., at which point the heating is stopped. Shrinkage then continnes
50thermally until the dUd! signal again becomes smaller than a second
Jreset limit, at which point heating is resumed, The Whole sintering cycle
.akes place in isothermal segments at different temperature~ as shown in
?igure ILl 1. The technique has been applied to the sintering of CO2
Jellets (20); the Fe203 ..;... ZoO mixture for spinel fortnation (13); and the
llermal decomposition of CaC20 4 'H20 and BaClz·2H 20 (13).

Simultaneous TD A curves with their corresponding TG and DTA curves
Are shown in Figure 11.12 (21). Kaolinite (A1.z03 2Si02·2H 20) loses Water
Jetween 400 and 800°C. At 950"C, a solid-state reaction occUrs in which
:netakaolinite is first formed followed by the formation of mulJite. In the
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(11.5)

which there is a characteristic increase in the thermal expansion coefficient
(22). In practice, the 1;, is a rime-depencent phenomenon, and it is a1sD de
pendent on the thermal history of the sample. It is a common practice to
condition a sample abDve its 'J~ and then to quench :i tD a temperature well
belDw the 7~ tD crase any "s.ructure·' in the glass resulting from any previous
thermal history. Other uses include transitiDn temperatures. modulus,
viscoelastic ?roperties, L,ermal stabiJi:y, and liquid-solid interactions, as
functions of temperature and time.

From penetration produced by a hemispherical quart probe, Fir.klin (23)
showed that Young's mDdulus Df the sampie is give:l by

where p is Poissan's ratio for the sample, F is the applied load, R is the radius
of the probe tip, H is the sample height, and f is a polynomial function of the
quantity RdiH3, where d is the depth of penetration. The modulus of the
probe must be much greater than the sample. With a cylindrical probe of
radius equal to or larger than that of the sample, the compressive modulus
can be obtained (24).

Reviews on :he application of TM A tD polymers incl ude those by ~;iler

(48), Chiu (25), Ogilvie (26), Barton (22), and numerous others. T~A has
also been used :0 characterize oil shales (27) hut its use in clay mineralogy
appears to be slight (12).

A summary Df T~A measurements on pDlymeric materials :5 shown in
Table 11.3.

The thermoplastic melt viscosity can also be determined by T~A, using
the Du Pont parallel plate rheometer accessory. Viscosity range of 10"-lOs

poise can be measured with shear rales of 10°-10- 5 sec - I, Viscosity data of
polyethylene made by this method arc shown ir. Fig:.:re 11.13 C91. Approx
imately 15 min are required to reach :emperaturc equilibrium for a 60 mg
sample.

Yanai et al. (30) demonstrated a definite correla:ion between data ;~om

Accepted ASTM meThods ane those obtained by T\1A. These :nethods are
the deflection temperature unde~ IDad IDTULI ar.d (he VIC.~T sorlcnmg
temperature. The DTL:L is dete:.71ltled ir. tbe AST:'vl method by Jpplyir.g ;1

lOUd tD the cer.ter of a sample lha: acts as a beam supported at boh c~,ds 13 ~ i.

The Young's rr.odull's of this bean~ is c;)lcu~;1ted by

- B

1000
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F;gure 11.12. TDA and TG, DTA curves of (a) ka"lmite and (b) SaC:, . ::1l.0 I~: 1.
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sian. Secondary hardening that occurs on tempering can also be studied by
this technique.

TDA is lIseful in ceramic materials devel Dpment not only in ascertaining the
expansiDn coefficient as such, but also in noting the gross volu~e changes
that occur during the crystallization process (16). These act as a gUide to phase
changes and the influence they may have on processing variables such as
heat-treatment rateS and temperatures. as well as the ability to form III slru
seals to other rigid materials without cracking. For measurement at' very I~W

coeffiCients of expansion. push-rod TDA ~s inadequate because the C.IS~

placements to be measured are L:sUUily less than :r.echa:1lcal ar,.d :r.erma,
stability allows. An il1terferometri..: diiatometer acc~rJ.te to se\'e~al pans per
r:1illion in thermal expansio:1 must be employed.

t i I.b I
b. T'vIA

Almost all the llpplications of T~A have been to polymeric SYSlems. It
is used to :neasurc Ihe thermal ~xpansion characteri,tit:s of the polymer and
hence to determine the giass trunsition temperature. 7;" ;l temper;1turc .':.t

J

Fl;'
E- 4CDJ )'

where C is :he w:dtr. of the sar:1p:e. L :5 tr.e ;er~gt:-J of :he si.lmple bClwcen
beam liuppons. Y is the ddkct:on t'{ Ih" sJrnric' ~nder ioud. D:5 ~t::? r:-: ich: ness



14d'C

·.S

TMA Data

. 20

\~
'.~

";',., .

\leG€.. ~_£.'(lJRE

5~~

"'E.':'~.:i~ATE..5'C

Var-:,-'ll.')
~0i~re~rs

~:blic

:I1atero.JJ

Table 11.3. (Continued)

-Vf;, -.r,

(el

MOeE CCOl,4P"SSS ='.':""510" OR ,,~~"~SION

~E.~-:'<G 'A:, .5CT'-ERMA"

orld\

-J--

Ie:

(j' -IGI"I DE."<SJ"':""o'
...:..; CloCLVE--"'U"tE

8pcl..'f~rE

Flexure

T\1A \1cde

Creep compl1JJ.nce
lind lIIoduLJS

, 9:1

T\1A Data

1

1

, 51l

15:::

./

9~1'VA"~y'~ ;
_---1-

-----._--~~ ..

I~. "2S'C

t.a '5J~dO"

'so :00
TEVPE;'lAf... FH: ';::

·2::: 14:::
-EIYP(;RA"'U'"<E: ::

Sample

Epoxy-primed
circ:J:t boa~d

Coaled molor
wir.ding wire

1
:l.~'" '"

1

'.CO

/b)

(il)

Probe
Type'

Goer:

:10:.."fST2.==i po. V(A'v1 :i:E. \01 DE:

""OOE DFNE-RA ;iO~

...E,AT:NC RA ~'E 2a~c -If'"

LCAO 5gr-

V8DE:. lx;:;JA\lS;:'r-.

.OI\J ZE~C

.... S;, ... I.... G .... A-t:: ':: c: mOl

SA\>l::J;..: "';:IG·,T :'; ~56S."'

'--

-_/
-~-_.---_. .-

Table 11.3. T)'pes of TIIA Measurements on Polymers (28)

~

I

..
'".
§
"

Mode

PC:1eU31 ion

T\1A

Coefficient of
!i:lear expansion



691

(11.7)

75
91
73
80

ASH1
( C)

73
90
7J
78

T:VIA
: C)

(for D p R)

60 Figu,e I L, ~3. Viscosity curve ofpolyethylene
de:errnined by T~A (291.
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Table 11.4. CompariSQn of DTVL Obtained by '-:\-IA aJld ASTVI
Methods 132)

Samp,c

L'r.modified PVC
Service ;empe,ature mod;fied PVC
Impact modified PvC
Service tcmperatu.e and impact modified PVC

VISCOSITY OF POLYETHYLENE
ISOTHERMAL AT 135 DEG.

10'/ I

o 10

of the sample. and F is the load on the sample. In T~A, Young's modulus is
determined by a penetration mode procedure, using :he equation

where R is the radius of the probe and d is depth ofpenetratior.. Acomparison
of the DTt;L by TMA and the AST:\1 method is shown in Table 11.4 (32).

TMA Data

, I

, I

Sample

MOOE: VOLUME""<11C
IN'-'AL VOLUME, 40...
TEMPERA~RE'C

ce..

Nylon 5ber

VOOF.: EXTE'I510N
LOAD: 'gm
HEA~,~G RAYE.1C ao C!'1'1I1l
~[<,GTr<: 0.360Ir.
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factors can then be used 10 predict the be3aV!Or of ~he sample at other fre
quencies and terr.peratu:-cs.

DMA applications to polymt:ric materials nave been described by Wetton
(36. 41) England et aL (35), Gillham \ :01. D~ Pont :371. Provcer et aL (9),
Mine:- (38), Lofthouse and Burroughs 139\. Gramt:lt (401. Murayama (42),
and numerous other reviews on polymc:r cbaracte:izution.

As in TDA and T:vtA applications, only a few uses of the DMA tec~:1ique

car. be described he;e. Lofthouse et ai.1391 reported the D\1A curves of:inear
and branched polyethylene. as given :n Figure 11.14. The term molecular
spectroscopy is illustrated by the curves for each of the compounds. The
temperature scans start at - 150-(, with an upper :e:mpe:raturc limit of
lOO=C, at a programming rate of S'C min. Botb samples exhibit damping
peaks at around -·100 and 50°C, which are due to :ong chain 1- CII; )n
crankcase relaxations in the amorphous pha<;e and motion in the (- -CH 2 l.
crystalline phases of the polymer. respectively. The temperature, position,
and size of this latter damping peak are related to :he crystallinity of the
polyethylene. In Figure 11l4b. a third damping peak at -9cC. which is
attributed to (- CH3 ) relaxations ;n the amorphous phase. indicates that the
saInple is a branched 110w-density) polyethylene, This conclus:on is supported
by the rapid decrease in frequency (modulusl of that sample as a function of
temperature. Tn fact, the sample becomes so tlexible: ilow in modulusl at
90"C that it no longer contributes any res.oring force to the compound
resonance system; that is, it is pliant enough to be molded.

DMA can be used to evaluate the relative merits of inert fillers and rein
forcing agents added to thermoplastics aDd thermosets to enhance the
properties of the finished product This technique can be used to study rhe
amorphous prope:t:es of metal glasses 139). Common formulations of t~ese

glasses have the general formula approx:mating \'lSOX;'l' where M may be
Fe. :-.ii. Cr, Co. Pd. and Cu and X may be one or more f;om the: group of P. B.
e. At /.lnd Si.

DMA has been used to study a series of Slyren<::-butadicne :ubber iSBRl
samples for automobile tire:s (37). SBR does not match the superior physical
proper:ies of natural rubber but has J !ower cost anc ex:,:bits better h<:at
aging and wear. T~e D:vtA CUrVes for :1 s,yr<:ne-butadiene rt.:bber are show:!
in F:gllre [ 1.15. whereas a comparison oCthe differen[ SB R samp:es is shown
::1 Table 11.6. T:-Je damping maxi~a oi sty rer.e-butadiene rubber ISBR PB
in Table 11.6l occur at only u sing:e :emperJI'Jre. - 60T. The I~ighes:

terr.perature damping peak in every C:lse ~o~r<::sp0f"!ds co a large :oss in r.lodu
lus und is probably T~C T" of t~e daslnrr.er. Th::: large: poiybt.:.tudiene CO:1ter.t
(samples that are 20 ml.)le-~~ styrenel of the copoiy:ncr results ~n t!lclr 7~'s

being closer to :hn[ of pure [lO:ybul;ld:e:nc. Sample 1 :s 9robaoly ;Jrccom
ina~tly l'is-poly~utJdiene.The absence ,1i J. we!l-detined camping peak ~n
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Service temperature :nodificd PVC
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The VICAT softening temperature is defined as the temperature at which
a circular probe of l.0 mm z cross se:ction, under a load of lOOO g, penetrates
1.0 mm into a sample 12.7 mm thick (33). Using the same samples as were
used for the DTL"L tests, the correlation between TMA and VICAT softening
temperatures are given ill Table 11.5 (32).

TMA has been employed in criminalistic studies to cha~acterizc a single
fiber of untextured cellulose triacetate (34). The normal [hennal expansion
of the material at low temperatures is followed by contraction as water is lost
above lOOaC. The 5% expansion associated with the 'fg at 180"C is followed
by contraction before melting/decomposition, properties that are diagnostic
of the material. Other major classes of fibers such as Orion, Acrilon, rayon,
or cotton show no distinctive features up to 300aC.

Table t 1.5. Comparison of VICAT Softening Temperatures by T:\'fA
and VICAT fJ:)

As in the case of TMA, almost all the applications of this technique are on
polymeric substances. Methods for the measuremenl of DMA have been used
for 40 years, but it is only during the past 10 year!; that commercial instru
mentation has enabled a wider use of the technique. Commercially available
instruments, in general. suffer from a restricted frequency range, the upper
limit of which is in the region of 100 Hz (35). The lower end of the frequency
is ideally suited to TA techniques but the upper freq uer:cy limit imposes
severe restrictions for noise redUCtion application,s where frequencies as high
as 100 kHz are of interest. Although a single temperature scan can yield
useful information about the structure of a sample, from a practical view, a
more comprehensive method of evaluation is to step the temperature iso
thermally in 5°C steps (35). At each isothermal temperature. the frequency is
scanned over the available frequency range. Scanning the frequem:y has the
advantage in that time-temperature shift can be computed. These shift
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C.Jmposition'

PB
SBR,PB
SBR
SBRiPBiCarbon black
SBRiPBICarbon :,lack

Table 11.6. Damping \1axima for a Series ofSBR Samples (37)

Sampi.:

3
J.

'SBR ~ styrene bUiadiene rubber: PB = p<);ybutad:~r..:.

,
I._- --'------- --~ - ------.:·2ca '150 ',00 -50 0

-EI,'PERAT" ~E i'G:

figure [ : .(5. OMA c~rves of5:yre~e.bUladienerubber ISBR, PB in Table 1~ .6)(37).

all these ~amples in .he temperature range -150 -140"C is an additional
indication that all (he polybutadienc is probably predominantly the CIS

configuration. Sample 3 has a high Mooney viscosity, indicative of a high
molecular weight. This is reflected in its higher ~ temperat\.:re a:ld higher
modulus thar. are found ;n sample 2. Samples 3. 4. und 5 111so have il large
number of secondary damping peaks, particularly the bro<lu one <It low
temperatures. which rctlect additional structural interactions and motions.
These additional damping peaks are to be CXjJected since lower molecular
weight rubbers r.ave morc crass-linking. Peaks observed in ~hese latter
formu;ations <ire particularly important since they may be ~elated to heat
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According to the International Confederation of Thermal Analvsis IICTAl,
the thermal analYsis technique of thermoelectroml'lTY IS detinoo' as "a tech
nique in which chI' electrical characteristics of a substan..--c ~s measured as a
function of ~emperalUre whilst tht: substance is sub./d'<Xl to a ~ontrolled

temperature programme." (49) The most common measurements. according
to leTA, arc of resistance, R. conductance. A, and capacitance.. C. However,
since t\ = l.R ~ I --" F..,R, and F. is usually consrant..\ ~ I = tR; thus,
many invesrigatior,s report the use of current, I. pl(lu~ .is J f~nction of
temperature, 1ncced. David (97) used the term ampt"r"'"t':rIC cht"nnal analysis

lATAI to describe the technique that he developed.
Ther:noe~ectrome[ry :echniques Jrt': r.ot w~del~ ;:mplc).:J in the~mal

analysis. in ract. t~ey may be ueseribed as "neglected" :n::Jn!ques in compari
son wllh the widely used :hermogravlmcc....y ITG:. J:JT.:>renti::I1 :he....~aJ
analysis (DTA), and differential scanning l"a;or;me~r:- IDSC1 tecr.r.iqucs.
~cvcrtheless. they arc important for cert:1.in speciti~ .lr~iicatio!1s, mU:lY of
which will be discussed here.

In J recent thermal analysis [cchnique SUf\'e,\ ,-'( T il<'r17lOChimlca ..lew
ITC-l.l ar:d J. TiJermal "tllulySlS UTA). Wendlanct 150. 51, '-'-~l:nd t~at thermo-

There are three basic regions of interest in :he dampu:g cun'e oflhe epoxy
laminate: the region [- 150- -20°e) where the moduius of the sample is
slowly decreasir.g; the region 110-21O°C) where the :nodulus undergoes a
precipitous drop and then :evels off: and a region 1:ll,-::O'Cl where the
majority of glasslike structure is gone and the modulus .::xhibits the rubber
like properties of increasing with temperature prior :0 .i~easing as the
sample the:mally degrades. In thc low-temperature ,~un. Ihere is a single
broad damping peak with a :naximum at -70~C. WIDen is the f3 transition
of the epoxy. Furthermore, the area under tbe peak LS proportional to the
degree of cure. Hence, the relative size of this peak :md iLS temperature
maximum can be used to evaluate the degree of cure oj t...'1e epoxy. Probably
more :mporwnt :s the facI that the present'e and size ai the j3 peak appears
to be related to the toughness of the epoxy, being presenr in the tougher
diaminc cured epoxics but absent in the more bmtle anhvdridc cured
epoxies. The absence of an appreciable damping peak in the r~g.ion - [20 .
100"C indicates that this epoxy does nOl contain an alipharic amine as its
curing ager.t. Tlle other major damping peak at 119'C te?resents the ~ of the
epoxy,
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0( Transition. Synonymous with the glass transition. It is associated with
cooperative rotational motion normally involving 20-50 atoms along the
main chain, and in cured epoxies is related to the rotational freedom of the
segments between cross-links.

fi Transition. ~ormally describes motion in the flexible side chains of
polymers with short branches. In epoxies. this transition is related to the
motion of the (. -CH 2 CH(OH)CH 2-O·-) segment in the epoxy com
ponent of the resin. It is usually found in the region -,60- - 30"C.

y Transiti(}ll. ~orrnally describes motion of a main chain segment con
taining 2, 3, or 4 carbon atoms. In epoxies. this :ransitlon is related to

(-CH 2-) segments in aliphatic diamine curing agents. Csually appears
in the region -120 -1()(rc.

buildup, vibration, and road no;ses at road speeds in the lire. High-damping
peaks have been correiated to favorable reductions in road vibrations and

noises as well as to increased friction with the road. On the other hand, high
damping has also been correlated to an unfavorable decrease in dimensional
stability and an increase in heal buildup. lbe addition of carbon black as a
reinforcing agent to SBR formulations also affects the damping behavior
observed as seen in samples 4 and 5.

The D\1A of a epichlorohydrin-bisphenol A epoxy resin cured using BF J-

ethylamine is shown in figure 11.l6137).
The nomenclature for the DMA transitions observed in the epoxy systems,

as described by Kacible 143), is as foilows:
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2. Electrical Conductance, Current, lind Resistance

(\1.11)

where rI is the spccilic conductiv;ty, rIo is a con~tant independent of tempera
ture, k is the Boltzmann constant, and Eo is the activation energy (eV). T!1e
behavior of a positive temperature coefficient of k indicates that semiconduct
ing behavior or promotion of electrons from the ground state to ~xcited states
may occur. Carrier mobilities, /l, of the different complexes were found to ~e

in the range of 10- 5_10- 10 cmz V-I sec-I and to increase with an increase in
temperature.

Simultaneous thermodilatometry-e!ectrical conductivity measuremer.:s
have been cmployed to determine the sintcring or coalescence of powdered
materials. An equation has been developed by Ramanan and Chaklader (6:;)

that relates electrical conductance to density changes of powder compacts
on sintering:

1\ = CI\0[(DIDo)2/3 - lJ expi -E,;RT)

2.303R. For the mixtures of PbA1 with Pb(C zH 30 zh, the values of
(~Hi - ~H,:3) ranged between 47 and 50 kJ mole -\,

The dc electrical conductivity ofa number of ~-(2-pyridyl)benz:.l.mideand
1';, !,:'-dibcnzoyl-2,6-diaminopyridine metal cumplexes, a.~ a function of
temperature (to 388 K) and radiation, was studied by Abou Sekkina et al. (61).
Linear log versus liT plots were obtained for all the Cu(ll) and Ni(II)
complexes, ~rom which the activation energy, Eo> and other parameters could
be calcUlated, llsing the expression

where 1\ is the conductance at sample density D. Do is the initial density. C
is a constant, 1\.0 is the preexponential factor. E, is the aC1;vatio:J energy.
R is the gas constant, and T is the tempenl.lure. The equation predict~ t.lat on
heating the powder compact. the cunductance should increase rapid:y ~tfter

initial contact between the panicles has occurred. To follow both the char.ge
in 1\ and the shrinkage of the powder compact. the investigators t:mp\o~ed
simultaneous thermodilatometry-electrical conducta:1ce meaSllremer.ts. ;6]
65). This simultaneous technique has been applied to v'treous mate~:3Is

such as glass, an epoxy resin. iron, CuSO.. '5H 20. coal asr.. and others.
The 7~ of a vitreous material ear. be easiiy obtained lJsing eiectricil\ ,esist.:J.nce
[RI data plotted as a function of L T. The simuililllcoUS di;aromctric Jnd
electrical rcsistance curves of CuSO~'5H!O are given in Figure 11.l7 \651.
Using a compacted sample (to 1500 bars) uf the compound. one can see thJt
the first four water molecules are evolved ir. :wo distinct steDS. In addizion.
the removal of the fifth "water" of hydration appears clearly ~n the thermu
dilatometric curve (as it does on ~he TG und DTG curvesl. as wei! as or, (he

(11.8)

(11.9)

/11.10)

~HK. _. Mil3
log K = log Q- - -- 

2.303RT

i Q . I ( ~ ~S)og '- 10g(~eA!::\lm)+ - -3- tlSi. - -2.30 R . 3

electrometry (electrical properties) accounted for 2.2% of all the techniques
used in TCAand 1.4% of the techniques used in JTA. The time period covered
by this survey included volumes 24 -29 of TCA and volumes 8-13 of JTA.
This is quite small when compared to 22.0 29.1% for TG and 16.7-26.2%
for DTA during the same time frame.

Thennoelectrometry has been reviewed in book chapters by Wendlandt
(52,53) and Warfield (54), and reviews by Chiu (78), Paulik and Paulik 155),
and Wendlandt (56, 98, 99). Since many of the thermoclectrometry studies
involve simultaneous methods with other thennal analysis techniques,
reference (55) is especially useful.

Since a number of different techniques are included under the broad term
of tbermoelectrometry, this discussioo will be divided into three categories:
(I) electrical conductance, current, and resistance; (2) dielectric constant
and capacitance; and (3) miscellaneous electrical techniques that are of
interest to thermal analysis.

Adeosun and co-workers studied the electrical conductance and other proper
ties of molten lead dOdecanoate and milttures with lead acetate (57), do
decanoic acid (58), metal dodecanoates (59), and lead (11) oxide (60). Using the
specific conductance of lead dodecanoate mixtures, they interpreted the
curvature of these curves in tcrms of a simple dissociation theory inVOlving
lead dodccanoate (PbA:z):

Assuming that the major charge carrier is Pb z - and that it moves by a simple
activated process, the following expressions W~re obtained:

and

where !J.Hi, ~Sf . All, and tlS are the enthai pies and en tropics of activation
for mOI'Cmellt of the Pb z · ion and !!<e dissociation rcaclion. respectively.
Thus. plots of log K tersz,s liT should be linear WIth slopes ofiMi ~ -t tlHi3)1
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electrical resistance curve. The fifth molecule is :lot present as water o·
hydration but is thought to originate from OH groups in the crystal.

Perhaps the most commoniy used simultaneous te\;:ITIiquc invoivinE
electric conductivity is that with DTA. Burmistrova and Fitzeva (66) usee.
this technique to study the reactions between alkaline earth O1etal oxide:
(CaO, SrO, BaO) a:1d selected Pb, Cu, and ?\i halides. E!ectrical conductivit:
is useful in determining the appearance of a liquid phase at the moment 0'
interaction between the solids. The interaction between BaO and CuBr, a:
shown in Figure 11.18, is exothermic, as revealed by the DTA curve peak a'
360"C. This is accompanied by an increase in electrical conductivity alsc.

3002CO100

R

o
7emceratlJrc. ~ C

Figure 1~.!7. S;Tlw,:aneous lhermodila:ome:ric (1.) and ~,ec~r~cal rcsiSlar.ce (R) ""rve, of
CuSO•. 5H,O. DTG il:ld TG c:.::-ves are .Iso sht>wn (65).
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forming a small peak in the curve. On further heating, the curve returns to
its baseline until the reaction product, BaBr l , begins to melt 730°C, where it
again increases rapidly. The 360"C peak, which is due to lhe melting of the
Ba(OHh _. BaO eutel:tic, also appeared in a reaction mixture of BaO and

PbBr2'
An apparatus for simultaneous DTA-ATA measurements (where ATA =

amperometric thermal analysis) has been described by David (97). This
apparatus, as shown in Figure LL.19, consisted of a 20-gauge platinum wire
electrode, H. coupled to a small platinum-plated stainless steel cup, F, which
constituted the other electrode in the electrical conductivity system. The
small platinized cup received the same type of sample as was utilized in
ring-type thermol:ouples. The upper elel:trode, E, was movahle so as to
maintain continuous contact with the sample during first-order phase
transformations in which a reduction in bulk volume frequently occuned..
A suitable de voltage from 1 to 1000 V was applied to the sample and the
current flow through the system was measured by an electrometer con
nected in series with the voltage source. Loss ofevolved water in the dehydra
tion of CuSO..·5HzO was followed by this technique as well as the fusion
behavior of potassium nitrate and certain polymeric materials.

- -E

c
Figure: 1.19. DT.A·ATA sample ~older developed
by David :97J. A. e.eclrorr.eter ;~PUL lead: B. negat:ve
vo::age i~.pal ,ead; C. Lhermocoer;e I."ds: D< ono,ing
wale~ con neclers ; F, Pyrex carCa", vollage :nsc:,llor;
F, sample pa:t container: G. differenlla: lhel'7:':oco;Jp:e:
H. p:ati~.u:n e:eclroce: 1, sample-ho:der cover: 1.

B platinum •.ec:rode coupler.

Wendlandt (l00) used electrical conductivity (EC) measurements to
detect quadruple points in various metal salt hydrate systems, This was the
first application of this te(;hnique to detect the presence of quadruple points
that had previously been dctermined by DTA (101) techniques. Using DTA,
the quadruple point is indicated usually as a shoulder peak on a larger
endothermi(; peak. In the case of CuSO<j.·5H;:O. :he four phases present
at the quadruple point are CUS04'5H~O,CuSO... ·3H 20, H~O (I), and H 20
(g). Due to the presence of a liquid phase in contact with the ionic solid, a low
resistance or conducting solution is obtained so :hat a rapid :ncrease in I
is indicative of the quadrupie point.

The apparatus used by Wendlandt (100) is illustrated in Figure 11.20. It
consisted of a recording micro-microammcter, an x- Y recorder, a power
supply capable offurnishing 3-25 V dc, a sample holder and electrode probe,
and a metal blol;.k furnace whose temperature rise was controlled by a simple
temperature programmer. Powered samples of the metal salt hydrates were
contained in Pyrex glass tubes. 5 mm in diameter by 50 mm in length.

The EC-DTA curves of CuS04 '5H 2 0 are illustrated in Figure 11.21 (100).
The DTA was similar to that previously described except for the more
pronounced resolution between the first and second peaks. The first began
at about 9Lec, with a l\Trnin of lOPe. The AT"'in values For the second and

f;=:::::::::::::==:::==::;r '6'71
"""II

I@II
l...!::::::==::::::!::=~/

X·Y Recorder

Figure:! 20. EC :lpparal"s deve:aped b~ Wer.d::J.~dt (:00)
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is influenced by the furnace heating rate, Tbe EC curve of BaClz '21-J,0 at
various heating rates arc shown in Figure 11.23. As :he heating rate de
creased from 20-1.25"C·min I, the slope of the peak changed rather drastic
ally. At the high-heating rates, the peak was much smaller and broader: on
decreasing (he heating rate, the peaks became sharper and of greater height.
The area of the peaks varied also but much of this was due to the inabil;tv to
pack the sample in a uniform, consistent manner. The effect of heating rat~ on
the shape oftbe peaks is related to conditions prev:ously discussed. At rather
high-heating rates. the system is too far from equilibrium and condition 131

cannot be met. Low-heating rates would allow more time for the water vapor
to diffuse away from the sample but with :he e::closed sampit: chamber. the
diffusion process is hindered. The Fe peak maximum is also affected by ,h~

heating rate. At 20"C'min ·l. it had decreased to I03C. A:though the peak
maximum temperature changed with heating rate. :he temperature at which
the peak began changed little. They ail began in the temperature rnnl!e 97
lOO"C. A :narc daborate thermaf analysis system was described by Chi~ II O:!.
1(3) in which COncurrent TG. DTG. DT A. ar.d EC measurements were
reCDrd~d, The sample-!Jandling system oi thi$ appornlUs is shown in Figure
11.24. One electrode. M. in the sJrr:ple holder. IS J O.OO3-in,-thick piece L'f
platinum :oii wrapped around tb.e cer:.lmic insulut:on. T. of the sam pie
thermocouple. Z, The other electrode. I.. is made from platim":r:1 foil :n the
form of J cyjinder to fit ir.~ide the 4Uarll t:Jbe. K. The sampie is pad:ed
tlghrly between the Cwo dectro<1es: J 'p.Ker. S./o"::Hed at the bot:om oCr.'e
lube. is used to prevent accidental sh<)f~ing of the electrodes. Current Oowing

t'C AT

~5050

I-------EC

100
Temperature. 'C

Figure I ',.:!l. EC-DTA curves of CuSO.· jH,O (100).
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.nird peaks arc 112 and l35'C, respectively. Formation of iiquid water was
'eadily shown by the EC curve in that the current flowing through the sample
Jegan to increase at about 95 c C and obtained a maximum. ECrn... at 103°e.
{apid vaporization of the liquid water from the saturated salt solution was
-eadily apparent by the steep slope of the descending por:ion of the curve.

:0 EC peak was observed for the CuS04 ·3H 20 .,. CuSO.;.·H 2 0 :ransition.
For tbe BaCI 2 '2H 2 0 system, as shown in Figure li.22. the DTA curve

,ontained two endothermic peaks, in agreement with previous studies. The
rst endothermic peak, which is of primary interest here, began at about 90°C
,jth a 6 Tmin of 112°C. The presence of a liquid phase was indicated by the

lppearance of a peak in the EC curve. The peak began at about 98'(", with
m ECmax value of IOB°e. The presen(;e of the liquid phase in this system was
Lot observed by Borchardt and Daniels (101). They stated that the relatively
:mall difference between the vapor pressure of the sa:t hydrate at the quad
'uple point and atmospheric pressure required ciose adherence to equi
ibrium conditions if :he formation of a liqUid was to be observed. This
ondillon, they stated. obviously was not met. On ;;:oscr inspection of their

::>TA curve, however, a slight shoulder peak is observed in the curve. Perhaps
,I they had used a slower heating rate, a more pror.oullccd peak would have
')cen observed. This shoulder ~eak is observed also ir. ~he DTA curve in
"O"igurc 3 although the slower heating rate (2SC·rr.in ' 1 did 110t reveal
~nother peak in this region of the curve.

As with other T A techniques, the electrical (;onduct:vity curve of a sample



THER.\10ELEcrROMETRY

Figure I: .~4. Appara:us used by Chiu C02) for parallel TG-DTG-DTA and ETA measur~

men!s, A. balance bousing: B. balance beam ,heath: C. beam s:op. D. quar.<; beam: E. sample
contuiner: F. thermocouple black; G. sample measuring tbermocoup:e, H. ceramic tUbing
I. platinum jacket : J. rererence quanz t~be: K. samp:e quanz. :ube: L. c:lter platinur:1 electrod::
Y1. cenler platinum e:ectrode: 1'. cold beam member: O. P, platinum lead wires: Q. sampI'
thermocouple junction; R. refe:-ence thermocouple :unction: S. ,pacer; T. ceramic insulati",:.
U. V, sample thennocauple wires: W. platinu~ grounding wire.

two O-rings, giving a vacuum-tight connection. A spacer keeps the compactec
sample in a fixed position near the center of the furnace, Electrical contac'
wilh the sample is made by means of two platinum disk electrodes presser
against the opposing faces.

Carroll and Mangravite (106) described an apparatus in which simUl
taneous EC and DSC measurements could be made on the same sample. Thc'
referred 10 their lechnique as simultaneous scanning calorimetry ane
conductivity (SSCC).

A highly ser.sicivc EC-DTA apparatus was developed by Halmas ane

'•.
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through the system, under an applied dc potential of 1-2 V, is detected with
an electrometer and recorded on the Y axis of an X -Y recorder. Sample
currents from 10-:°_10- 5 A, in five decades, were recorded.

To study the EC of several metal oxide systems, Rudloff and Freeman (104)
used an apparatus in which an electrode, E!, inside a gas flow tube made of
Vycor glass, was mounted on a glass disc fused to a sturdy glass capillary tube
fixed at one side of the flow tube. The other electrode, E2, was fixed to a
similar disk-capillary tube combination. A spring provided adequate pres
sure of the electrodes to the single crystal or powder pellets for good dectricl:Il
contact. The flow tube is placed into a heated tube fumace and during opera
tion, the entire system is carefully shielded to prevent noise pickup from the
surroundings.

An apparatus for simultaneous electrothermal analysis (ETA) aod dil
atometry has been described by Judd and Pope (IOSlolt consisted ofa thermal
aluminous porcelain 525 tube mounted horizontal1y in a Kaothal wire
wound tube furnace capable of operation up to a :emperature of 12SO'C.
The rube is reduced to a narrow neck at one end to which a vacuum line i;:;
connected. Fixed to the olher end of the tube is a meta! 'Jracket fitted with

i
• I, '
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Wendlandt (107). A cross-sectional view of the sample holder is shown in
figure 11.25a. The sample (and reference) container was const,ucted from a
platinum crucible, 5 mm in diameter and 5 mm in height. which made contact
with junction of a thermocouple on the bottom. Since the thermojunction
was in direct contact with the sample. it was coated with a thin layer of Teflon
(from an aerosol spray container). This limited the temperature maximum to
about 320 340'C; however. withoul the Teflon the maximum temperature
:imit was about 550°C. To measure the electrical conductivity of the sample.
:he investigators welded one electrode to the sample container while the
other was a platinum wire that was introduced into the sample through a
hole in the Teflon cover. The depth of sample contact by this electrode was
adjustable by means of a screw device. Two modes of operation were used:
in one. no cover was used for the sample container, whereas the other was a
tight-titting cover for self-generated atmosphere studies. The reference holder
was similar to the preceding holder in order to maintain the same heat cap
acity, but it contained aluminum oxide rather than a thermally active
sample.
Details of the complete EC-DTA cell are shown in figure II .25b. The heater
block. which was machined from aluminum. contained a 500 W heater
cartridge located in the center of the block. Two cylindrical chambers located
on each side of the heater housed the sample and reference container,
respectively. Care was laken to position each container at exactly the same
distance from the heatcr. It was found from previous DTA studies that thc
diameter of the container cavities greatly influenced the DTA curves obtained.
In this cell they were 18 mm in diameter by 38 mm in depth.

The upper electrode was electrically insulated from the block by a ceramic
tube and sleeve and was attaehcd to an adjustable screw dev:ce and an
electrical connector. To aid in sample loading and to remove the spent
sample. one half of the block was removable. It was aiways placed into
position when EC-DTA measurements were made.

The cell block was supported by three 5-mm-diametcr ceramic rods that
were attached to a 12-mm-thick circular aluminum base. To insulate the cdl,
the experimenters used a \iarinlte enclosure which was approximateiy 10 mm
thick. It could be placed over the entire cell during :he heating cycle and
removed to aid in the cooling of the cell back to room temperature. All
electrical connections were made on H connector located on :1-.1: base uf the
ceil. Due to the cell construction. it was :lot possible to control ihe furnace
atmosphere it: any manner. hence. most of the runs were made i:1 the self
generated atmosphere mode.

The order-disorda trJns:tion for a series of thermochro:n:c M"HgI ...
.:omplexes. where M is Ag' . Cu' . Hg~ +. TI -. and Pb~ -. were studied by the
above ETA·DTA apparatus 1108). As In example. the ETA-DTA curves for
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.~u2Hgl4- are given in Figure 11.26. As is well known, the thermochromic
Tansition of this compound occurs at about 70"C, at which temperature the
::olor change is from red to brown-black. The color transition is reversible
.n that on cooling, the red compound is again obtained. In the DTA curves,
n both the heating and cooling modes, only a single narrow endothc:mic

Jeak was observed, which was due to the thermochromic transition. During
Joth heating curves, the peak began at 64"C with a Tm1n :emperature of70"C.
-he peak was also observed during the cooling mode. indicating, as expected,
hat the transition is reversible. The ETA curve peak was not as well pro-

no~nced during the thermochromic transition as was the DTA peak. Only
a snoulder peak was observed sImultaneously with :he DTA (.:urve peak but
thIS was followed by a large asymmetric curve peak with a maximum at
approximately 92"C. Apparer.tly, an additional disorder occurs about 2OQ°C
which resul~s .i~ a ~urvc peak with a maximum al about 212"C, On cooling,
nor.e of the mltIal ETA peaks were observed in the curve. Reheating the sam
pl~ gave the same ETA curve peaks, but ail of them were at a decreased peak
h~lght. ~rom the preceding data. the ETA curves appear to indicate mUltiple
dlsordenng processes or transitions involving phases not previously re
ported. Similar behavior Was noted for the other complexes as w~il as for
HgI2 and AgI.

Csing the apparatus described earlier, Halmos et al. (109) made a more
thorough investigation on the determination of the quadruple point of
CuSO.. ·5H 20. These results are summarized in Table 11.7, In (1), the effect
of sample size is shown. As the mass of the sample decreased, the amplitude
of ~oth the EC and DTA peaks decreased, with the EC peak disappearing
completely when a sample mass of less than 10 mg was employed. In (2), as
the 3eating rate increased, the magnitude of the splitting of the first dehvdra
:ion peak increased in the DTA curve. The EC peak also increased in a~pli
tude, which indicates the formation of a more substantia/liquid phase in the
system. The effect of particle size on the EC-DTA curves is shown in (3). All
the DTA curves have the same general shape and the magnitude of the EC
peaks did not change significantly with particle size. However, with !arge
panicle sizes, there is some distortion of the EC-DTA peaks which indica~es

that a more complicated diffusion pro.;ess is probably occurring.
In conjunction with the development of a high-pressure thermo balance

(122) and DTA apparatus (123), an ETA apparatus capable of operation
from 1- 170 atm in the remperature range of 25-S00Q C was also constructed
(124). The sample holder, electrode system, and furnace were enclosed by a
stainless steel pressure vessel. Pressurization of the vessel was affected by usc
of compressed nitrogen gas obtained from a cylinder. The effect of pressure
changes from \ -170 atm on the ETA curves of BaC!2·2H20 are given in
Figure 11.27. A moderately packed sample of the compound showed no
change in current flow during hating at 1 atm. As the pressure increased,
a slight change in the curve aear loo'C was observed. With increasing
system pressure. the magnitude of the peak height and also the area in
creased as did :he temperature range of ETA. The increase in the peak
height and area is thought to be due ',0 the decrease in diffusion of water
vapor from the sample as thc prcssure is increased. A secor::d peak was not
Observed because the heat lransfer through ~he metal sample cup wa;l was
rapId enough ,0 vaporize the riberated water and the short diffusion paL' was
:1ot as effective i:1 retarding ~he escape oft:-Je vapor as::1 :he previous sample
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Table t 1.7. Effect of Experimental Variables all the Quadruple Point of CuSO. ·5H20
(l09)
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3. l'ar:icle size

holders. Additional ETA curves for BaG 2·2H 2 0. BaBr"-:~H~O and CoO"'
6H 2 0 were given by Williams and Wendlandt 1125).

In order to investigate the ETA of pure substances or mixture:; of pure
sub5tanc~s Wit~l a matrix material such as KBr. KL or KCI. Wendlandt (llOl
developed an apparatus in which the sample. in the form a cis;'; 5 mm in
diam~tcr by I mm thick. was placed between two circular metal electrodes.
In order to assure efficient contact between the electrodes and the sample
disk. he held the upper electrode :n place by a spr::1g-1oaded mechanism.
Also. instead of meusurit'.g a de current through the sampie. a var:abic
frequency ac powe~ supply was employed Ihal permitted ac current measure
ments of the samples.

Wendlandt has also described an EC apparatus that can be incor
porated into the furnace of a commerc:al l~crmobaiancc so that concurrent
EC-TG measurements can be made 1110). This sample holder was later
modilied so that concurrent EC- DT A measurements could also be carried out
{ll2). A high-temperature EC rurnace and sample holder. ror use up to
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_, has been described by Wendlandt (1121. The sample holder and
ace arrangement arc shown in Figure It .28. The sample 1\, in the form
pressed disk (1 x 5 mm) was placed between tv.o platinum elect~odcs

mm in diameterl. Leads to the electrodes were led out of the rur:1ace are:l
':me-holed ceramic insulator tubcs. To maintuin J constant te:lsinn em the
ole disk by the electrodes, one electrode IS spring-ioaded at rI. T!"Ie f:lr
~ consists of a !'<ichrome resistance wire heakr dement on a Vycor tube

<iloiy insulated with a ceramic matcriai. :\ clamp G st.:curcs the rubt.: :'ur
~e to the base. Furnace temperature, Jr' is dClccted by a Chromel-r\lumd
~rmocoup[c !m;ated at D. The ather componcnrs of the EC apparan:s :.lre
~ same as those previously described. The apparalu~ was used on pure

'.',
,'I'

J~~.:
i..

Figure 11.28, ETA sampie holder and furnace :or use up [0

:OOOT i 112).

samples, compressed in the for:n of disks, or of a matrix mixture with KCI.
KBr. or KI.

The EC technique was applied to the study of thc thermal decomposition
reactions ofcoordinarion compounds by Wendlandt (113), One such investig
ation (113) invoh'ed the ETA of selected [CO{~HJ)6]X3 and [Co(en),]X3

complexes(X = 0-. B,' . r-, NO;, HS04" and~C~O; -), These compounds,
which had been previously studied by TG, DSC, MS. EGD, EGA. and ther
momagnetic analysis tecblliques. were chosen because of questions concern
ing the intermediates formed during the thermal dissociation processes,
Also. the reaction with various matrix materials such as K~03' KBr, K:!SO..
and so on, was also llv·estigated.

The ETA cunes of[CUi ~H3)6]C13 in various matrices are given in Figure
t 1.29. As can be seen. there is a Wide variation in the ETA curve of[Co(~H-3)61
CI J with composition of the matrix material. The ETA increase begins at the
following temper:l.turcs for each matrix: 250'C (K~03); 270"C (KBr and
K:!CrO .. l: 285 C tK 1SO,l.l. :l:1d 290"C (KCn. All the matrix materials
.:xhibited int<:rm.:aiarc peaks in :r.e ETA curve except KNO J , which gave
only a pronounc.:d increas.:;n EC to a maximum value of 1000 )J.A. The ETA
CUfVl;:S all incre<lScd with (cmpcratu.re :n the 400' C temperature range except
that for the KCI matn'\.. L"nfortunatcly. :t is not possibie at this time to i:lter
prel the react :ons r6ponsiblc for the oc-:urrcnce of the ET A curve peaks in
the KCI. KBr. K:CrO~. and K:SO.. matrices. All the peaks are related. of
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increased above 230'C and further changes were observed at 350 and 530'C,
respective!y.

Due to the inherent problems of studying the thermal decomposition of
~H4VO) by TG and D1A Trau 169) found that elect,ical conductivity
could be used to provide information relating to the changing concentration
of crys~al Jallice defects. The formation of these :attice defects is connected
with any formation process of a new solid phase. A decrease in the electrical
conductivity curve in the temperature range 10-50'C was ascribed to the
probable desorption of water vapor from the sample surface. Three maxima
were observed at 150, 190. and 230°C, respectively, which corresponded well
with the threc stages of the ~hermal decomposition process of ~H4VO). as
determined by other thermal analysis techniques. These maxima can be
explained as a result of the decreasing number of lallicc def~cts due to dif
fusion and combination reactions. A curve peak at 290.. ]70"C was related to
the recrystallization of V30S as well as to the possible oxidation of V601.1to
V20S' The foregoing results show that this technique can he useful for detect
ing andior confirming the existence of intermediate products of the thermal
decomposition reaction.

This was also the case when ~andi et a1. (70) used electrical conductivity
and dlelectric constants to study the deaquation reactions of single crystals of
:'-liS04 ·6H30 and NiS04 ·7H 20. as well as FeS04-·7H.0 (23) and CuSO.. ·
5H.0 (72). The electrical conductivity curve of a NiSO..\6H 20 crystal
grown at 40°C contained four distinct peaks at temperature maxima of
100.142,186. and 360°C, respectively. For 'iSO.. ·7H 10 crystals. melting
and boiling of thc evolved water were also observed in the electrical conduc
tivity curve. One mole of water per mole of salt was evolved from the crystal
and dissolved part of the 'KiSO..\. creating l'-;i:- and SO~- ions in solutiDn.
These ions caused an increase in conductivity that decreased as boiling began.
The number of charged particl~s. n. in the electrical conductivity curves of
thcse compounds could be determined experimentally by calculating the
area under the current versus time curves and dividir.g bye, the charge on ~he

electron,
Sircar et al. (73) used electrical conduclivity;o study carbon-filled polymer

compounds. Thermal transitions were observed by tilis technique that could
not be detected by any other thermal analysis techr.ique and it could also be
used to predict the thermal stabihty of amorphous po\yrr.ers. A modified
Du Pont DSC cell was lIsed for the electrica: conductivity measurer.lents.
Employing dectric<J1 conductivity techniques. Rajeshwar ct aI. (74) showed
that the Green River O1i silab decompose by a two-step proce$s in which :he
ratc-determining step is the III ~reakdown nf ;.In oute~shell ~ol<Jr bridgc
structure (180-J50'Cl and (1) deavage of an ir:ne :~aphthenicstructure aiso
:nv<llving polar groups 1350-5OOT). The obst:n'ed :~end in charge transfer

400tOO
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F;gure I :.29. ETA curves oC [CO(:'IH')6]C I in 1:1 matrices or Kl"O,. KBr. K:SO~. a~d

KCI (113).

716

course. to the formation of conducting phases formed as intermediates in the
thermal dissociation reactions.

Simultaneous electrical conductivity-DTA was used by Romano\' et al.
(67\ to study the thermal behavior of -x.-ox.yalkylphosphonates. It was found
that the thermal Iransformations of these compounds and their analogs are
preceded by the ionization of the hydroxy group near the 'X.-carbon atom,
On the phosphonate-phosphate rearrangement of a-oxyalkylphosphonates
containing electron-donor substituents ncar the 'X.-caroon atom, :10 prior
decomposition to the initial components takes place. and rearrangement
proceeds by an intramolecular tricenter mechanism.

Electrical conductivity was used in conjunction ....ith other thermal
analysis techniques by Golunski et al. (68) to study the oxides of antimony.
For orth.orhombic Sb::O) (valentinitel, in '1 2• '.he 11rst thermal effect to be
observed by electrical conductivity was a change in slope at about 225'C.
which was not observed by any uther tech.nique used, This decrease was
observed to be the loss of chemisorbed Oll groups; the mass-loss being too
small to be observed by TG. For cub:c Sb10.l (senarmontite). in :'-1 2• changes
occurred in the electrical conductivity curve at temperature$ well below
those observed by DTA or TG. The slope or Ihe electric;]1 conductivity curve
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where C,i is the capacitance of th~ empty dielectric cell and C
y

is the
stray capacitance.

The experimental parameters of interest :0 :be DDA :ecbnique are the
following:

B' can also be measured by a "sampk in" and ".samvle out" measure-
ment. according to the expression .

(11.13)

(11.14)

(11.15)

(11.16)

(11.17)

- {'
tan cl. = 

c.

. C,' Cq
I; = -

C, - C~

I
C -'-'- - - :oin < Z.

' (!lIZ;,

1. Sample Capacitance. C,

<5, = tan-1IwR,C,)

where R. is the resistance of the sample.

3. LOIS Tangent. tan b.

where Z, is the sampie impedance and w is 2~f the angular frequency.
2. Phase Shift, b,

whe~e B' is the relative dielectric constant of the sample and e", its lOSS

factor which 1$ related to the conducti\1ry. (i, of the sample by

The preceding expressions permit the calculation of the equivalent dielectric
parameters of a sample from the measured attenuatlon and phase shift
values.

Dielectric measurements, as a fum:tlOil l'f temperature. :J.ave been widely
used to studytr.c properties oi semiconductllrs. inSUiatior. materials. plastics.
elastomers. all shales. inorganic substance-;, and others. The die:ectric con
stant technique provides more insight l:Jto :he segmental mmions of the
molecuie and relaxation phenorr..ena 1116; than d<)es other electrical meaSUre
ments such as electncai conductivity. r<:Slsm-:ty. 3:Jd so on.

':',

~,..
l

··r·-

'-i/o.,

"I'

I

J

,j)

mechanisms in the decomposition behavior of lbermally unstable materials
may be indicative of how thermal and electrical properties of all solid
materials in general are dosely coupled.

The ac electrical conductivity of ammonium and alkali metal perchlorates
was studied by Rajeshwar et al. (75-77). Plots ofln(a-T) versus l/T were made
for both heating and cooling cycles with results usually superimposable
once the samples were subjected to an annealing treatment. Activation ener
gies were obtained in tbe usual manner for the K, es, and Rb salts. The elec
trical conductivity of ammonium perchlorate is the subject of a major
controversy concerning the mechanism-controlling charge transfer. One
model is that of proton transfer, the other is a defect model in which inter
stitial ::\H; ions are believed to be the dominant charge-carrying species.
The results of these investigations are consistent with an extrinsic detect
controlled behavior in the temperature range studied (ambient to 350"'C).
Identical charge conduction mechanisms were present in all the perchlorate
salts studied. Electrical conduction in the low-temperature region is postu
lated to take place via temperature-activated jumps of interstitial cations
(Ea = 0.55-0.78 eV). Anion vacancies, either free or bound to an impurity
ion, contribute appreciably to the conductivity at higher temperatures
(E. = 0.87-1.11 eV).

Khilla and Hanna (88) measured the electrical conductivity of CrO] from
20-182°C. The conductivity decreased with temperature, which may have
been dne to the presence of OH groups adsorbed on the compound, The
activation energy was calculated to be 4.32 eV, which may represent the value
for the gap width of CrO)_

3. Dielectric Constant

The application of dielectric constant techniq ues to thermophysicai measure
ment of solids has been used for a number of years (ll4, 115). The early
uses of the technique involved isothermal measurements empioying bridge
methods. Recently, techniques have been developed that permit the measure
ment of tbe dielectric constant of i:I. solid as a function of temperature. in a
manner similar to other TA techniques. Chiu (1l6) used the term dynamic
eleerrOlhermal analysis (ETA) to describe the measuremcr.t of both the
capacitance and the'dissipation factor of polymeric samples. ::\ottenburget at.
1117) developed an automated technique that permitted the rapid determina
tion of the dielectric properties of a su bstance over a wide range of tempera
ture and frequencies. This technique. which was ~alled dYl1amic diotleClric
analysis CDDA). was modified to measure concurrent:y the DTA (;urve of the
sample as well 1117, ! l8). This new technique WliS <:t.llled dynamiC dielect~ic

analysis-differential thermal analysis. DDA-DTA.
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Although many instruments are commercially available for the measurement
of dielectric constant, only several will be described here. A block diagram of
the apparatus used by Chiu (116) is shown in Figure 11.30. The instrument was
designed so that the control and data output could be used ill conjunction
with the Du Pont 900 thermal analysis system. The temperature oftne sample
holder assembly was controlled by the temperature programmer of the
thermal analyzer console through a thermocouple feedback loop. A General
Radio automatic capacitance bridge provides digital output signals of both
capacitance, C" and dissipation factor, D, or conductance, A, automatically
and continuously. This bridge has thn:e fixed frequencies of 120, 400, and
1000 Hz, and is available for use up to 1 MHz. The digital output of the bridge
is converted to analog signals by a D/A converter and displayed on a
X-Y\ y 1 recorder on the console.

A schematic diagram of the sample holder, which was built around a Du
Pont 941 thermomechanical analyzer, is shown in Figure 11.31. The electrode
assembly contains two stainless steel electrodes that permit the use of sample
disks having a diameter of about 1 em. Comact of the electrodes with the
sample is assured by placing a to g weight on the upper electrode. A thermo
couple positioned close to one side of the sample provided measuremen t of
the sample temperature. Purge gas can be applied through a glass tubing into
the sample chamber. A glass Dewar flask was IJsed to cool the sample for low
temperature measurements; the temperature range of the sample holder
furnace arrangement was said to be -190-500°C.

The automated DDA-DTA apparatus described by ~ottenburg et al.
(1 I7, 118) is shown in Figure 11.32. Two modes of operation of the DDA are:
Mode A, whiCh allows monitoring of the ac electrical properties of the sample
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~igu:e I:.3? DDA-DTA appara:us described by ~"ltenbUTg ~l aL (117. liB). (al. Bleck
lag,am Uf,yslem: (b). sample·holder arrangemer.:,

by rods that are insulaled from the nickel block with ceramic inserts Fo
s . I h 1 . h . urrimme.tflca .0 es In ~t. e block provide cavities for lhe tv.o DTA and :wo

DA san:ple and re.erence materials. The I:min~ assembly can be either
flushed wnh an .lTIe~t gas or evacuated. A ~ca~iaJ-lype lwo-cerminal elec
trode cor.~guratlOn IS used for the DD/\ measurl:ffiCms. The ::mer eiectrode
lS a solid stiver rod 5 mm in diameler which is posilioned symmelrically wilh
respect t? the oUler electrode. comprised of a '.hi."1 silver foil pressed to the
outer walls of the 13.5-mm diameter cavity. The coaxial arrangemenl perroits
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over a range of frequencies from 50-1 MHz at selected temperatures; and
Mode B, which permits the measurement of dielectric properties from 25-

800"C at selected frequencies.
The major component of the system is the Hewlett-Packard desk-top

calculator, shown in Figure 1U2a. which provides digital control of the
system components, acquisition of thermal and electrical data, and subse
quent processing and storage on floppy-disks. A general-purpose interface
bus links the calculator with various components of the control assembly.
The major components of the system are a programmable frequency. syn
thesizer and a network analyzer. Frequency coverage from 50-1 MHz is
provided by the frequency synthesizer, with the network analyzer functioning

mainly as a vector voltmeter.
The sample-holder arrangement consists of a nickel block 50 mm in

diameter and 45 mm in length. This block is suspended from a vacuum flange
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10 a glass transition, whereas the higher-temperature peak is due to a de
conduction mechanism.

Bristoti et al. (79. 80) used dielectric constant measurements, as well as
other thermal analysis techniques, to study ,he thermai decomposition of
various inorganic compounds. The DTA ar.d dielectric constant curves for
Na1'\03 both consist of a single peak. [n the DTA curve. a narrow endo
thermic peak centered at 165"C was observed, due to an order-disorder
crystalline transition. The dielectric constant curve showed a weU-def.ned
Debye relaxation behavior for this compound. This relaxation is generally
accepted to be due to a diffusion process of the nitrogen ions along the crystal
b axis. [t was found that the dielectric constant curve for the dehydration of
CuS0 4 '5H2 0 was similar to the TG curve rather than the DTA curve of this
compound. The dielectric constant curve for this compound did not show
any significant Debye relaxation behavior and changed little during the
dehydration reactions.

The dielectric constant curve versus temperature was also investigated for
K4[Fe(CK)6l3H20 by Bristoti et a1. (80) in the temperature range - 80
150°C. Four peaks were observed in the curve from - 80-·- 25'C. due to the
presence of the water of hydration. A single peak with a maximum at 105'C
was due to a paraelcctr:c order-disorder transition. [t is in ihis temperature
region that the dehydration reaction

takes place.
1':ottenburg et a1. (117,1181 used the DDA-DTA tech:1ique 10 study the

:hermal properties of KCI04 (113). Green R:ver oil shales (83, 34). and oi;
sands (85). The weak dependence of 8' and r,' on shale orgltoic content al

frequencies in the range of 50 I \1 Hz effcl:tively rules out the application of
dielectric techniques as an assay tool (35). The transparent ;,ehavior of oiI
shale minerals to electromagnetic radiation in the microwave frequency
could. however, facilitate possible detenTIination of organic content at these
frequencies. For oil sands (85), the e' values showed an anomalous inc~easeat
temperatures above 200"C and reached a ma"imum at temperatures in t~e

range 350-450''C. This increase ~s attributed to polarization dTects arising
from the :hermal decomposition of oil sa~d bitumen, T~e dielectric Joss
tangent (tan 6) showt:d a tempt:rature dependt:nce similar :n nature to that of
r.'. This increase 1n tan Ii i5 due :0 the increased condUl:tivity Mising from the
creation of mobile charges from thermal fragmentation of the oil sand
bitumen, This anomalous increase is superimposed upon the usual expon
ential temperature dependence of the de electrical I:onductivity. Dipolar
relaxation elTects were observed in tan 15 lor (') at temperatures above 150=c..1.

250200:~oo-100 -50 50 100
Te"1pe'ature, ·C

F;gure ',1 33. Dieleclricco.Jc.';t.:ln: Ceo,,", OrV3r1lJUS rLl.YI1l"~':116).
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b. Applicatio/ls
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::'hiu (116) used the apparatus previously described to study the thermal
lecomposition of selected polymers such as poly(ethylene te,ephthalate).
Joly(vinyl fluoride), poly(vinylidene fluoride), and others. The dielectric
:onstant curves of a group of fluorocarbon polymers are shown in Figure
.1.33. As illust,ated, the more polar polymers such as poly(vinylidine fluoride)
PVDF) and poly(vinyl iJuoride) (PVF) show charactc,istic dielectric loss
leaks that are distinguishable from the relatively featureless and low-loss
urves of the other polymers. For PVF. the low-temperature process is due

neasurements on liquids, powders. or machined samples and otTers greater
:1exibility than the simple paralJel-plate configuration. The other 13.5 mm
::avity is used for temperature measurement of the block.
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600°C; at 600'C, the dielectric constant was 469. TIe temperature depend
ence of the dielectric constant at I MHz above and :'eiOv. ~i, ,:C :evcaJed a
Curic law behavior.

A current-voltage tech:1ique was developed by Rajeshv.·ar cS9! to study oil
shales. When an electric field is appiied to a solid subsl.3..nce.. the current
Bowing through :t is time-dependent. Two types of polariz:u:ion mechanisms
have been used to explain [his time dependency; ~inear polar:.zation and
nonlinear polarization. A convenient method ufdistinguishing between these
is to examine the In J Jj versus In V plols (where J 3J is ctl1"T"eI11 density and V
is the voltage). Linear polarization will result in curves with a slope of -I- 1,
whereas nonlinear polarization will give linear In J -r: versus in J plots of slope
L The oil sha.les reveal a complex behavior involving both li.near and Don
linear polarization effects.

A tYrJ icaJ current density versus voltage curve for a C~liorado oil shale is
given in Figure J J.J5. An increase in terr..peraturc cnhanL~ ,he !lor.linearity
in the curve while an increase in lhe shale organic: com:::nt lor oii yield)

Hgu ...e, :\.l5 V.H·fJ!:~'lIl1ft·:..rro,;::n:.d~;1S;l) \ol, Ih"'l)jlilg.Crl'r:J(-"rl.lr;h.hl,,~ ~n.J'C"~'~,.I,'C'!li = ~IJO
L :r};~ I J 1~·)1.
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-hese relaxation effects arise from orientation of dipolar charges created by
:he thermal decomposition reaction.

The dielectric constant versus temperature curves of trans-stilbene and
,-benzylideneaniJine were determined by Kwatra et al. (86). As shown by the

-urve for the latter compound in Figure Il.34. the steep curvature ?fthe ~urve

ust before melting is indicative of a premelting phenomenon m~ol~tng. a
50lid-solid transition, whereas the behavior in tbe supercooled reglOn Indlc
lIes the occurrence ofa prefrcezing transition in the I:quid state. SLlch a .phen
,menon is not uncommon, particularly in molecules with a str.ong dipolar

;haraclcr, with groups involving torsional oscillations or rotatIOnal move
:nents.

The dielectric constant at I MHz showed an anomaly near the phase
.:-ansition point for K ZS04 (87). A gradual increase of tbe d~el~ctric c~nst<uJt

.It 1 kHz for this compound was observed from 158 to 600 C, at 600 C, the
Jielectric conStant at 1 kHz for this compound was observed from 158 to

-lgure 11.34. D,electnc constan: of :-;.benzylidcr,enn·line. --) he~lIng' .-":1. ~llll;i~g 1%)
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c. Current-Temperamre and Voltage-1'emperature

tended to enhance the nonlinearity of the current-voltage behavior, This was
manifested by the shift in the threshold voltage to lower values with increasing
oil yield at a given temperature.

b. Thermally Stimulated Discharge (TDS)

A new simultaneous thermal analysis technique was reported by Weber and
Vogel (901. which consisted of DSC or OTA combined with thermaLLy
stimulated discharge (TDS). For copolymers of methyl methacrylate, the
molecular origin of the TSO-current at the low-temperature sid.,; of the Tg
was related to the disorientation of small polar segments of the comooomer
in the main chain of the polymer. The TSD-current of the !X2-relaxation
(T - 80"C) increased with increasing comonomer content. The TSOrpeak
at T > Tg could be attributed to trapped space charges that regain their
freedom of motion. This simUltaneous technique is recommended for the
investigation of the relationship among the dipolarization of dipoles, carrier
transport, trapping of real charges, and thermal transitions of polymers.

Pillai et aI. (91) studied the current versus temperature curves that were
obtained when certain polymers, in contact with two dissimilar metal elec
trodes, were heated to moderate temperatures. The magnitude of this eur~ent

was proportional to the metal electrode work function. the liberated ions that
reacted with the metal electrodes electrochemically. and the resistance of the
ceIL A plot of current verSUS temperature for cellulose, using eu-AI elec
trodes, contained only a single peak in the 50-130'C temperature range. This
peak was attributed to the Water that was desorbed durir.g the thermal
degradation reaction. A second increase in the current above 150·C was
attributed to water dehydrated from equatorial hydroxy groups in the cel
lulosic units. Similar current-temperature curves were obtained on poly
(vinyl alcohol) and l'iSO.j.,6HzO.

Wendlandt (119) has developed a similar techr.lque but plotted the E~F
versus temperature. Since this was potentially a new general thermal analysis
technique. he proposed the name rh"/'l11ot'o/raic d",,,uivil (TVD) for it. The
E~F is generated by the sample unde~going a thermal t~ansition I:usion.
thermal dissociation. erc,) :n contact with two dissur.i1ar dt:ctrodes (usually
platinum and aluminum. respectively), A s'.:hematic diagram of the elt:(,;trode
arrangement:s show:1 in Figure 11.36 \ll91. The voltage 0: the e:ectrodes
during the ther:nal decomposit:on reaction of the sample varies :rom () to
1,2 V, This is rather surprising because in most T A te.:hn iq ues. the mag:J iwec
of the measured signals :5 of the order of mlcrovob or millivolts. Thus.

729
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~impler voltage measuring recorders arc needed to record the V-I curves.
Vendlandt (119) employed a data center recorder that permitted storage
Jf the digitized data on floppy disks,

TYD curves of three inorganic compounds,l\"iS04 '6H20, CoS04 ,7H20
and :-ri(pY)4C12 arc shown in Figure 11.37 (119). Two of the compounds are
netal salt hydrates, NiS04·6H20 and CoS04 '7H2 0. whereas the third is
a pyridine complex, ~i(pY)4CI2' For ~iS04'6H20,a shoulder peak at 119°C
llld two peaks at 135 and 160"C, respectively, are observed in the curve.
-:'hese peak maxima agree with the concurrent DTA curve (not shown)
,btained on a disk sample at the same heating rate of 10°C min -I, [n the case
Jf CoS04 '7H20, two major peaks arc observed in the IVD curve, at 109
:md 122°C, respectively. These two peaks occurred at a much lower tempera
:ure than those found in the corresponding DTA curve (136 and 150°C,
-espectively). The evolution of water is 110t necessary in order to generate an
::MF from the electrode system employed, as is illustrated by the TVD curves
If Ni(pY)4CI2' Two peaks are observed in the curve at 144 and 165°c'

,-espectively, In this temperature range the DTA curve (not shown) contained
:wo endothennic peaks, with peak minima at 144 and 183°C, respectively.

The TVD curves of five organic acids are iJlustrated in Figure 11.38 (120),
::ach acid gives a characteristic curve that can be used for fingerprinting or

:>
~i(pY)4CI2

",,
T \

0.: v \
\,

...... _------
CoS04·7H20

"\I \

i / \
"'":"j, "

~"'..j~: " ...._-----

identification of the individual compound, All the acids generate a chard'::
teristic E~F curve during fusion and/or decomposition reactions. For theso
compounds, the probable electrode reactions that OCCur at the Ai-Pt el=O<!
system are:

Aluminum electrode (- )

:~y - - 3H nY .• AlY J ~ 3nH ~

.... '.........................

At the end of the n.:n. :he aluminum elcc:rod.: :s cO\ie~ed wi1h a deposit :'ron
:h.: organic acid. necC'ssitating polishing :t before :1:e start oi the n~:\t rUL,
The reproducibility of the TVD curves was demonst~a1ed with malonic .leic..
Three Curves. recorded u:Jder identicai cor.ditions. were within 3-4~,~ of ead:

20050 100 150
Temoerature, 'C

'Igure 11.37, TVD ~urves of :-<iSO.'6H,O. CoSO.,7H:O. and 1"IlPy).CI, :r,!'o, und at
O"C min -: heu:ing ~ale (J :9).
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d. Applied Electrical Fields

which might also react wirh the aluminum electrode via various diffusion
type reactions. Decarboxylation reacrions might also proceed via the alumi
num dectrode to give the amine. R-CH 2 -;\;U 2. Also. at stHI higher
temperatures, pyrolyth: reactions may take place yielding carbon or car
bonacious residues.

H;:S. -CH- -COO- . -~. R C-COO-

k

These would involve the primary electrode reactions with the amino acid: a
possible secondary reaction could involve deamination reactions of the
amino acid s<.lch as

3H]"::'-i- CIl-COO- ~ AI J ,

platinum electrode 1+)

Aluminum electrode ( - )

previously described :'i.lr succinic acid (120). Using a general formUla for an
amino acid, one finds that the electrode reactions are probably:

R

MacKenzie 195. 96) has developed a method for the TG study of solids in the
presence of applied electrical He Ids. Electric tields 01 the order of _lOS Vim
:owc, the initlal decomposition temperature for the dehydroxylation of
kaolinite by 60" in Sl1me cases. The activation energy ror the process is
reduced by 3 12 kcal mole '. Rate constants for !he ma:erial arc if!cteased
~y clcctrolysl.~ but this t:lTect falls off at higher temperatures as the normal
processes begin 10 pr~dominate.

r
:t','

M'SCELLA~EOCSTHERMAL Al>:ALYSIS TECH:-;IQCES

DSC Ll7~,nCc) Tl1••CC)
---

Arnino Acid 'This work Refs. 3-6 TVD' TGb

L·Arginine 248 246 265 285
L-Glycmc ~62 259 288 285
L - ·Glutarr.ir.e 192 196 :::10 228
L·Hist:dine :>'87 288 :)08 322
DL·Lysine' He: 273 233' ~9i" 310
DL·~e:hior.ir.e 272 289 2SH

732

'Peak maxima tcrr.peral:lfC,
bTemperature :or max:rr:ur.1 slope ofTG curves.
'For L-:ysi:le.
'No! available.

Table 11.8. DSC and TVD Peak Temperatures for ~Iected Amino
Acid.~ (I21 )

other. The reproducibility may be fortuitous when all the instrumental fac
tors such as solid sample-electrode and liquid sample-electrode interfaces
are considered.

The TVD curves of selected amino acids were determined by Contarini
and Wendlandt (111). A comparison of the TVD and DSC peak temperature
is shown in Table 11.8. The TVD peak temperatures are somewhat higher
than those obtained by DSC. Obviously, the kinetics of the eleetrode
decomposition product(s) reaction are different from those of the decomposi
tion reaction. These electrode reactions probably involve one or more dif
fusion steps between the electrode surface and the amino acid or amino ,a,cid
decomposition product(s), which would be different from the decomposltlon
kinetics themselves. The leading edge of the TVD curve peaks is reproducible
to within ±1 ·-2%. However, after the peak maximum temperature is
attained. the reproducibility falls to within ::20% in some cases. This is
related to the electrode-amino acid decomposition products interface,
which due to the namre of the reaction, would not be expected to be repro
ducible. The trailing edge portion of the curve also consists ofseveral shoulder
peaks that may be related to the consecutive and/or concurrent reactions
previously described in the DSC curves. These reactions could produce
decomposition products that would react with the aluminum metal electrode
surface.

The primary amino acid-e1cctrode reaction is probably similar to that

,J
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2. Instrumentation

Thermosonimetry (TS) is defined by the ICTA as ~that technique in which the
sound emitted hy a substance is measured as a function of temperature whilst
the substance is subjected to a controlled temperature programme." As a
thermal analysis technique. 1'5 is concerned with the detection and interpreta
tion of the various acoustic emissions occurring prior to, during, and after
thermal events (127). It can thus contribute to the elucidation of the thermal
behavior of solid materials and to an understanding of the dynamic processes
of the solid state. The technique has been developed for thermal analysis
measurements principally by Lonvik (128, 143) with other applications
described by Clark (127) and Rajeshwar et a1. (129).

The specific origin of acoustic emissions are: Il) fracture mechanics.
(2) release of inclusions, (3) phase transformations, and (4) dislocation
processes and plastic deformation (128). Sonic noise-producing processes are
obviously initiated by the strain-stress state of the crystalline state. Different
thermal expansions of crystallites, mutual displacemellts of them, and so on,
cause the material to rupture and shear, The sudden release of the thermally
accumulated elastic energy can initiate measurable mechanical vibrations.
Decrepitations, caused by exploding gas-liquid inclusions in minerals as they
are heated, can initiate sonic shock waves. Certain phase transitions and volu
metric effects of structure recrystallization, emit ultrasonic emission. Pro
posed sources of acoustic emission include dislocation stip~, disiocation
breakaway. activation of dislocation sources, twinning, grain boundary
sliding, crack nucleation. and phase changes.

The technique of 1'5, although not widely used at the present t:me in
thermal analysis, has the potential of being useful in many different areas of
science and technology. It has been applied to problems :n inorganic and
organic chemistry. mineralogy, metallurgy, fuels, and so 011,

The components of a 1'5 system are showr. in Figure I : ,39 (130). A resonance
stethoscope is used to transmit crystaliine vibrations in [he sample to the
audio frequency range where they are converted to e~cc:rical signa:s by use of
a piel.a-electric crystal. The stethoscope is constructed of quartz. which.
becau~e of its high Q value, operates mechanicaliy both ;lS il [Unec pick-up
sensor and as a self-exciting resonator. The unit ::1corporatcs J sam pie
hoider head shaped as an acollstic transformer anc fit,ed V,ilh a transmitter
rod that mechanically matc.:hes the piezo-e!ectric cd~ bed on a hc::.lvy recoil

I' "

q".,
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3. Applications

The TS curve for MgiOHh powder is given in Figure 11040 (130). Tl1e curve
is characterized by successive subpeaks around 400"C which is at the begin·

27t

24r

I

2""

18

r
'5,

]
8r
3"

al
6 ,oc

F:gun: t 1.40 TS cu,,"'e of ~g{OH), powder (130).

ning of the endothermic dehydroxylation peak in the DTA curve. The T:'
signals at the 400-C peak are lowered 50' on decreasing the heating rat~

from 1O-2"imin. From the TS curve it was concluded that the dehydroxyla
tion reaction is stepwise.

The TS curves of four kaoiinite samples arc presented in Figure 11.4
(l3l). All the curves contain two areas of TS activity. The first region. :"wrr
500 600'C. corresponds to dehydroxylation. whereas :he second regiar•.
980-985"C, is due to the high-temperature solid-state phase transition. In th~

temperature region between them, the so-called mctakao]in region, severa
smailerTS activities arc noted that have not been identified. The dehydroxy;·
alion peaks consist of numerous subpeaks and in some cases show a spiittinf,
into two separate regions. This indicates that this process may consist of twe
sepamte steps.

Four Green River oil shales were studied by TS (132). The TS curve of th"
sample with ll. low organic content, 54 L/ton. is shown :n Figure ll,42. Al
the l;urves contained the same general features even though :he organi:.
contents varicc from 10-400 Ljton. Four reglOns of TS activity were notet
in .:ach curve although there was considerable overlapping in the 300·
470"C region. \1ost of the samples had a tendency to exhibit activit)' over::

(11.18)(1 '" p cos(2x))

x = 1m!

with the parametric substitution of

1. A series of instantaneous pulses, S[:'\.J, with a perioe, T(w), inserted
on an oscillator system (wo), which give an impact resonance if nw =
we' with amplitude, A, of S/2mwo (sin 7CWo/W).

2. An instability effect of a closed passive resonance system ill a self
exciting oscillating amplitude because of a small perturbation of
frequency, W, in the potential state given by

portional to the displacement appearing at the reflecting end of the .tra~s

mission rod. The results of these electrical effects appear as damped rmgmg
oscillations of the natural resonance frequencies of the stethoscope assembly.
A full analysis of the signal is a rather complicated problem but two effects
of fundamental importance are:

The principal method of TS detection is based on the registration of t~e

number ofbursts (or waves) per second of the electrical signals. The electromc
components include also a circuit to register the primary frequency com
ponents in the TS burst signal. The occurrence of the individual frequen
cies is stored and recorded as a distribution versus frequency curve. The out
put curves are a scan of the TS activity versuS temperature and the pulse
height analyzer output that gives the density distribution per l°C of TS
actiVity.

An apparatus similar to the one de.scribed by Lonvik (130) has been
discussed by Clark (127). Improvements include a waveguide system that
can be accurately and reproducibly positioned and the attachment of the
piezo-electnc crystal transducer. The system also includes a DTA sample
holder for measurement of concurrent TS-DTA data. Furnace heatmg rates
up to l00"C;min are required for some studies although the normal heating
rate is 40"Cjmin. The maximum furnace temperature is I OOO"C.

Mraz et al. (129) have described an automated technique for the therrnO
acoustimetry of solids in which precise measurements of the transmission
times of Sand P waves across a sample of known dimensions can be made.
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Table 11.9. I<:xtrapolated Onset TenJperatures of :'IiBs..reTA Standara Kerf

Materials 759 and 760 (\33)
--------------

leTA Mean Observed Mean Observed ~.

ExtrapolateC Onset E1<trapolateC Extraoo"
Tempe~ature (8), Onset Temperature. Onset I er.Jpel'_

TinA DTA 673-.4 TS-DTA
-- -

Material ('C) (C) (el
KClO 4 299 J{)() 294
Ag,SO.. 414 427 416
SiO, 571 570 563
K,SO.. 582 579 576
K2CrO.. 665 663 661
BaeO, 808 806 800
SrCO, 913 923 911

------ ---

and the TS-DTA values are within =5-8"C deviation of I!:C 7;cTA va:
Other meterials s\i;dicd by TS include alkali metal dichromate, (i

CuS04 "SH,O(136); European and South American bau.,ites( 137); K,Cr1 ,.

(138); Ca,SiOoj. and Na,BeF4 (139); CsCI..~aCI phase diagram fl40}; [use,
salts (141); metallic glasses (!42); quart? (143): and others.

Figure 11.41. TS curves of kaol:n.te (131).
Sources: G, Standard pOf<:e:ain: b. G~olleg:

c. :-;SC; d. LPC.Te"1l::;erature,III'C

I I! I
300 600 900 ilOO

-..-.h-..--lJ'"

o

broad temp<:rature range in this region. Very little TS activity was noted
above 500°C.

Clark and Garlik (133) compared the TS peak temperatures with the DTA
peak temperatures for the ~BS-ICTA temperature standards. However,
the precise relationship between the TS peak and the DTA peak for a given
thermal event was not established.

The extrapolated onset temperatures for the l\'BS-ICTA standard materi
als are given in Table 11.9 (133). Three sets of data are presented, the JCTA
(134) temperature; the DTA (model 673--4 DTA apparatus) temperature; and
the TS-DTA apparatus temperature. Standard deviations between these
onset temperatures and the ICTA mean ex.trapolated onset values (7iCTA) arc
-1.5 and - liSC, respectively. The deviation of the DTA 673·4 IS negligible
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tibility of the reacting mixture can be calculated and planed as a function o'
system :emperature to yield the T:\1 curve. Such a plot is shown in Fig:.lr~

11.44 (65), where the molar percent reduction of the Co; ~ -+ Co 2 ~ reactior.
mass susceptibiiity. and moJe·% cobaltilIl) ~educed Curve are p,esented.

Charles ct al. 1166\ used T\1 to study the reduction of FC3C with e;{ces:
lithium or sodium metal. Decomposition of FeJC, shown in Figure 11.45, i.
~apid above 600 C. whereas the re:H.:tion with socium metai incicates that m
direct ~caction such as

tan take place in lh.: l.::n~era:ure ,ange :.It which the dissociation ~e;]ction i:
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'Ibermomagn~tomecry(TM) is defined by the TCTA as "a technique in which
the magnetic susceptibility of a substance is measured as a function of tem
perature while the substance is subjected to a controlled temperature pro
gramme." The determinacion of the magnetic suscept:bility of a substance at
various temperatures has been used in inorganic chemistry for many years
as a means of determining metal ion oxidation states, stereochemistry, Curie
points, and so on. Tn thennomagnetometry, the changes in the TG, EGA,
or other technique curves of a substance are determined in the presence or
absence of a magnetic field gradient. The most common technique employed
is TG, but EGA has also been used to study reduction reactions in reducing
atmospheres. :"1umerous analytical applications have made use of this
cechnique for the determination of magnetic materials in a nonmagnetic
matrix. This discussion will include ollly those applications ofTM as defined
by ICTA and will not be a comprehensive review of the applicacions of
magnetic techniques to inorganic chemistry or other fields.

2. Instrumentation

3. Applications

For TG·TM. the sample holder and furnace are in dose contact with a
magnetic: field, supplied by either a permanent or electromagnetic magnet.
The observed changes in mass are proportional to changes in sample mass
and the magnetic susceptibility of the sample. both as a function of tempera
ture. Either the classical Gouy or Faraday methods of determining the
magnetic susceptibility of the sample may be employed. Instruments dc
scribed in the literatUre :oc1udc a helical-spring microbalance-Faraday
or Guoy magnet apparatus (144. 164). Ainsworth semimicro recording
balance-Faraday magnet apparatus (165): Perkin-Elmer TGS-! thermo
balancc (145) and Cahn rr.ic:-obalance (146-149)-Faraday rr.agnet systems.
For EGA-TM st:.Jdies. a magr.e: ;s located in close proximitY:o the :urnace
and ,ample holder (145. 150). A mass spectrometo:r or similar analytical
device are used to monitor the evolved Or ~eac:ed ,;lases.

The 1'G curve of [CO(:\,1I 3)6jCI 3• in the absenl:e and presence ot"tt magnetic
field. are shown in Figure: 1.43 (165). The deviacions 01" the TG curve Ln the
presence of the magr.etic neld arc propor:lOnaJ to che magnecic suscepti
bility of the substance. From this curve. the changes in the magnetic suscep-
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This is particularly evident for the alloy heated at the slowest rate. O.62°Cmln.
Intermediate heating rates showed less of this resolved behavior. A rapid
heating-rate TM curve will quickly reveal whether the alloy ::tad previously
undergone significant spinodal decomposition during its prior thermai
history.

T.:v1. along with TG, EGD. and X-ray diffraction, was used to study the
thermal decomposition of siderite (145, 151). The TM curve for siderite. ::1
nitrogen and oxygen. is presented in Figure l1.47. The decomposition in :-';2
begins around 400°C as the wustite originally formed becomes oxidized by
the CO 2 and magnetite is formed. These magnetite nuclei grow until they
are of sufficient size and crystallite perfection to magnetically order, Th:s
gives rise to an apparent mass-gain in the magnetic field gradient because
the sample is still below the 7; for the spinel phase. As the 7; in this phase IS

exceeded, the mass quickly adjusts to the mass-ioss curve in the absence ofa
magnetic field. The T.: (- 550°C) is in good agreement with literature values.
In O 2, however. the wustite is so :"apidly oxidized to hematite that the
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figure 11.44. TG. mass mscepc.:bility. and 'l1o:ar percc::l reduction of lCot~ II J). ~ct,.
A. TG curve; B, mass suscej:ltibiliry curve; C, mo:c-~~ cobalt(lII) reduced cu:-ve(165).

important, Both the Curie point and the extent of interaction with the
magnetic field at room temperature were found to be unaffected by the
heating.

Thermomagnetometry was used by Gallagher et al. (151) ro study the
phase changes of Chromindur II (Fe-28 Cr -10.5Co) alloys having different
thermal histories. The TM curves for this aHoy at various heating rates are
shown in Figure 11.46, Although various sample masses were used. the
curves were normalized by using weight (mass)% as the Y axis, The fastest
heating rate, 160C C!min, gave a curve the most representative of the pure
:x-phase. The sharpness of the transition at 040-650'C indicates a 7:,. (Curie
point temperature) of 650°C for the a!loy. As the heating rate is decreased.
:he extent of:t, and:t l formation should increase. resulting in the max;mum
variation :n composition between the two phases. Since the spinodal de
composition results in phases of higher und lower chromium content than
the parent .:x, alloy, ~hcre should be apparent mass losses at higher tempera
~Uri:S depending on the magnetic properties of the various :x, and 'XL phases.
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strongly magnetic spinel phase never has a chance to form. OrJy the mag
r.ctically Induced perturbation evident in the slight drop at about 675Q C is
indicative of the parisitic ferromagnetism in hematite, T~ was found to be a
useful technique to detect the intermediate magnetic phases during the
thcrmal decomposition reaction. If the 1; of the resubng spinel phasc is
depressed belOW the decomposition temperature of the siderite, then inter
mediate phases cannot be detected magnetically. The end product, however,
can be evaluated by tbis technique to aid in determining the distribution
of impurities.

There has been much interest and controversy :-egarding the influence of
an external magnetic field on reaction rates below their magnctic transition
ternpcrature~.Skorski (153) found an increase in the reduction rate of hema
tite to metallic iron when Hz was used as the reducing agent in a 500-1400
0c magnetic field. Rowe et al. (154) observed no difference in the reduction
rate ofNiO to ~i on the application of a strong magI1etic field. On repeating
the reduction reaction with FezO•• they found that the application of a
magnetic field of 4200 0. resulted in a significantly slower reaction rate
than when the reduction was carried out in the earth's magI1ctic field (155).
In all cases, the product was more highly magnetic than was the reactant.
The reduction rates varied as follows:
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Using EGA in the presence of a magnetic field. Gallagher et a!' (150) eould
find no significant changes in the reaction rates ior :hc :-educ:ion of COlO....
NiO, or }.'ezO., Earlier'TG el'periments wcre probably erroneOus due ,0
distortions of the gravimetric measurements brought on by magnetic effects
arising from. for example. amorphous :0 supcrparamagr.ctic to bulk crystal
line transitions as the ~eaetion zones grow and/or rearrange or align the
particles during tbe reac~:or.,

In sriH another srudy. usip.g T\1 combined with TG ar.d EGA. Aylmer
3:ld Rowe (1591 concluded thaI a strong magnetic ftdd affects the reduction
:-ates of some metai OXIdes. :n pan:cu:ar. those of CoO ...... Co. FeJ0.l, -+ Fe.
and FeO ...... Fe, O~hcr real.:tions. such as :"JiO • :\i. C030~ -- CoO. and
Fc10J FC3001 do not seem to bc ar:ectcd by st~ong magnetic fields.
Obviouslv. ~he end to :his controversy does not appea: ;n sight.

Larso~ ct ai. (149. lSI. 156-158) used TM to study the composition of

'C

Hgure 1:.-t6. T~ c..rves for C:'rom;nour (ITJ at vanou, hea:i;;g ra:es \: 51).
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II}; or I~~ I

chelant -> ferrous chdale - f~rric chelate

(diamagnetic) (paramagnericl (paramagnetic)

magnetite

(ferromagnetic)

where WI'" is the final mass. magnet :n place: to/[ is the Unal mass:n absence
of magnet; WI is the molec3lar weight of Fe: Wz :5 Lh~ :nolecuiar weigh t of
FeSl; and W; or Vl'd is the initial mass or dry mass of :he sample.

Charles et aL (163) used TM to follow the dissolution of magnetite
containing nuclear steam generator sludge deposits:n a chelant-based water
solution. The method is based on the ferromagnetic narure of magnetite and
the loss of magnetism that occurs upon reaction ",.:ith chelams:

and the final mass of the ~esidue is recorded. The percent of FeS~ (pyrite) in
the sample can be calculated :rom

Consumption of magnetite can be followed by this procedure whether the
products of reaction remain in true solution or reprecipitate as separate solid
phases.

F. ACCKI.ERAT1l"G RATE CALORDlETRY

1. lutroductiOD

The accelerating rate calor!meter (ARC) is an instrument that provides
time(r)-temperature (T)-pressure (P) data for thennally initiated chemical
reactions taking place under adiabatic conditions. The technique. which was
developed byTownsend and Tou (167,168) in 1977 can determine the follow
ing parameters: (1) adiabatic rate of self-heating. 121 adiabalic time to explo
sion. (3) rate of pressure rise, (4) maximum rate oi reaction. tS) kinetic data
such as E, II, and prccxponential term. and (6) heat 0f reaction. t1H,. Jhus.
potential hazards associated with the thermal oeha'"ior oi substances can be
evaluated to assure their safe handling, processir;g.. and siorage. A:though
DSC and other thermal analysis methods can evalL:a:e the thermal stability
ofa substance. they have limitations as a realistIc tes; :'or process r.azards in a
reaction vessel (169). ARC can be used to simulate and study self-heating
reactions that can initiate ~unaway thermai reacrio:'!s..-\ single experiment
can provide ample ther.nokinctic data from t-T·P rdal:onsh:ps that are
applicable to the design and perfonnance evaluations (1f batch ,eactors and
storage vcsst:ls where agitation does not affect Jehuvior.

L

Magnet OU~

W'"1

K

I n'Crease ,n JI 0'
Ir01 In cGolirgJ

W.

"'0[

urge we g~1 ,ncrease
due :0 • of :rrw

from red~c:,oc of "e.C,

Af:e' :onslart wegrl
l.JrracE! eft I

V

}{

Terr.:e'a:VE! 10 400' C

Magnet ·cserteo
wE!.g~t ircrease

d~e to ": c' Fe.Ol
'""'2 flOW

begins
W. G

I
Asr '(c'r
Figl.'E! 2

T "E!

F:g:m: : I~. -:"M curve or :oaJ U5r. ~ If.1 :.

known CI-C4 carbonaceous chondrites in meteorites. Certain magnetic
phases can be identified and their mass percentages estimated. The only
magnetic phase found in four of the Cl chor:drites was magnetite containing
!ess than 6% ~ickeI. The RevcLs:oke c: chondrite contained essentially ~i

free Fe30~ as the predominant phase. although only a small amount of
thermally unstable iron compound (presumably FeS) was additionally
present. Estimates of the mass iJercentagcs of magnetite. bas.::c on saturation
momentS. ranged from 5.3 =0.4% to 12.2 1:: 0.9% for the various 0 chon
drite samples.

Rowe et at. (144. 160-162) used TM and TG to determine the pyrite
contents of coals and lignites. A TM curve ofa coal ash used for analyzing the
pyrite content of the coal is shown in Figure t 1,48. The presence of initial
Fe~03 is first checked by inserting the magnetic field around the sample and
sample holder; this results in a small change in mass, as shown in the TG
curve. The temperature is then slowly increased to 400°C, in Hb whereby
the Fez03 is reduced to metallic Fe, causing a large increase in the apparent
sample mass. When aU the Fe203 is reduced, the saturation magnetization
due to the iron becomes constant indicating that the reaction is complete,
and the furnace heater is turned off. An increase in apparent mass is observed
as the sam pIe cools due to the increase of saturation magnetization of tr.e Fe
with decreasing temperature. Again, the apparent mass will become constant
as the temperature approaches room temperature. The magnet is removed
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2. Instrumentation

:'he ARC calorimeter jacket and sample system are shown in Figure 11.49
168). A spherical bomb is mounted inside a nickel-plated copper jacket with

3. swagclok fitting to a 0.0625 in. tee, on which is attached a pressure trans
lucer and a sample thermocouple. The jacket is composed of three zones,
-op, side, and base, which are individually heated and controlled by the
:"ojisiljJSicrosil type is thermocouples. The thermocouples are cemented on
.he inside surface of the jacket at a point one quarter the distance between
:he two cartridge heaters. The point is halfway between the hottest and
Xlldest spots of the jacket. The same type of thermocouple is clamped directly
In the outside surface of the spherical sample born b. All the thermocouples
are referenced to the ice point that is designed to be stable to within 0.0 ICC.
'\diabatic conditions are achieved by maintaining the bomb and jacket
-emperatures exactly equal. The sample holder has a capacity of I-lOg of
;ample. Pressure in the system is monitored with a Serotec 0--2500 psi TJE
;Jressure transducer; pressure is limited in the vessel to 2500 psi. The maxi
:nurn temncrature of the system is 500°C.

A schematic diagram of the complete ARC calorimeter is shown in Figure
11.50 (170, 171). The iogic to search for and follow an exotherm is pro
grammed to permit use of a selection of run parameters and to provide an
on-line display of critical variables such as time, temperature, and pressure.
A search for a reaction exotherm is accomplished by elevating the sample
temperature by a fixed increment (step-heat) and then checking to see if the
sample self-heat rate exceeds a user-selected thresbold. Once an exotherm is
detected, automatic collection of time, temperature, and pressure data is
carried out until the reaction has finished and the self-heat rate has dropped
back below the threshold value. All operations are cOlltroIled by a micro
processor system with final data presentation presented via a built-in line
printer.

Tht: heat-wait-search operational logic of the ARC is shown in Figure
11.51 (168). The ARC is first heated to a desired starting temperature and
beld a period of time for thermal equilibrium to be achieved before a rate
search is performed. If the rate is less than the preset rate, the ARC will
proceed automatically to the preselected temperature step heat-wait
search sequence until a self-heat rate greater than the preset rate is detected.
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The expected 7'-t eurve for an adiabat:c :eaetion system is ;riven in Figure
11.52. For an exothermic react:on at adiabatic condttions. the-h.:at ger:er:ted
from the reaction at an initial temperature To will result in a te;';oerature
rise. which in turn accelerates the rate of the reaction. H01;\e"..er. as~ociated

with the acceleration of the rate is the depletion of the concentration of the
reactant. Therefore, the rate of the reaction is expected to decrease after
reaching its maximum value at lemperature Tm and final1\' diminishes [0 zero
at !he completion of the reaction at temperature fr. At ~v Tor r. tr.c cor..
ce~wation of the reactant can be related approximately t~ tbe temperature
of the system

MISCELLANEOCS THERMAL A~Al.YSIS TECH~lQtJE5750
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Figure 11.51. Tbe heat,wail·search ope,.allo,.. mode of the A.RC (16&),
where 6 TAB is the adiabatic temperature rise, 0- - To. and Co) tbe ir..itial
contration of the ~eactant.The heat of reaclion, 6Hz • can be calcuiated !'rom

Table 11.10. The Precision of the Tllermoltinetic Parameters for di.f-butyl Pero~ide

Evaluated from 16 Runs (168)
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if the average heat capacity. C,., over the experimental temoerature rang:e and
'he mass of the sample. ,'v!, are known. '-

Substitution of equation (/ 1.~0) after differentiation with resp...'Cl to T,
into the Arrhc:lius equation. gives an equation relating the thermai measur-

-':- 7.7

.:.. 2. l)

: 2.3
- </5
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:t 5.~ C

i: i .1l2
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= O.O:-lX
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36.11 kcal mol
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I!n In unit)

AC:lvl:nion energy, f.'
React ion urder. n

The calorimeter will be maintained at adiabatic conditions until the com
pletion of the experiment. The stepwise heating is accomplished with a
radiant heater located at the bottom of the jacket.

Tbe performance of the ARC, as evaluated by the use of di+butyl per
oxide, is shown in Table 11.10. L'sing a sample mass of - 2 g, thl:: thennal
in tertia, tjJ, was - 7.0. Literature values of E for di-t-butyl peroxide in various
solvents range from 34.0-39.1 kcal/mol (168). Thus, the ARC values are
somewhat lower. In order to evaluate the solvent effect. a 14.6 weight-%
di-r-butyl peroxide in mineral oil was run in the ARC and an E or 38.9 kcaJ;
mole was found.
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able quality, T. to a kinetic event

where k" is a psuedo zero-order rate constant at T. Substituting the Arrhe
nius equation into equation (11.23), we obtain

111.27)

4. Applications

reaction rate is more drastic than the acce:erat:on effect due to the tempera
ture rise. TJis phenomer:on can take place not only in a pure chemical system.
but also in a system with :hermal inertia, !p, which wiil loWer the adiabatic
temperature ri~c, ~ T<\Il.

The time to maximum rate (TMR), 8m , can be expressed as

where my is the self-heat rate at T and m.. is the self-heat rate at T.... A pfot of
8m Versus T2jrnT is a straight line with a slope of R/E ar.d intercept, - RT;'"
m..E.

Other expressions can be derived for the temperature of no return. I~R'

and the thermal inertia, ¢ (16M).
The principles of ARC ean be illustrated by the thermaJ decomposition of

Diazald (N-methyl-N-nitroso-p-toluene sulfonamide). An ether solution of
this compound gave a rate of O.044CCjmin above the threshold, 0.02"c,-min,
set for the calorimeter, at 71.2'C. The calorimeter was maintained at an
adiabatic condition until the completion of the reaction at 131.2'C

The temperature and pressure recorded during t!1e adiabatic reaction are
shown in Figure 11.53. The amDunt of gas generated is about 0.4 mol :110[-1

of DiazaJd.
The temperature rate vcr~us temperature plot is shown :n Figure 11.54. A

plot of pressure rate versus temperature revealed a linear relationship, as
expected from the data presented in Figure 11.53. The experimental data
and the calculated ~esults are summarized in Table I U 1.

L'sing an average heat capacity, C." of the reactant of 0.5 cal'C/g, the heat
of reaction found was 230 eal;g which gives a molar heat of 50 kca;;mol.
When the caJculated pseudo zero-order rate constants, k·. are plotted for
three assumed reaction orders, a straight :inc was obtair::cd ror n = l. The
Arrhenius kincti.: parameters, E and A, were eakulated to be ~7,860 kcal, mol
and 4.58 x 1014 min '. respectively.

I!

II

(l1,2J)

(11.23)

(11,24)

(11.25)

In K* = In q -1A - ~ (~)

k* = Cn - I k = mr
o ('If _7')"

~'[As ~TAB

where my is the self-heat rate measured at T or I.

Rearranging equation (11,22) gives

A plot of In K'" versus liT is, therefore, expected to be a straight line, pro
viding,. the order of reaction is correctly chosen. The Arrhenius kinetic
parameters, E and A, can be calculated from this plot. A plot of the initial
self-heat ratc versus the redprocal of the initial temperature gives

and wHl yield a line with a slope -ElR. This is called a zero-ord~r :ine.
As the initiaJ temperature increases. the :nitial ·self-heat rate :nereases

following the zero-order line. One very interesting phenomenon occurs
when the maximum self-heat coincides with the initial self-heat :ate. Above
this temperature. the reaction decelerates. even though the temperature
itself (;ontinues to increase. This temperature is designated as T* and l:ar. be
evaluated when 1;" = To = T* and Tf -= ~T...a -+- T*;

rroviding that there is no mechanistic <;h<lnge in t~~ remp~rurure range Gf
tnterest.

T~i~ equation in.dic:Hes that. Iheorc:icaJly. there always e.xis:s :l tempera
ture. 1*. for a reaction, abovc which t~e concentr:ltion deplct:on cfrect on the

!E~ TAD
T* = i---

V nR
(l: ,261 The kinet:cs of the thermal decomposition of di-r-buty: perox:de i:l toluene

were d~termined by To:.! ilnd Whiting (l7~1. They round the i;:inet:c param
eters to be E '-' 37.8 :: l.a i<cal,mol and :og.-4 = 16.15 .= 0.61 sec-I. Th:s
compares Favorably With E ~ 37.78 :. 0.06 kcaI. mol and log A "'= 15.80 
0.03 sec- I determmed by Shaw and Pritchard (1731 from; ieast-sauar;-s
treatme:lt of 177 data points obtained by various workers. The highesI se~f
hear rates that the calorimeter can Follow withou: d~vil1tion from the
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Table 11,11. Experimental and Calculated Kinetic Data of the Dlazsld/Diethyl Ether
Solution (16)

Experimental Ca;c'Jlated'00
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40

20

~,

.",..;---------------

-'-------
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IE:(PIJ/"irrentail

- :ISO

-/200 t
i
il

¥
T

50

Thermal inertia
Ir.jual temperature l C)
F:nal ~emperature (:C)

Adiaba:ic temperat~re rise Cc)
lr.itial self-heat ~ale I 'C min -:)
:vIaxim'.lm sel::r_e'<ll rate (T min - ')
Temperature at ~a'(im;jm rate (C)
T!me '.0 maximum ratc \m:n) .

Activation c:\ergy (kea! ;nol-I)
Frequency factor (min ')
Heat of reaction of Diazald (keal mol- ')

assuming Co = 0.5 cal 'C_g-l

2.0
71.2

l3l.2
60
0.044
I.B

120
199

2.0
71.1

131.2
60
0.057
1.7

120
191'
143b

27.860
4.58 x

50

1.0
71.2

191.2
120

0.1l4
190
171.2
87"
74"

"'igure 11.53, Temperature a:ld pressure versus time C1,Irves of the thermal decomposit:or:
JfDiwAld in diethyl ether solution (168).

';"Iiumerieal intee:ratlon.
bEqIl:ll ion ( 11.~5 l.
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G. S£DEX SYSTE.\1

I. Introduction

expected self-heat curve were found to be dependent on the type of sample
container and ".he sample itself.

Compounds studied by ARC include styrene (174), o-nitroaniline (l69),
di-(r-butyJ) peroxide (171), and substances employed in the synthesis of
explosives. detergents, bleaches, adhesives. fertilizers, resins, plastics, and
many others.

A comparison has been made of the evaluation of thermal hazards by
DTA, DSC. Dewar tests, and ARC (175).

The SEDEX system (SEnsitive Detector of EXothcrmtc processes) was
developed by Hakl (176-178) for investigating the thermal decomposition of
compounds undergolng c;<;otherrnic processes. It featurcs: (: 1a high scn.si
[ivity: (21 a mode of operation conformabfe to plant cond1tions; (3) economy,
for example. :ow coSt of apparatus, simultaneous meaSurements, reliable
data. and so on; and (4) a simple way \0 operate !lnd interpret the results.

200:607050

1.0

u
:;;

'"1
1

-4 ExpllrT'''''!!1tal

J ~_?~?_~-l-_..J,I'_C_.....'"_._IOO__~_
90 '2Q

- .... f'TI.Perilt.Jn rCc:-P
:5<:.10: 'rr 'KI

-:g~re : 1.54. The experimc"tal and colcul,lled se:f·heat ~ate versus ;emper:l:~~e curves af lhe
.~erT:1a: decomposition of D~ala;d 116K).

754
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Figure 11.';6, Char: recordictg of the lhe:-:nal stability of 1,5-d:nitTOanthraqu;none (;76).

Z. Instrumentation

'\ schematic diagram of the apparatus is shown in Figure 11.55. The sample
~S heated in a suitable receptacle (50 ml glass beaker) by means of a gaseous
.:nedium whose temperature rises in a linear manner. Platinum resistance
:hermometer sensors are used to detect the heating medium and sample
.emperatures, which are displayed on a three-channel recorder. The difference
:n temperature between the heating medium and sample, at high sensitivity,
.s also recorded. If there are no exothermic processes taking place, the dif
erence temperature remains constant. The temperature at which the
-emperature difference begins to decrease is the initial temperature of an
,,:xothermic process. Conversely, the temperature at which the difference
Jeglns to increase is the initial temperature of an endothermic process.

The oven must be capable of maintaining a homogeneous spatial dis
ribution temperature using air or other gaseous atmospheres. Stirring the

iample may not be necessary in all cases but is recommended when suspen
~ions are being investigated. The stirrer has a stirring speed of 100-500 rpm.

A display of the three-channel recorder is shown in Figure 11.56. The
sample, oven, and ditTerence temperatures are indicated. An initial tempera
.ure of 315°C is shown for an exothermic process.

A comparison of SEDEX with other methods is given in Table 11.12.
:be SEDEX temperature is always lower than any of the other methods
-isted. The Sikarex is an adiabatic calorimeter developed by Sandoz.

-amp. difference I
oven temo. - S<l"1Ple :1l':1P.t

I

Detect.?d frlita! :emo.
of the exo:hermlc pro~ss

Sa"'1p.e temp.

i'C)

4 5 6 7

I I

Ii! I ,
2/.0 250 260 270 280 290

• I

App .es :0 :ne
tenp. di~.

Applies to
t~e sarnoIe

a'lo ove" ~e:"1 p.

l
Table 11.12. Comparison of SEDEX wirh Other Thentlol Hazard Evaluation Merltods

(t76)

jnltia~ Temperature of:he E:tDI!lermic Process 1'0

Temperature ser,sors
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:errp. d;H. -
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-- - -- -

110 SO 80 55
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340 330 ~85 ~90
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Figure li.55 Schematic diagrr.m of SEDF.X i 176).
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3. Theory and Applications

The sample is heated in a suiTable container by means of an clcetri(; heater
that is controlled by a constant power source. The ambient temperature of
the 5ample is kept equal to that in the sample itself (adiabatic conditions).
The temperature in the sample is measured and the first derivative of it with
respect to rime is recorded. If there is no process with heat effects taking
place in the sample, the temperature rises in a finear fashion; that is, the first
derivative remains constant and can be described by a simple differential
equation:

to calculate the COUl'5e of the :emperature of the process being studied under
ideally adiabatic conditions. The expression within the brackets,
(B + St - T). has the dimensions of temperature and des(;ribes the decrease
of concentration during a :-eaction having first-order kinetics. For a reaction
of second- (or third-) order, equations (IlJ7) and (11.38) must be extended
accordingly, so that ttc changing concentration of all the reacting species
can be taken i~to account.

REFERE:-O;CES

where T is the temperature in K, t is the time, and 5 the linear rate of heating.
At the temperature at which the reaction starts producing its own heat, the
r.se in temperature accelerates and can be described by a modified Arrhenius
equation, The following equation is valid for the temperature rise under such
overadiabatic conditions for a first-order reaction:

where 5 is the linear rate of heating from the equation (1128). The determina
tion of the heat of reaction is carried out on the basis of the knowledge of
the adiabatic temperature rise and the heat capacity of the reaction mixture,
assuming that the specific heat remains constant during the reaction and does
not vary with the temperature. Eq uation (11.37) contains three parameters:
parameter A comprises the frequency factor. initial concentration. heat capa
city of the reaction mixture, and coefficients of proportion: parameler B has a
physical significance tinal temperature of the reaction mixture after the
end of the reaction under adiabatic conditions; and parameter C = EjR,
wbere E is the activation energy and R is the universal gas constant. These
parameters can be estimated as follows: Parameter B is obtained directly
:rom the course of the temperature curve. Parameters A and C can be
calculated from the course of the dT;dc curve either graphically or, better,
by a regression analysis. The measured parameters C:ln tr.e:1 be used in the
Arrhenius equation
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CHAPTER

12

THE APPLICATIO~ OF DIGITAL
Ai'"D At'lALOG COMPL'TERS

TO THER."IAL A..'lALYSIS

A. 0<TRODl.TTIO:'li

One of the important trend5 in chemical analytical instrumentation during
the past decade ha.'i been the use of digital computers as data processing aids,
Raw experimental data from an instrument ;s manipulated, displayed, and
printed by usc of a microcomputer or minicomputer. This trend has become
very apparem in thermal analysis instrumentation. A small dedicated micro
computer is used to set tbe instrument's operating parameters as well as to
process and display the experimental data. Unfortunately, the TA instruments
such as thermobalances, DTA, DSC. and TMA units are oi designs that are
at least 20 years or mOre old. New instrument designs have nor been deve
loped but, :ather, the emphasis bas been on computerization.

This chapter atccmpts to summarize the important applications of digital,
and, in certain cases, analog computers to thermal analysis instrumentation.
~o attempt has been made to make :t comprehensive in scope, due to the
voluminous literature on this subject. Instead, it is hoped that the discussion
will provide a background on the general subject of computerization of TA
techniques and an insight into what to expect from commercially available
computer-assisted instruments, The latter subject changes at very short
time intervals due to the rapid advances in the technology ofsmall computers.

B. 'IHERMOGRAVIMETRY (TG)

One of the first applications of a digital computer to calculations of thermo~
gravimetric data was that by Soulen II J. Since the amount of computation
required to obtain kinetics constants from TG is large. a computer program
was developed for the calculation of temperat:Jre, mass, and rate of reaction
from the de voltage generated by the thermobalance. A Remington Rand
Univac computer was used. employing a :vIath-Matlc compiling system, in
which a 23-scntence English language program was used to l:ompute 60
values each of temperature, mass, cum~lative mass-loss. and rate of reaction.
and to store these for subsequent computation of the kinetics constants,

~65
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(12.1 1

(12.2)

[12.3/

W = L CU_lltlil
i=O

log k = log A - Eaj2.303 R (lOOOjT)

Instead of a data-logging system, numerical values were manually taken
:rom the strip-chart recordings at one-minute intervals and used as input
into the computer. It was stated that an English language program was
rather inefficient for this type of program and that a more efficient program
could no doubt be developed using machine language.

Almost all the other applications of computers to thermogravimetry
involved calculations pertaining to reaction kinetics. Schempf et al. (2)
developed a program, POLY 2, for the determination of the preexpol1ential
factor of the Arrhenius equation and the activation energy. This program,
designed to accept sample mass (w) and sample temperature (Tl values as a
iunction of time (tl was written for first-order reactions only. although with
slight modifications it could be used for any order of reactions. It made use
of a least-squares-of-polynomial fit of the time-sample mass values to the
equation.

where n is the desired order polynomial, C the coefficient of the polynomial,
and t the time. From the w-t curve thereby generated, an additional Fortran
subroutine, FREEB, calculated the reaction rate constant for any point on
:he TG curve using the equation

where n is the desired order polynomial. A least-squares analysis of the values
of log k versus lOOO;T was obtained for the following first-order polynomial:

The complete program is illustrated by the f'!ow diagram in Figure 12.1.
The accuracy of the computer fit of the TO curve was 0.2 mg. while the l:miI
of accuracy for reading a weight value was 0.1 mg.

Two programs for the algorithmization of kinetic-data computations
from TG curves were developed by Sestak et al. (31They make usc of the basic
equation

where ~ is the degree of decompositior.. and 11 the o,der of react:O!:. The
kinetics parameters. E. Z. and 17. were evaluated by :.lse Qf two dilTerential
methods. The first method utilized a least-squares polynomial nt of the TG
curve with. a jth-ordcr poiynomial:

d~ (-E)= exp - Ii - ~)"
dt RT

mA) (12.'5)
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Table 12.1. Comparison Between Manual and Computer Calculations (3)

where) is about 13 and the A's are constants obtained from The least-squares
fit of the experimental data. The second method attempted TO use the simplest
means of obtaining a derivative of the observed TG curve by numerical
derivation using the first thrce terms of the sc:ries.

(~} = {!(Wj+ 1 + Wj_ d _. , .. - io{WJd - 4wj~ ~ ~ 5wj _ 1 - SWj_l

+ 4wj_z - Wj-3) -'" ..;.. ,., }/Qwm•• (12.6)

where W is the mass-loss and Q is a constant time inte~val of scanning. This
program was written in ALGOL 60. The results obtained by computing
data obtained from TG curves. with various programs and with those calcu
lated manually, are shown in Table 12.1. The discrepancies which occur
were said to be due to diffcrenet:S in the requirements for the input data.
A flowchart for the second program used was also presented in detail.

Gallagher and co-workers have described several TG data-collection
systems in which the data are obtained on magnetic tape or on punched
paper tape. A block diagram ortheir first system p) is shown in Figure 12.2.
In this system, the outputs from the Cahn \'lodel RG balance and the
Chromel-Alumel thermocouple were converted to digital form and punched
on paper tape for subsequent computer processing. The timing cycle for the
counter wa.., normally set to count the thermocouple channel for I sec and
the mass channel for 99 sec. Switching time was relatively instantaneous
and the data were punched while the counter was operating so that the dead
time Was negligible. The effective use of averaging each reading over these
times leads to a reduction of noise, which is important for the computation
of the time derivative.

The digital data were transferred from punched paper tape to cards and the
EMF versus temperature tables for the compensated thermocouple were

:':;"'-..

i I

~-:J
I

Peper
:Jur:::"

L...~

I

I 1nterloce I

[rerrnccouptel
.~

Figure 12.2. Biock diagram of dig:tal TG sysr= oi Gallagh.". 3.n~Schrey (i:

fitted by a least-squares technique to the equation

which was satisfactory to =l"C over the temperature regio:l ~OO to tOOO=c.
A program was developed to compute the average ~e::Ilperaturefor each pair
of consecutive temperature readings and associate this temperature with the
average mass readings in the interval between the thermocouple readings. A
General Electric Model 600 computer then Tabulated and plotted borh the
percent mass-loss and the rate of mass-loss (mg. mini as a fun cHon of tem
perature. The rate of mass-loss was obtained from the difference in mass of
consecutive readings t lOO-sec intervals) and correc:ed to !!i\ e milligrams per
minute, No further refincrr.c:lt or smoothing of th.: diTTerenria: data \\<a5
necessary.

For isothermal measurements, using a Ca;-rn ;\ll'dd RG th~rmobl1luncc.

lh~ data acquisition sys:e~ shown in Fig.'Jr~ I.: ..' was .:rr.ploycd (II. I ~l.

Thc systcm acceptcd up to :our analog ir.put signais. L'i which IWO were c:sed
for mass and temperature. respectively. The .... oltage:; wen: l:oIlverted to
frequency using a voltage-to-irequency coove~er. :.mJ (our '::Jl1nneis were
simultaneously counted on four scaiers for a predetermined time :ntervaJ.

'C = 22.2877 + 25,7003 (mV)2 + O.OOI-lmV)~ (12. 7)
1,
I,

5R.67

0.59t

CLlmputer
?rogr;ln~

72.i

Freq~el1~>

Facll1r (6)
Imegral

(5)

\1anual Results

f;= 67 ~ 15 701.1 :::3.5

/l =' 0,6 1

Der.v!i[;ve
Experimental Data Used (4)

- . - ------------
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Figure 12.3. Dara a"qu!sitio system of Gallagher u:1d Jonn>O'r. (11, :2),

~o 1;1' :. I;,l :,1;,; ;, )j ....
7~ I 7\ II"

10.1 10.2 20.2 20.3 30.3 30.4 40.4 40.5 ,,"C

Fi!!ur~ 12.4. Tim:ng sequence employed by digi ta: t!ler.n()balance ~8}.

The firs! stage in the computer processing of the punched-tape data was to
,:ansfer the data to cards and to use these cards for the three steps in proces
smg (9). The first step was to obtain a graphical outpUt of the mass as a
function of time, as shown in Figure 12.5. The second step of data handling
consisted of utilizing the initial and final mass for each :nterva! to determine
values of C/, the fraction reacted. The computer. having calculated the
vaJues ofz for each point, then plotted these ~o conionn:o tac 18 equation;,;

:6

~-----=:::::::=====-_=Mn,D,

The magnetic tape interface served as the control. center. In the automatic
mode, the data were scanned repeatedly at a preset time interval and piaced
on the magnetic tape along with channel identification numbers. A fifth
channel could be created to insert a six-digit number for labeling or comrol
purposes. Data processing consisted of transferring the data from tape onto
the disk storage of a Honeywell Model 635 Computer in appropriate arrays
corresponding to each channel. Computer-generated plots of each array
as a function of time were then made with subsequent data processing as
previously described (12).

Gallagher and co-workers (8-10, 13) also described a modification of the
Perkin-Elmer ther:nobalance to obtain the data in digital form. In this
instrument, the platinum furnace heater winding serves aJ·so as the tempera
ture sensor. It forms one side of a bridge circuit, while the other side is dtiyen
by the output voltage from the programming potentiometer. This same
volt;J.ge :s used to supply the temperature portion of the digital equipment
and is directly related to temperature by use of magnetic (Curie point) TG
calibration standards.

The two input voltages were converted to frequency and counted for :.l

predetermined time in the sequence shown in Figure 12.4. The !emperature
signal was counted for 0.1 sec and then automaticaily switched to the mass
signal for 10 sec. The output data were constantly punched on paper :ape fo~

input into the computer.

mg

F:g:Jrc: i ~.5

8
- Mn::lJD,i,,. 2",0

-'11'"1\°3)'

r:"1C
Mu., ver~u~ Imle curve, ,~, n:p,>r;"d by Gullugher <Inc J"hns(J1l ;'11
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Table 12.2. Kinetic Equations l:sed in the Computer Analysis (9)

given in Table 12.2. Appropriate equations were determined by visual
inspection of the computer output plots for their linearity. One such set of
curves for the plot of -In (1 - ~) versus time is shown in Figure 12.6.
The choice of equation was then based On the exact degree of fit determined
by the standard deviation arising from the calculation of k in the third stage
of processing. This lhird stage consisted of the selection of the most likely

I. Power law
2. Contracting geometry
J. 2D diffusion controlit:d
4. Emfeev
5. 3D diffusion controlled
6. Jander

7. Prol1t-Thompkins

8. Second order

9. Exponential

X' :11 -= -1. !, t, land 2
l -{I -<xl''';I1= 2 lind 3
(l ·~)!n (1 - 1%) - a:
[- !n (1 - 1)] ,.: n:... l, to 2, 3 and 4
(1 - M - (1 - ,;,:f·3
[I - (l - ;X)1I3J'

In (---=-)1-:1.

l-!l<

In:t

kinetic equation or equations and the plotting of the best values of log k
versuS the reciprocal of the absolute temperature, and a least-squares fit to
determine the best straight line. The resuiling activation c:Jcrgies. E. and the
prcexponential terms were printed out along with the plot.

Vachuska and Vobori (20) developed a program called VACFIVO 11 (21)
for use on the GIER computer, in which the first-order and also the second
order derivations of the time dependencies of both sample mass and tempera
tUre are computed numerically with respect to time from experimental \'a1 ues
of lhese quantities. A newer version of this program is VYRVACHVON l22).
in which a certain polynomic function is laid through the experimental
points and its course is determined by a leasl-squares method. The computer
then calculates lhe "corrected" input data from a given expressed function
and, using these data, numerically differentiates. Both programs were
written in the GIF.R-ALGOL language.

Although the programs of techniques were not discussed in detail, a
digital computer was used to analyze the kinetics data obtained from TG
by a number of investigators (14-19). One of these studies (19) used a
Hewlett-Packard Model 9100A programmable calculator.

Hughes and Hart (23) have developed an analog simulatton program,
BASE, which was used for the prediction of a TG curve. The calculation
involved the plotting of lhe TG curve from the equation.

where f[a) represents some description oi the rate law for the fractional
decomposition (::t) of the solid; A is the preexponenriai factor; a is the heating
rate (dTjdt), and E is the activation energy. In order to write a patch diagram
for the program. they set

:ieaa i

~
Z,400t 134' • 7.5' 119' '14' j
2.000r --j

5
,.600~ .J't

~

1.200 F -1
:!

.~:i
<t

o.eoo ~ -
0.400 ~

j
r- ~

0.000 I
200 400 600 '000 '400

r"ne (secl

F:g'Jre 12.6. P;Qts of - :11 C ~) versus tlme:or the dehycrat:ons ofaque\lu, :nar,ganeselll)
;:itrate (9).

At'r. (E)
f[a,) = - I exp --=:- dt

a .T, RT

(-E)y = exp RT = e=

where == -E,RT and d= = (E/RT1)dT T~e:1

dy = t? d=

rly = i!~ R~l tiT ~ 2.4~ (R~2) dT

(12.8)

(12.9)

1I1.l0)

112.111



Since the integral of S' is y and because 2.4 cXPl - E, RT)EIRT 2 is identicai
w:th y. it :;; assumed :hat E/RT1 y, where y"" exp(- E1RTI and generate
fry) (i.e.. 2.4y E1RT'), the integral of this function will be y. This process
is represented by tbe patch diagram in Figure 12.7. The computations
were applied to the dehydration of CaC20 4 • H,O, a system which has been
well studied by a number of investigators. Using the data given by Freeman
and Carroll (4), :he calculated and experimental curves are given in Figure
12.8. It is interesting to note that the Ct;rve calculated by integrated methods
using Akahira's tables and the experimental parameters gave a curve which
coincided nicely with the computed one.

The ir.-house differences between results for duplicate: samples tested by
different laboratories under supposedly similar conditions led to interest in
:he effects of the Tate and mode ofbeating, and also of fluctuat:ons in tempera
ture al1er heating, on the mass-loss curves. Because these problems did not
lend themselves to direct solution with the experimental equipment on hand,
Gayle and Egge (24) applied analog computation to study tbe importance of
tr.ese variables. The calculations were performed on an analog computer
where the heating-rate curves were programmed as the corresponding
differential equations and the temperature integral of these were used as input
into the Arrhenius equation. Integration of the latter provided the cor"
responding mass-loss curves. The treatment provided an estimate of the
:nfl.uence of constant thermal errOrS and of fluctuations about the program
med temperature level. It is noteworthy that symmetrical fluctuations did
nor reswt in a canceilation of errors when the !a,e behavior was exponential
rather than a linear function of temperature. The analog computer provided
a graphic, reasonably accurate picture of the magnitude of such effects.

Yllen et al. (5) have described an automatic data acquisit:on system for the
simu:taneous operation of two Mettler Model TA-I ThermoanaJyzcTs. A

Time sec

Figure 12.8, Calculated ar.d e~per.menta( time (5e<:) TG eurves :-or CaC,O. ,HlO (231.
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schematic diagram of the system is shown in Figure 12.9. The system uses
an on-line Hewlett-Packard HP 9825 S desk-top computer equipped with
a real-time clock and HP-1B interface options. The computer had 23 Kb of
RAM and 42 Kb of ROM. Other components of the system included a
HP 59500 A I/O interface, a HP 6940B multiprogrammer and a HP 9872A
four~ol~r plotter. A 12-bit analog-to-digital converter, relay output cards,
a dIgItal mput card, Cl,nd a custom-<!esigned dynamic range expansion circuit
are used with the multiprogrammer unit.

The systcm is designed to coHeet up to six channels of analog information.
as a function of time, from each thermobalance. 1'\ominal collection rate is
one data set logged alternately from each instrument every 5 sec for a per
instrument rate of six sets per min. Data acqUired from the two ~heffiloba:
anees is converted to actual units. such as temperature in <CO il:ld so on. and
stored in lWo arrays of 100 data sets. with one array being assigned to eaeh
instrument. The conversion of the thermocouple EM F into :er::tpcruture is
based on two polynomials. one for the PtRhlO%-Pt system and the other
for :-liCr<'li and stored in the data acquisition program. When the two arrays
3re filled. they urc automatically recorded on tapc.

(12.12). (-E)( E).V = 2.4exp R"I-: RT~
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Data reduction at the end of the sample nm is handled by five prog:rams:
(1) weight off, (2) buoyancy correction, (3) plotting, (4) find peak.. and l5}
percent weight-change tabulation. The data reduction system permits data
to be analyzed rapidly with a savings of 70· 80% over the normal recording
system of the therrnobalanccs. A plot of the computer printout of the rei
DTA. and DTG curves of CaC20 4 'H 20 is given in Figure 12.10. A curve
that required several hours to plot using the normal thermobalance recorders
is now plotted in a matter of seconds using the computer system. The plot
can also be made in four colors on a clear transparency for use in overhead
projector presentation at a latcr time or reduction on photocopy machines.

Doelman et a!. (6) described an on-line data acquisition system for TG
using an IBM Sj7 computer followed by data reduction on an IBM 360,195
computer. A DuPont Model 990 thennobalancc was interfaced to the IBM
S/7 computer using the system previously described for DTA data coUection
(53). The thennobalance must have the electrical zero (zero weight) signal
established at the beginning of the run. Unlike DTA, the thermobalance
does not have a completely linear temperature change with time. The oon-

<;t5t~.... ~c"""ce"'C'•.J"e tOE'g C;

F:gMe :2.10. TG, DTG. and DTA curves <)f CaC,O.· H,D obtained by Yuen el ai. ,51.
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linearity of the temperature change is due to the thermal magnitude of
endothermal or exorhermal weight-loss or gain processes, which are usually
larger than r:onnal heats of fusion, solid -> solid phase transition. and so oc.

The primary commands for dara reduction were entered by means of an
interactive display device, Tektronic 40J 3 Scope, supponed by the IB\1
360;195. Data from the IBM 5;7 are transmitted to the IBM 360;195 on
command. The program that reads the data file allows it to be combined
with that of another run (at a different heating rate) or with an empty pan run.
This combinatory function is required both to calculate an activation energy
by the method of Gyulai and Greenhaw (55) and to correct any sample rlJn
for base- or lero-Iine drift. Prior to display, all weight-loss data are normal
ized on the basis of sample weight and the total measured weight-loss from
zero to I 00%. The program also calculated the D1'G curve.

Three calculation functions are performed: (J) weight-loss, (2) kinetics,
and (3) 2-IlSTM. Kinetics calculations are used to Dbtain the activarion
energy. E, from

where rate is the rate of weigh t change or slope of the integral curve at any
point; (wtob' - X) is the weight observed at time t minus the weight at any
residue remaining after the reaction, E is the activation energy, and 7. is the
preexponential factor. The 2-r~T\1 function caJclJlates E using the double
heating rate method of Gyulai and Greenhow (55). £ values were calculated
for the three-step decomposition reactions of CaC20 4 ' HzO arId compared
with other methods in the literature.

Vernon (56) bas written computer programs to acquire and analyze TG
and DSC data and to calculate n:action kinetics using DSC, isothermal DSC,
and TG. A system was described in which the instrument analog signals were
digiti7.ed using a fluke 1600A-scanning digital multimeter and transferred
to a Hewlett-Packard UP 9845T computer for data reduction and plotting.
Ordinate data points were obtained by digitizing mV instrument outputs at a
sensitivity selected by the operator. Abscissa data points were obtained as
time from a ~eal-Hme c~ock interfaced to the computer. Temperature was
obtained as the product of time and heating rate.

Data points (Xj , Y,) were curve-fitted using a precis~ continuous poly
nomial, or cubic spline. algorithm, Ordinate values were represented as

(
-rate) -EIn = -- + In(Z/a)

(wtob, - X) RT

3

Y/ = I MjkX~
~~n

(12.13)

([2.14)

where the coefficienr matrix M is determined by demanding continuity of the
polyc.omiaJ. an~ its 6rs.t ~erivatiYe at each data point. Use of this algorithm
pemms facJ1e dlfferel1t:atlon and integration of the data curves and is rela
tively insensitive to noise in the instrumental output. A complete listing of
all the programs has been given (56).

C. DIFFERF.:'.l'1AL THER.\1AL Al.....ALYSIS (DTA) A"''D D£FF1:RE:'o:TLU
SCA:,,\:-';l:-.iG CALORIMETRY (DSC)

l"carly all the computer applications to DTA have been concerned with
the calculations of reaction kinetics where they find the ideaJ means of
simUlating the DTA curve of a chemical reaction of known kinetics. One of
the first of these applications was that by Reed et al. (25) in which the quanti
tative determination of kinetics by the methods of Borchardt and Daniels
(26) and Kissinger (27) were evaluated and compared. The UTA curve
was generated numerically by USe of equations such as

(12.15)

where I: is the activation energy and e; dl/J/dB, the reaction order, Jj; i~ NINo
(number of moles), C= :zA(,v0/ Vj~. I, and O~ is the dimensio nless heating
rate: in finite-difference form,

. h,[t/J(e,-h)-iJlfJ,]" (-2& )'b(B,) - t./t(fJr -r h) = {i, 2' exp -9- (8, - It) ~ 0(8,)

11:!.16)

wher:: h represents the mesh spacing, e.0,. A typical computer-generated
curve. in whj(:h the effect ofactivation energy B on the DTA curve is plotted, is
shown in Figure 1~.ll. Both the location and the shape of the curves is
affected, but the dependence is inverse to that observed for the changes of
the freGuency factor.

The fraction of sample decomposed (~I from DTA curves was calculated
by an algorithm made in ALGOL 60 language for a lSCR Elliot Model
4130 computer by Skvara and Satava 1)8), This alogarithm calculated <X

and log g!:£) and plotted the latler as a function of temperature. Comparison
of the computed DTA data wlth the experimental values for several dissocia
tion reac:ior.s indicated a good agreement and applicability of rht: method.



Tbe use of a systems analog to improve tbe performance of a DTA
apparatus and also to study the thermal effects in the DTA curve was
investigated by Wilburn et aL (29, 30). A finite-difference procedure was used
to relate the thermal gradients within the samples and to generate or absorb
heat according to a known equation, The influence of such physical proper
ties on the shape and peak temperature of a typical DTA curve was calculated
on an ICT Model 1909 computer.

The application of computer calculations to DTA studies of the crystal
lization kinetics of polymers was described by Gornick (51). Calculations
were made of the temperature of a polymeric sample during the cooling
process using a Burroughs :\1odel 5500 computer. Morie et al. [52) used an
IBM Model 1130 computer to prepare standard vapor-pressure plots of
In P versus liT, the vapor-pressure data being obtained from DTA or DSC
curves. The heat of vaporization was calculated by the Haggenmacher
method as modified by Fishtine.

David et al. (31) used a digital temperature readout device in conjunction
with an analog recorder for transition temperature measurements. Tempera
tUre resolution was about 0.05"C at a heating fate of 10°C/min.

Amstutz (32) described the Mettler data-acquisition system which is
capable of handling eight-digit numbers of any format :ype or voltage level.
A schematic diagram of the system is shown in Figure 12.12. Expansion
capabilities include digital and analog mUltiplexers, keyboards and switch
banks for manual entry of data, timers, and programmers. Applications to
DTA include otT-line recording of raw data on punched paper tape or mag-
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netic tape. and on-line processing, ranging from simple peak area calculations
by means of programmable desk-top calculators to the more complex
numerical determinations of heat or reaction, kinetics, and purily analysis.

One of the major applications of computers to ditTerential scanning
calorimetry (DSC) is in \he determination of Ihe purity of organic and
:norganic compounds. The precision and accuracy of purity determinations
by this technique have been reviewed by Joy et al. (33). Onc of the first
programs for purity determinations using DSC data was that developed by
Driscoll et ai (34). Required input data arc the sample mass and molecular
weight instrument constants, a reference temperature at a point where the
curve is stU! on the baseline, and ordinate and abscissa measurements on the
Curve. One measurement should be at the melt:ng curve peak, but the inter
vals need not be of uniform size. A maximum of 99 pairs of readings can be
accommodated by the program.

The program divides the curve into 99 equal temperature intervais and
intcgrates to obtain the tJ.l/f' Temperature correction and baseline area
correct:on are determined for each interval, and the partial area is calculated.
The program then applies successive 0.5% area corrections on each partiul
area ilnd the total area and calCUlates the I/F values. A least-squares regres
sion analysis :s used in each corrected line until a ninimum standard devia
tion of the points about the calcu;ated line is reached. The ··best values~ are
then used i:; the subsequent calculations. Output from the computer includes
the t\Hf' 70' and Tm , the mole-% impurity, the LF limits used. the percent
correction appiied, and the cryosl;:opic constant. ,\ corrected mole percent
impurity assuming solid-solution behavior is also calc:.Jlated. The ·'lineariza
tion" or the T, Versus 1/1" curve has been discussed (351- Joy et al. (33) rewrote
the preceding program from Fortran into a basic prog,am operable on a

B • 18m
9' . 0.C594

~,

Figure t2.11. EffecL of activation energy on DTA -;:uC'/e (2:5).
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A Simpson's wie procedure modified to handle odd :lumbcr~ of ir.:crvals is
used to eaieu:ate the :r.tegrals, The program c:ult:ulates lnd iJr:nrs :he time

time-shared computer terrr.inal. Other DSC purity determination programs
have been developed by Barrall ar.d Diller (36) and Scott and Gray (37).

Lsing an lB:M Quiktran program. Ellerstein (38) performed calculations
of DSC-curve data from the equatior.

where I is the ordinate displacement between the baseline and curve and A,
corresponds to the area remaining at temperature T Plotting the left-hand
side versus the bracketed expression gives a curve whose slope is Ei2.303R.
and the intercept will be. equal to n, the order of reaction. Results ~rom the
Quiktran program are then fed into all IBM Quiktran Common library
program (FLTLI~)which gives a "best" line fit of the calculated points.

Gray (39) developed a program which accepts the DSC sample and base
line data, matches the "isothermal," performs cumulative and total area
integrations in units of cal/g, corrects the temperature for thermal lag, and
tabulates and piots ordinate values in specific-heat units as wei: as cumulative
area in enthalpy units. The analog data frolh the DSC instrument are
digitized and transferred to paper tape with the use of the Perkin-Elmer ADS
VI Analytical Data System for Thermal Analysis. The data are digitized
every two seconds or every 0.133". A computer plotter then plots the DSC
curve and also the cumulative peak area in specific enthalpy units, cal; g.

Crossley ct al. (40) used a computer reduction technique for the DSC
:sotherrnal curve which was developed to replace the use ora planimeter. The
data reduction was divided into twa phases: (I) mechanis:n-i;Jdependent
solutions for the reactant fraction, (x, and various functions of '1. (where '1.

is the reactant fraction remaining at time t) and (2) solutiol1s for mechanism
dependent rate constants. For the first phase. the DATAR prog:am was
developed, which consisted of the following: Ordinal points rererred to a
··coarse data," and evenly spaced in time over the :ime span of t:te DSC
curve, are read directly into the computer. L:p to 1000 points may be read.
but 40-50 arc usually sufficient for acceptable accuracy. The resultant
fraction remaining at time! is calculated by the equation

"r.-na",

D. ~1I.sCELLA:'IIEOUS THER.VlAL TECH:'IiIQUES

in seconds and in minutes, '1., In a, I/C(z, (I -:- '1.)c.:, and log 100 [(I - :t:)/a]. For
the second stage. the PARACT program IS used to determine the true rate
constants, k, and "z.

Other programs which can be used to calculate reaction kinetics from DSC
data were fonnulated by Kauffman and Beech (41) and Rogers and Smith
(42). Heuvel and Lind (43) used a computer to correct DSC data for effects
du~ to thermal. lag: and. healca~acity changes, while Sondack (44) developed
a sunple equation for Imeanzatlon of data in DSC purity determinations

As described in section B, DTA and DSC data may also be acquired a'nd
processed by the systems previOUSly discussed (5,6. 54, 56). Vernon (56) used
the Borchardt and Daniels (26) and K:ssinger (27) methods to caJclllatc E
and Z of explosive materials from nonisothermal DSC data. Roger's method
(57) was used for these calculations from isothermal DSC data.

Dunn et al. {58) i..'1terfaced a DEC PDP 11-10 computer to a DuPont
Model 990 thennal analysis system. The BCD-binary converter used a
cascade of 15 6--bit BCD-binary ROMs to convert the 4.5-digit BCD output
?fthe Hewlett-Packard Madel HP 3430D digital voitmeter to bit binary for
mput to the DEC DR-IIC general input-output device. All soft.....are was
written in FOCAL, under the RT-II operating system.

Analysis of iso~ribol calo~imetric data requires lengthy graphical pro
cedures ~nd ledWUS .calc~Iatlons t~ obtain corrc<..1ed resistance changes for
the reaction ~d cahbra~lOn expen.ments. The reaction experiment graphi
cally resolves Into two linear portlOns, the mitial rating period (IRP) and
the fi~al ~ating period (fRP), connected by a curve for which no analytical
equation IS known. A program was developed for these calculations by Gayer
and Bartel (45i.

Friedman and co-workers (46-48) have developed a digital converter
for recording evolved gas analysis (EGA) mass spectrometric (\1S) data on
pum:hed paper tape. The data collection system is shown in Figure 12.13.
It is based on a \'ery stable programmed power supply that steps ~hc gate to
pr~selected discrete. ionic mass peai< locatio!15. In practice, Joalog gate
VOltages are deternll!lcd for about '20 peak centers from ml~ I to about 203,
as :nonitored 'J~ a digital volt~eter. These are the:l analyzed by a least
squares shared-tur..c program usmg a polynomial equation that includes nve
constants. If all the calculated points are withir. value~ equivalent :0 ;0 nsec
of the obs~rvcd time delay. the lit is accepted and a printout is obtained for all
analog gate vOltages us a function of muss :lumber. by :ntcrpolation and
extrapolation. The pun\:hed paper tapes generated dur:ng a run are read by
an Dptlcal ~eader lr.d ~[Qrcd in a smai: compu:\:r. A large computer t~en

112.17)

(12.181

E [IlU!i')l
2.JOJR [/flog A,J
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;Jato on
perf&ated rap<!

OOigu~e l2,;], Data. collection system for EGA-MS after Friedman et aJ. (47).

arts the data by mass numher and plots the dam on a graphic ploner. The
Jlotted data are cQrrected for background and instrument sensitivity,
~ditorial corrections are made. and the data are normalized to 1 mg initial
.ample mass.

Gibson (49) described a TG-MS system which contained a PDP 8/L
~omputer interfaced to the mass spectrometer for on-line control of the mass
~Dectral data. A schematic diagram of the system :s shown in Figure 12.14,
~he output analog signal from the mass spectrometer is integrated and can
'crted to digital form by a 12-oit converter and transferred to magnetic 1ape.
-wo separate modes arc possible: 1. data logging and 2. spectrum (;ontrol:
.ney differ only in the manner in which they acquire data. During operation

~ ~I__,---.JI

Figure 12.14. TG MS COr:lPUle~ sy'tem after Gibson (49).

-Ma-ss--"L r-----,I ~ ~r-=-I
~----.{ [nter+8ce~4- __, TE!ie~yps

~ I !

r Thor"'"1 I ~
.nalvz~r Plotter

I lTG, :JTA~ L'
L-__ J

1. Reconstruction of a gas release pattern which normaJiles the largest
gas release peak or region to lOO and indexes the mass spectra during
the run.

2. Printed or plotted spectra from any mass spectrum collected.

3. Plots of individual mass (e.g., m/e = 18) peaks as a f:mction of
temperatun:.

4. Spectrum plots or printouts with positively fdentified mass scales and
numeric ion intensities.

5. Spectrum plots or prinrouts with the background speClra subtracted
to eliminate the effect of contaminants or backgrounds.

of the mass spectrometer, the plotter gives a real-time gas release curve,
which is simply a plot of the ion current from the electron multiplier at each
recorded spectrum scanned. Other output routines include.

Kinetics calculations on poly(methylmethacrylate) using mass-spectro
metric thermal analysis {MTA) were described by Sakam010 ct aL {53).
Using the activatlon energy calculated from the experimental data, the
computer plots the logarithm of the reduced rate, de(dO. versus the logarithm
of the reduced time, e. A comparison is then made between this curve and a
calculated theoretical curve for various reaction mechanisms. and the curve
which fits best is that of the first-order reaction. Pfeil (50) discussed the
appllcatioD of digital computers to the statistical analysis of thl: TG measure
ments of edema. Computer graphics can also provide a useful and much
needed service in the thermal analysis of biological systems.
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Yuen et al. (62) developed an automated system that permits DTA, TG,
DTG, and mass spectrometry (MS) measurements to be performed simul
taneously on a single sample in inert or oxidative atmospheres. A Hewlett
Packard 5992 quadrupole mass spectrometer was used to obtain the YlS
data. Software programs were developed for: (I) continuous YlS monitoring
of volatiles, (2) screening of the acquired MS data, 13) tabulation of mass
spectra, (4) subtraction of mass spectra acquired at two different times. and
(5) TA curves and mass ion profiles. This system was modified by Ibe addition
ofa gas chromatograph so that it had GC/MS capability (62) as well as the

aforementioned TA tecnniques.
Data acquisition from the Mettler TA-l and the mass spectrometer were

handled by two separate HP 9825 calculators with the MS data stored on a

floppy disk.

E. COMMERCIAL TIlERMAL A."'iALYSIS I1\STRL"Y{E;'IITATIO:"

I
';

a. Perkin-Elmer S}'Stl!ms

The TADS (Thermal Analysis Data Statio:1) system has been described by
Brennan and DiVito 159\. This is a moduiar system (,;onsisting of a micro
processor module of 6-1- Kbytes of RA.\1 with a 32 Kbyte RAM available for
gra9hics and interacti\c command t:ntry; two double-sided floppy disk
drives; a video display unit with a graphics ~esoiution of 255 points vertical
by no points horizootal: and a detachable keyboard. A graphics plotter,
connected to the computer by a standard RS-232 interface, is used for hard
copy. The plotter has a resolution of 0.001 in. as we:] as alphanumeric print
ing. The software consists of three ~ypesof programs: (I) standard, or routine
for instrumentcoPtroL dam acquisition. storage and n:(;al1, and routine data
calculations and optimization: (2) DSC or TG advanced programs, such as
kinetics, partial area. puriry. specific heat. and other calculations: and (3)

gent:ral-purposc. or BASIC programming. PfCOWRITER (a word pro
cessor), and Olhers. A lisring of the DSC standard software library programs
is given in Table 1~.3. A typical TADS plot of me fusion or~ylon is given in

Table 12.3. TAUS DSC Standard Software Library [59)
Perhaps the most important advance in cOlDIllercial thermal analysis
instrumentation during the past 10-12 years has been the use of micropro
cessors and/or dedicated microcomputers to control the operating param
eters of the instrument and to process the collected experimental data. This
innovation is by no means unique to thennal analysis instrumentation alone
since these techniques have been applied to almost every type of analytical
instrument. Unfortunately, the automation of thermal analysis has not
become a commercial reality. Complete automation is defined here as
automatic sample changing, control of the instrument, and data processing.
Such instruments were first described by Wendlandt and co-workers in the
early 1970s (See Chapters 3 and 5) although they lacked microprocessor

control of the operating conditions.
Due to the rapid changing tcchnology in microcomputers and micro-

processors, data and control systems have evolved rapidly; a life time of 3 ..1
years is about the maximum for such a system. Thus, only the most wrrent
computer system will be described here for a particular type of thermal
analysis system. ~o attempt will be made to give detatis on the soitware
programs ln use; these can be obtained from lhe commercial vendor of :he
system, if desired. Almost all the commercially available thermal analysis
i~slrumentation employs a microprocessor for operating system control or
a microcomputer for data processing. Either a proprietary or a commercially
available microcomputer is employed to process the e)(p~rimenta1data into
conventional thermal analysis plots or to perform morc sophisticated
kinetics or purity determination calculations.

MODIFY PAR.-\:'>iETERS

CO:\"D1T10NS

ZERO
R.EADY

START
STOP

QUICK-COOL

OVERRIDET

GO TO A:-:ALYSiS
GO TO SET L:P

CONTE:-<T

PLOT CO:\:Tf.:"'T

RH~i\L['

SAVE

Displays ar.d a::ows modifIcatior.o;- the curren:
?rogram paramelers.

Displays and allows mod:fica~ion of :hc current set-tip
conditions.

Displays the current ar.a;y7er zero position.
Sets up the Graphics Plotter ~ fOf plottir.g dtlring dala

acquisit:on.
Begins data acquisition and storage.
AII",",'5 tor ma.1Uallcrminadon ofdata acqui.\itiofl ane

~terage.

Temlinares datil acquisition and aUlomatica:ly cools
the ar,a;yzer :0 the starti:lg temperature.

Overrides :he upper temperature ~:mit durmg dam
acquisition.

Act:vates t:-Ie ;ibrary of prog:1lms for analyzing dara.
Activates :hc lib~:J.lj l1f p,ogra.IT:S for setting ~p.

acquiring and storing data.
Displays the ftes current:y ~l\Jred on thc dala dl~k ClI~

the CRT.
Generaws a hard cnpy ;Jril~:OU: l1f :hc li:es C~rre:1I!Y

,;tored on :he dara di~k.

Recut:, and displays previtH':s:y run data on :hc CRT.
Sal~, ~ da:a tile O!J :he d;J1;l d;sk.
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Table 12.3. TADS nsc Standard Software Library (59)

lo.ac -------------------------------

,,,
I
1
I

\
\
\.1

A, I

I \
r '

J :
I

I

Mo<, 261.0;

At"'" \6.82

,-==::::=2, '

The TGA 7 SET CP program is used to take data

4c.ca ~("',n.

~yIO"

""I· 7.21
Stan fote

Figure 12.15 (60). The curve peak onset and maximum temperatures,
249.47 and 261.01'C. respectively, as well as the peak area of 16.82, are
presented.

SET UP

Perkin-Elmer 7500 Professional Computer. This computer system is used
as an integral part of the Perkin-Elmer 7 Series Thcnnal Analysis System
consistit;g of Ihe DSC7 and TGA7 modules. The computer uses a \Jl68ooo
8\JlHz microprocessor, 1.64Mbytcs ofRAM, 32 Kbytes of ROM, two double
sided. double-density 5.25 in. floppy disk drives, a 13-1n. color or mono
chrome CRT, and a variety ofdilTerent plotters or printers. One novel fealure
of the system is the multiple-Iasking design permitting simultaneous opera
ti(m ofmultiple thermal analysis instruments. An extensive library of thermal
analysis and general-purpose software programs are available for use with
this computer.

A partial ;ist of TGA 7 software commands is as follows:

Figure 12.: 5 DSC ct.rve of the f"s<tm Cl~ r.ylon as plotted by the Perkin·Elme, -;ADS ,ystem
(6°1.

1
I

o co L -+-- • __.. ~- -.-~_--.f---~
• '1C.OO '30.0C 150.00 '70.0C '90.00 2'0.00 2.30.CO 25Q.QC 270.00

5.00 1

De!etes a l.iata file from the da:a db...
Rescales the temperature or :ime axis :0 :lstr defined

limits.
Changes :h.e s:ope of the curve disp:aycd on tlle CRT.
Shifts t~e I::llrvC On the CRT along the Yaxis.
Rescales the Yaxis dispiay on t11e CRT.
:':onnalizes a curve w(t:t respect to its s3.l:lple weight

for easy comparison of differe;J: data sets.
Reca;ls a second curve to :he screen !'or comparison

with :he rust curve.
Shades in the differeuees between two curves tor

simple visual comparison.
Subtracts a second cUn'e frolD il first carve and dispiays

:be difference.
Restores a curve to the screen as :t was originally

stored on the disk.
Analyzes the onset. midpoint, and change in sped'it:

heat of a glass transition.
Calculates and dispiays the first derivative of any curve.
Analyzes peak area (.1H), peak limit£, I1Ilset

temperature, and peak maximum of any peak.
Generales a hard copy pr-intout of any screen display

on the Graphics Plotter 2.
Generates a hard copy pnnLOut of any calculation

currently displayed on :he screen.
Displays a menu on the CRT oC the curre.'Ttly aelive

function key with a short descrip!ior. of each key.
Displays the results of any calculations performed and

permits a hard copy printout of these results.
Oplional

Allows the genera~.on ofuser~detir.ed programs for
operation on TADS data.

Allows the development. e;o;ecu;ion, stol"<!ge, Qnd recaH
ofa set ofinsm.:ctior.s for the 1l1lIOI11,(l!1c SC!l,;p and
ana.lysis of samples /DSC-1C).

Allows for advanced peak analysis of con:plex healing
and coo::ng cLlrves.

Allows for :he deter:ninalion of :he I<.:r,ctic paramelers
of a data curve.

A!!ows for ~ne determination or the ansu:ute pi.lr:ty of
high.:y cry:nalline compounds.

COMPARE

RESTORE ORlGINAL

DERlVATIVE
PEAK

RECALL 2nd CURVE

SLOPE
YSHIFT
RESCALE Y
I\OR.\1ALlZE

SL13TRACT

DELETE
RESCALET

PLOTSCREE:-\

PLarCALC

TjG

RESULTS

OPTIO:-;S

AUTOMODE

KI:-JETICS

PARTIAL AREAS

TADSOF1'

PCRITY
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For the DSC 7, a partial list of some of the software programs inclUde:

DELTA Y

ONSET

PLOT

OPTIMIZE

RECALL

SAVE

CALIBRATE

CALCLLATIO:--;S

SETUP

from the TOA 7. It includes routines for direct TOA
control from the computer keyboard. Other options
include heat. cool, and iSDthermal modes of opera
tion, multistep prDgram development, and opera
tiDn in either temperature Dr time scales.
The DELTA Y program permits the calculation Df

percent weight changes at any pDint on a TG curve.
Options include the total percent weight change
and the temperature Or time limits Dver which the
weight change has been calculated.
The ONSET program permits the quantitative
determinatiDn Df the Dnset temperature or time of a
weight loss Dr weight !rain.
The PLOT prDgram is used tD obtain a hard copy
printout of TG data, results, and calculations.
The OPTIMIZE programs are a series of sDftware
programs that are used to optimize TO data curves.
Programs are available for rescaling the temperature
or time axes, the ordinate axis, and shifting curves.
The RECALL program is used to recall to the screen
dat~ results, and run parameters that are stored on
disk. Options include recalling a single curve,
multiple curves, and Curves of different tecbniques
(Le., TO and DSC curves).
The SAVE program permits the storage of data,
results, calculations, Dptimized curves. calculated
curves, and comments on the disk.
The CALIBRATE programs permit automatic
mass and temperature calibration of the TGA 7
anaIYl.er.
The CALCl..;LA110~S programs permi' a wide
variety of calculations to be performed on TO data.
Programs for curve subtractiDn lind derivative
calculatiDns are available.

The SET L'P program is used to set up and take data
from the analyzer. It includes r0utines for direct
instrument control from the cDmputer keyboard.
Other options include heat. cDDi. and isothennal

PEAK

GLASS
TRA);SITlO~

O~SET

PLOT

OPTIMIZE

RECALL

SAVE

CALIBRATE

BASEUl':E
OP'nMIZATIOl\

CAI.CL:l_ATIO~S

modes Df operation, multistep program develop
ment. and operation b either temperature or time
scales.
The PEAK program perm\~s the calculation of the
parameters Df any peak. OptiDns include peak area
calculatior:s. peak maximum. minimum temperature
or time. peak onset temperan.:re or time, and the
calc:.llatiDn oi the peak height.
The GLASS TRA:"oI'SITlO:"oI' program permits the
calculation of the parameters of a glass transition.
Options include the glass transition onSet and
midpoil1t temperature, as well as the change in the
specific heat before and after !.he glass transition.
The O:-iSET program permits the quantitative
determination Df ~he onset temperature or time of a
transition, such as in oxidarive stability testing or
decomposition testing.
The PLOT program is used to obtain a hard copy
printDut of DSC 7 data. results and calculations.
The OPTI~IZF. programs an: a series Df s.oftware
programs that are used to optimize DSC 7 data
curves. Programs are available for rescaling the
tcmperature- or time axis. the energy axis. shifting
curves., rcsloping curves. and aligning curves.
The RECALL program is used to recall to the screen
data. results. and run parameters that arc stored Dn
disk. Options include ~ecalling a single curve.
multiple curves, and curves of different techniques
(i.e_ DSC and TO curves) :or direct data comparisDn.
The SAVE program permits ~he storage of raw
dOlt:!.. results. calcl1lation,. 0pti:nif.ed Cl1rvcs. cal
culated curves, and comm..:nrs Dn the disk.
The CALIBRATE progrJms permit :he automatic
calibrJt:on of either :h~ DSC tempemture a~:s. the
DSC ;;onerg:;' axis. or boch no:s simultaneously.
The EASEU:"iE OPTL\l!ZATlO:"/ program per
mits ;lutomatic baselir,e optimizJliDn Qf any DSC
5C;ln.
fhe C.-\LCliLATIONS programs permit a wide
-,met. oi cakuii.lt:ons to be performed Dr. DSC data.
Pro\!r~ms for .:urve subtraction. nonnalization. and
der:~ :,l[l\ e cakub::Dns are :lvai:uble. and so on.
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b. Du Pont 1\1.odel1990 Thermal AlUIlysis System

-:ne Du Pont ~odel 1090 tbermal analyzer is a complete, multi-micro
:mJCessor-based thermal analysis system of modular design, with a complete
ibrary of software programs for data analysis. It is a compact unit consisting
)f a temperature programmer, printer/plotter. visual display, and two 8-in.
:1oppy disks. Plug in TA modules include a DSC cell, DTA cells, thermo
Jalancc, TMA and DMA modules, and so on. A built-in keyboard is' used
:0 enter one-stroke programming and operating commands; the status of
:!lese commands is visible on the plasma display. Data storage is on one or
-wo 8-in. double-sided, double-density floppy drives of 500 Kbytes each.
.-\ RS-232 port penuits bidirectional communication with external computers
:0 permit off-line data handling as well as remote control of the instrument.

The instrument can perform four tasks simultaneously, as shown in
:igure 12.16. They are:

.. Collect data from a current experiment.

Plav back and olDt data from a orevious experiment, even if collected

,lure 12.16. Simultaneous operatiQn of the Du Pont Model 1-090 :he=ai anaiyzer (Ie).

3. Analyze data from a third ex.periment.

4. Set up instrument conditions for a fourth experiment.

In addition, tbe RS-232 port can be used simultaneously during data
collection and analysis to transmit data to an external computer and to
receive commands from tbe computer to provide automated setup of
instrument conditions.

A comprehensive library of module specific software programs are avail
able, including:

1. Analysis of transitions.

a. Onset temperature: crystallb..ation, melting point,and decomposi-
tion.

b. Onset tUne.
c. Peak temperatures: first-order transitions, derivative curves.
d. Peak time.
e. Step temperatures: second-order transitions, weight loss onser,

penetration.
f. Step magnitude; change in heat capadty, weight loss.

2. Integration methods.

a. Peak integration: beat of fusion, DTG, heat of crystallization.
b. Pal'1ial integration: overlapping transitions, fractional areas.
c. Cumulative integration: enthalpy. liquid fraction.

3. File modification utility.

a. Curve subtraction, addition, and normalizatiOrJ.

c. Mettler TClO TA Processor

The Telo TA Processor is the basic unit for all configurations of the Met:ler
TA3000 thermal analysis system. All control commands lor :he particular
module, DSC cell, thennobalance. TMA unit. and so on. are ente~ed via the
21-key splash-resistant plastic-covered keyboa~d. A 20-cha~acter alpha
numeric display permits the use of a dislog mode between operator and
instrument. All evaluation software and tbe standard programs are in RO~1.

Accumulated experimental data are stored in RAM and subsequently
processed for display and otber purposes. The unit has a datB. input connec
tion for tbe measuring module but requires an additional data interface for a
primer/planer ot an external computer. An analog output conm:ctor is
proVided for an external strip-chart recorder.
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1. Dse

The following software programs are in RO\I;

SCREE:-';: Same as DSC.
STEP: Automatic determination J.Dd cyaluation of weight steps
in percent Of absolute values.
KLKETlC: Determination of fe:l.cr10n kinetics.

SCREE:-';: Complete curve I\i~ 5cc:ion expa:1sion and first
derivative.
1:-.rrEG: Peak integration.
PLRITY: Purity determinatioos..
OXSTAB: Oxidation stabiiity liSC'th<mnal and dynamic),
CRYST: Crystallinity of polyocers.
GTRA:"JS: Glass transition tempe:-arure.
KI~ETIC: Reaction kinetics.
CP: Specific heat.

a.

b.
c.
d.
e.
f.
g.
h.

2. TG

a.
b.

c,

d. Stimton-Redcroft Srsrem

A typical DSC curve peak integration is :;ho\\n in Fig~re 12.17. In the
fusion of dimethyl ten:phthalate. the peak ma."limum :cmperature found
was B9.4'C with a!1Hf of 66.853 JIg.

The Stanton·Redcroft DAPS 2 on-line data processing system employs a
four-channel IEEE 488 data acquisition unit connected between the TG.
DTA. or T~A module and a Commodore PET 403:! microcomputer. The
computer contains a dual-drive floppy disk system. a high-speed digital tape
unit. a high-resol ution graphics board. and a Hiplot 6-color plotter. A number
of software programs are available for cakulation uf oxidative inductive
stability. time-to-ignition. degree of curve. ':UI'\"C integration. and so on.
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Figure 12.17, Curve peak :otegrat:on for dJ::1cthyl phthalate ;Js;ng the Meu.er TeO TA
processor and the !vIenJcr TA 3000 system,
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THERMAl. A~ALYSIS ~OME.'iCLHTRF.

f)

A. Il'tTRODt:cnON

In 1967, McAdie (1) reported the recommendations of ilie committee on
standardization of the International Confederation of Thermal Analysis for
reporting DTA or TO data. To accompany each DTA or TG curve, the

t following information should be reported:

Identification of all substances (sample. reference. diluent) by a
definitive name, .an empirical formula, or equivalent compositional
data.
A statement of the source of all sub,tances. details of ilieir histories,
pretreatments, and chemical purities, so far as these are known.

Measurement of the average rate of linear temperature change over
the temperature range involv:ng the phenomena of interest.
Identification of the sample atmosphere by pressure. composition,
and purity: whether the atmosphere is static. self-generated. or
dynamic through or over the sample. Where applicable. the ambiem
atmospheric pressure and humidity should be spetified. If the
pressure [s oilier than atmospheric, full details of the method of
control should be given.
A statement of the dimensions, geometry. and materials of the
sample holder, and the :netbod of loading the sample where applic
able.
Identificat ion Df the abscissa scale in tertr.s of time or tempera ture at
a specified ~ocation. Time or temperatur~ should ~e plotted to
:ncrease from :eft :0 r:gh:.

A statement of the methods ;Jsed to k!t:ntlfy intermediates or tinal
products.
Faithful reproduc:ion of all original records.

Wherever pos~ibie. each ~her.r.al effect shl'uld be identified and
supplementary supporting evidence ,ta.ed.
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rn the reporting of TG data, the following additional details are also
necessary :

10. ldentification of the thcnnobalance. including the location of the
temperature-measuring thermocouple.

11. A state~ent of Ihe sample weight and weight scale for the ordinate.
Weight loss should be plot~cd as a downward trend, and deviations
from this practice should be clearly marked. Additioz:al scales
(such as fractional decomposition or molecular composition) may
be used for the ordinate where desired.

12. Ifdedvative thermogravimetry is employed, the method of obtaining
the derivative should be indicated and the units of the ordinate
specified.

When reporting DTA curves, these specific details should be presented:

1Q. Sample weig1Jt and dilution of the sample.

11. Identification of the apparatus, including the geometry and materials
of the thermocouples and the locations of the differential and
temperature-measuring thermocouples.

12. The ordinate scale should indicate deflection per ac at a specified
temperature. Preferred plotting will indicate upward deflection as a
positive temperature differential, and downward deflection as a
negative temperature differential, with respect to the refere::lce.
Deviations from this practice should be clearly marked.

3. The term ana.lysis should be avoided as tar as possible, since the
methods conSIdered do ::lot comprise analysis as generally understood
chemically; terms such as differential thermal analysis are too widely
accepted however, to be changed.

4. The term CUTL'e is preferred to lhermogram for the following reasons:

a. Thermogram is used for the results obta.ined by the medical
technique of thennography.

b. If applied to cer:ain curves (such as thermogravimetric curves),
'"ther:nogram" would nOt be consistent with the dictionary
definition.

c. For clarity there would have to be frequent ~se of terms such as
differential thermogram, thermvgruvimelric rhermogram, and so
on, which are not only cumbersome but also confusing.

5. In multiple techniques. simullanevus should be used for the
application of two or mOre techniques to the same sample al the:ame tlme: con:bined wouid then indicate the use of separa te samples
tor each :echmque.

6. Thermal decomposilion and similar :crms are being further considered
by :he committee.

C. TER.V1I:\OLOGY

Acceptable names and abbreviations. together with names which were for
various reasons rejected. are :isted ;n Table 13.1. The committee is in accord

Table t3.1. Recommended TennillololO'

Thermography
Thermoanalysis

.\1erhods associmed .... ith weight chol.qe

In 1969, Mackenzie (2), Chairman ofthe rerA ~omenclature Committee,
published the first defulitive nomenclature report. These recommendations
should be adhered to in all English-language publications in thermal analysis.
The reeommel1datiol1s are as follows.

B. GENERAL RECO~E:"oIDATIONS

1. Thermal analysis and not Ilzermography should be the acceptable
name in English, since the latter has at least two other meanings in this
language. the major one being medical. The adjective should then be
thennoanalytic:al (cf. physical chemistry and physicochemical): the
term thermoanalysis is not supported (on the same ;ogicaJ basis).

2. Differenlial shOUld be the adjectival form of difference: derh'atilJe
should be used for the first derivative (mathematical) of any C<.lrve.

Acceptabie :"a;nc

Thermal analysis

I. Stal'.c
Isobaric weight-change

determirla~jon

Isothermal weight-<.:hangc
determination

Acceptable
Abbrev,'

(jeneral

[$olhermai :.hermogrdy::r.etric
J:talysis

SBO - 1·."......-
I<J\..J, •.•••• :.:.'
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Derivative :hermogravimetry DTG

2. Dynamic
ToermogTav:mctry TG

t\ccep:ub:e
,'\ccepl~ble :-'a:r.e Abbre~.~

'Thermogravimetric anaJys!s
Dynamic the:mogravlmetric analysis
Differential thcrmogravlmetry
Differer_tiaJ L'termogravimclr.c

analysis
Der;vative ther:nogravimetric

ar.ai)'sis

Merhods associated wirh ener.tTy change

with the suggest:on, made during discussion of the report. that the limited
nl!mber of abbreviations considered per.nissible should be adopted inter
nationally, irrespec~ive of lang:.:age.

The committee did not wish to pronounce on nomenclature in borderline
techniques (such as thermometric titrimetry or calorimetry) which are. to its
knowledge. being considered by other bodies. Consideration of ,echniques
not yet t:.Xtensively empioyed has been defer~ed.

D. DEFL".TfIO:\'S A~L> CO~VE.·'o/TIO~S

1. General

Methods associated wirh evolved liolatiles

Heating curves"
Hea::ng ra:e curves"
Inverse heating rale curvesb

DiJTeremiaJ thennal ana:)'sis
Der:vative differe:ltial thennal

analysis
Differelltial scann:ng

calorimetry

DTA

DSC

Thermal aDalysi~

Derivative thermal analysis

Dynal"l'::C differential calorimetry

Thermal analysis. A general term (;overing a group of related techniques
whereby the dependence of the pararr:eters of any physical property of a
substance on temperature ;s measured.

2. :\tlethods Associated with Weight Change

a. Static

Isobaric Weight-cbangc Determination. A technique of obtaining a record
of the equilibrium weight ofa substance as a function of temperature (71 at a
constant partial pressure of the volatile product or products.

The record is the isobaric weight-change curve: it is nonnal to plot weight
on the ordinate with weight decreasing downward, and T on the abscissa
increasing from left to right.
Isothermal Weigbt-change Determination. A technique of obtainmg a
record of the depende:Jce of :hc weight of it substance on lime (t) at constant
temperaturc_

The record is an isothennal weight-char.ge curve: it ;s normal to plot
weight on the ordinate with weight decreasing downward. and I on :he
abscissa increa.sing from len :0 right.

i,

EGD
EGA

MU/lip/I! tl!cJmiqul!s

DA.TA. (Diffcn:nt:al and
thennograv,r:le: ric analysis)

DerivalOgraph~

Derivulograp'Jic a:la:Y'>l$

Effluent gas de:ectior.
Effiuent gas analysis
Thennovaporltne:ric anaysis

Methods associated wirh dimensional change

Dilntometry
Derivative dilatometry
Differentia: d:larometry

Evolved gas detection
I ~v()lved gas analysis"

Simll;taneOus TG and
DTA. etc.

•....bbreviullon~ ~hould be in ,npim. ,,,;ler$ ",:L1h'~1 :'~,: ,1";1', ~r,<.1 ,h.'u:d be KeF~ :0 :h"
tnl::inHlm :0 avoid ::on:\"lOn.

'Wh~n de:crrr.lt:ulions are performed dur:ng the ro,'li;:g ry..:.e lne,e be":"Ole coolin!! curve~.
~o"Jing ral~ ..:urves, and mverse clloli::g rute curves. ;e,;pect:,e:~

<'[r.e :nethod or dllalys;s sh"uld i'le c'lrurly ,:R\ed H:tU a~brevin[ll'n~ sud a, :viTA Ifr.OSS
,p,,":mrne~ric lhe=a: onalysi.') .lrod \-IDTA (mass <peClro"le;r~ ane d'F.'e,en:'al Ihe:'1nal
.naly""l a"'ided.

802

Thermogravimetry (TG). A techniqL:e whereby the weight oi a substance.
:n an environmer.t heated or cooled at a conlrolled rate. :s recorded as a
runct~on of time or tempera:ure.

The record ;s :he tneIT.1ograv:melric o~ TG curve: the weighl should be
p:otled on the ordinate with weight dec:-(~Jsir_g downward. and [(If TOrllhe
abscissa increas:ng frot:] :cr: to right.
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Derivative Thermogravimetry (DTG). A technique yielding the firsl
derivative of the thermogravimetriC curve with respect to either time or
temperature.

The curve is the derivative thennogravimctric or DTO curve: the
derivative should be plotted on the ordinate with weight losses downward,
and t or T on the abscissa increasing from left to right.

£. METHODS ASSOCIATED WITH Er--YRGY CHANGES

Hearing Curves. These are records of the temperature of a substance
against time, in an environmeot heated at a controlled rate.

T should be plotted on the ordinate increasing upward, and { on the
abscissa increasing from left to right.

Heating-rate Curves. These are records of the first derivative ofthe heating
curve with respect to time (i.e., dT/dt) plotted against time or temperarure.

The function of d1/dt should be plotted on the ordinate, and (or T on the
abscissa increasing from left to tight.

Inverse HeatiDg-rate CW'Yes. These are records of the first derivative of the
heating curve with respect to temperature (Le.• dl/dn plotted against either
time or temperature.

The function of dl/dT should be plotted on the ordinate, and t or T on the
abscissa increasing from left to right.

Differential Thermal Analysis (PTA), A technique of recording the differ,
ence in temperature between a substance and a reference material against
ei~her time or temperature as the two specimens are subjected 10 identical
temperature regimes in an environment heated or cooled at a controlled rate.

The record is the differential thennal or DTA curve; the temperature
difference jtJ.n should be plotted on the ordinate with endothermic reactions
downward, a:ld t or T on the abscissa i:lcreasing from left to right.

Derivative Differential Thennal Analysis. A technique yielding the first
derivative of the differential thermal curve with respect to either time or
temperature.

The record is the derivative differential thermal or derivative DTA curve;
the derivative should he plotted on the ordinate, and I or T on the abscissa
increasing from left to right.

~
!

Differential Scanning C~orimetry (DSC). A tech:lique of recording the
energy necessary to estabJlSh zero temperature difference between a substance
and a reference material against either time Of :emperature as the two
specimens are subjec:ed to identical temperature regimes in an environment
heated or eooied at a controlled rate.

.~e record is. the DS~ curve; it represents the amount of heat applied per
unit tune as ordmate agamst either I or T as abscissa.

F. :\1ETHODS ASSOCIATED WITH EVOLVED VOLATll.ES

Evolved Gas DetectiOll. (l<:GD). This term covers any technique of detecting
whether or not a volatIle product is fonned during ~hcrmal analysis.

F:volved Gas Analysis (EGA). A technique of determining the nature and
amount of volatile product or products formed during thermal analysis.

C. :\-tETHOnS ASSOCIATED WITH DlME"SlO~'AL CHANGE

Dilatometry. A technique whereby changes in dimension(s) of a substance
are measured as a function of temperature. The record is ,he dilatometric
curve.

Derivative Dilatometry: Differential Dilatometry. lbese terms carry the
connotations given l:l l(b).

H, Ml.'LTIPU: TECH~IQUF$

This temJ multiple techniques cover~ simultaneous DTA and TG and other
techniques, and definitions follow from the preceding discuss:on.

Ma~ke~zie et a!' (3) protested the use of the tcnn Ihermohygrometric
analY~ls (1 HA~ as used by Still and Cluley (4). They suggested that this
techmq lie was SImply a branch ofevolved-gas analvs:s. for which the abbrevi
ation EGA has been internationally accepted. The leTA Nomenclature
Committee regards the coining of abbreviations for what are variants of an
accepted term as compictely indetensible, and would urge all scientists to
give serious.c~ns:dcraljon to the implications of introduc~gand publishing
neW abbreVIatIOns or complicated terminology.

In a second report of the J';omenc1ature Committee by \1ackenzie et aL
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(5), the following more definitive recommendations were published:

I. DTA

In simultaneous DTA-TG, definitions follow from those given for DTA
and TG separa,ely.

The follow::lg definitions are to be used in conjunction with those previ
ously reported LI. 2) for DTA and TG data.

L DTA

In DTA it must be remeF.lbered :hat although the ordinate is conventionally
labeled tJ.T, the output from the 6 Tther:nocoup;e will in most :nstances vary
with temperature, and the measurement recorded is norma~lv the emf
output, E, [the conversion factor, b, in the equation tl. T = bE is n~t constan;
sinee b = /(nJ. A similar situation occurs with other sensor systems,

All definitions refer to a single peak such as that shown in Figure D.I ;
multiple-peak systems. showing shoulders or more than aile maximum or
minimum, can be considered to result from superposition of single peaks.

The baseline (Figure 13.1, AB and DE) corresponds to the portions of
the DTA curve for which tJ.T is approximately zero.

Apeak (Figure 13.1, BCD) is thaL portion of the DTA curve which departs
from, and subsequently returns to, the baseline,

An endothermic peak or endotherm is a peak where the temperature Dfthe
sample falls below ,hat of the reference material (i.e., tJ.T is negative).

An exothermic peak or exotherm is a peak where the tem~ramrc of the
sample rises above that of the reference material (i.e., tJ. T is positive),

Peak width (Figure 13.1. E'D') is the time or temperature interval between
the points of departure from the return to the baseline.

T 0'/-

Fi!!"re I} I. f'onnali.led ::nA curve (51.

c,
s"

!
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A .n c F [) !:;'

--- -- - -- -- - -- -1~::'::-- .---- . --- --/

B --=~·I: f
III
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I
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I

I
;:1

I

,
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K. DTA A:\D TG

The sample :s the acIuai material investigated. whether diluted or undiluted.
The reference maNrial is a known sub;;tance, usually inactive thennaJ:y

over the temperature range of interest.
The specimens are the sample and reference material.
The sample holder is the container or support for the sample.
The reference holder is the container or support for :he reference material.
The specimen-holder assembly is the complete assemblY :n which the

specimens are housed. Where the beating or cooling source is incorporated
in one unit with the containers or supports for the sample and reference
material, this would be regarded as part of the specimen-holder assembly.

A block is a type of specimen-holder assembly in which a relatively large
mass ofmaterial is in intimate contact with the specimen hoiders,

The dijj'eremial thermocouple or tJ.T thermocouple is the thermocouple
system used to measure temperature difference. Should another thermo
sensing device be ased, its name should replace "thennocouple.·'

J. TG

A thermobalance is an apparatus for weighting a sample continuously whiie
it is being heated or cooled.

The samp{e is the actual material investigated, whether diluted or :m
diluted. Samples used in TG are nonnally not diluted, but in simultal'.eous
TG and DTA diluted samples might well be used.

The samp{e holder :s the container or support for the saI:1ple.

The lemperarure rhermoC'ouple or T Ihermo",mple is ihe :her:nocouple
syste::1 used to measure temperature: its pos:tion wlth re6pect to the sUIT'.ple
shou:d always be stated. Should U;Jother ~hermoser.sing deYlce be used. iL.s
name shou:d replace "thermocouple:"

The heating rate is ,he rate of ~e:nperature increase...... hich :5 cusLOr.lanlv
qumed in degrees per minute {on the Celsius Dr Keivin scales). CQrrespor.d
ing;y, the coolir.g rate is the :-are of temperature decrease. The heating or
cooling ratc is said :0 be constant when :he te:npemture-t:me curve ',s linear.
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.1. CF) is the distance, vertical to the time or
en the interpolated baseline and the peak tip Figure

. BCDB) is th area enclosed between the peak
~Iine.

-'wre 13.1, G) is the point of intersection of the
o(greatest slope on the leading edge of the peak

>.xtrapolated baseline (Figure 13.1, BG).

M. TG

\gle-stage process such as that shown in Figure
~an he considered as resulting from a series of

s that part of the TG curve where the weight

~ig-ure 13.2. 11) is that temperature (on the
'hich the cumulative weight change reaches a

11ce can detect.
~ re 132, C) is that temperature (on the
"h the cumulative weight change reaches a

~Tature difference between T: and r; as

the recommendations of leTA con
rUI or evotved gas analysis (EGA) curves.

eo TG rurv~ 15).

~
(

I
t

I

"

1. Identification of all substances (samp:e. reference, diluent) by a
definitive r.arne, an empirica: formu:a. or equivalent compositional
data .

1. A staterr.er.t of the source of ail substances, and the details of their
histories. pretreatments, and chemical purities, sO far as these are
bo.,.,n.

3. A clear statement of the temperature environment of the sample
during reaction.

4. \1easureme::n of the average rate of linear temperature change over
the temperature range involving the phenomena of interest. Non
:inear :emperature programming should be described in detail.

5. A statement of the dimensions. geomctry, and materials of thc
sample bolder. and tbe method of loading ~hc sample where applic
able.

6. Identification of the abscissa scale in terms of time or temperature at
a specified location. Time or temperat;Jre should be plotted to
increase from left to right.

7. Identification of the ordinate scale in specific terms where possible.
In general. increasing concentration 'Of evolved gas should be
plotted upward. For gas density detectors, increa~ing gas density
should aiso be plolted upward. Deviations from these practices
sbould be clearly marked.

8. A statement of the methOds used to ide:ltify intermediate or final
products.

9. Faithful reproduction of all original records.
10. Identification of the sample atmosphere by pressure. composition,

and purity, and by whether the atmosphere is self-generated or
dynamic tbrough or over the sample. The flow rate. total volume.
construct:on, and temperature of the system between the sample
and detector should be given, together with an estimate of the time
delay within this system.

II. Identification of lhe apparatus used by :ype and commercial name,
together with details of the location of the temperature-measuring
thermocouple and the interface between the systems for sample
heating and detecting or measuring eVolved gases.

12. In :he case of EGA. when exact units are not used. the relationship
beTween signal magnitude and concentration uf species measured
should be stated. For example, the dependence of the flame
ionization signal on the numher of carbon atoms and their bonding,
as well as on concentration, should be given.
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Accelerating rate ca.iorimetry, 747
appllcatioas, 753
instrumer.tation. 748
theory, 75:

Additive content of polymers, TO or. IgS
Alkaline earth o~a1ates.. TO o( 148
Alkaline earth salt hydrates, TG of, 147
Alumina. specific heat of, 442
Alumina wbiskm, 152
Aluminum o~lde, TO of. 151
Ammonium dichromate, 154
Ammonium :titrate, DTA of, 396
Ammonium perchlorate, DTA of., 3g0
Analgesics. TG at; 184
Anderson at al. equation, 291
Anisaldazim:. DTA or. 418
Antacids. TG of, 186
Aortic--OAG-LDL complex, DSC of. 368
Applied electrical fields, 733
Archaeo!ogical dating, 607
~bmtiusequaPon,59

Aspirin, TG o( 184
Automatic gravlmet.";c illlaiysis, 20:

BasC<)m Tarner data center recor<ler. : 08
Benzoic acid, DTA of, ~09
Bipheny~ DTA at 435
Boersma equation, 2 I8
Borcbaa 8JJd Dac.iels equation. 21\5, 286
n-Butane, DTA of. 411

Cahn electrobaJance. n
Calcium acelate. 16 [
Calcium bromides hydrate. TG or, : 48
Calcium carbonate, TG of. 21
Calcium chromate, TG or, 156
Calcium silicate•. TG of. 158
Cata.lyst re"ctio~5.. DSC of, 369
Cellulo~e. DTA of. 388
ChemIcal AbslraclS. 8

Cheverrard thermobalance, III
Clausius-Clapeyron equation, 234
Coal, TG of. 143
Coll1 5anlples, DSC of, 385
Cobalt comple~es, TG of, 166
Cobalt sulfate 7-hydrate, DTA of, 239
Commercial thermal analy~is instnunentation,

786
Computers:

applicatJon to DTA/DSC. 779
application to EGA, 78J
applkatiotl to TG. 765

Cooll1Jmltioll comPOI1l:da, TG of, 164
Copper (11) acetate, TG of, 160
Copper sulfale 5-bydraw. DTA of. 261
Copper (11) lalt.-ates, TG of, 163
C:-yoscopic :nethods, 627

instrumentation, 635
Current-voltage, 727

Davis et aL equation. 291
Derivatog:raph. 113
Dlamollds.. TG of. 168
Dielectric constant, 718

applications of. 724
instrumentation tor, 720

Differential :hert:1al analysis;
auwmated, 333
calibration of. 270
constant sensitivity. 272
definition. 213
high pressure, 325
quamita.tive aspects of. 259
sample holders. 301
seaJed-rJbe. no
temperature calibration of, 309
theoretical aspects of, 216

Differentia; thermal analysis apPllJ1ltus, 299
Differtontial thennal analysis curve:

opera:ional parameters. 264
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Reaction i!lrerval. 11
Recorclin8 balances, 89
Reich equation. 287
Reich and Stivala method, 68
Rogers equation, 289
Rubber, TG of, 198

Quantitative differential thermal
analysis/differential scanning clLlorimatry,
precision and accuracy, 280

Quartz balances, 126
8-Quinolillo~ DTA. of, 265

Sample container buoyancy. 38
Sample bolder, vapor pressure, 95
Sample bolders, comparison of, 246
Sample particle size, 35
Sapphire, DSC of, 275
SEDEX system, 755
Sidente. TG of, 14
Silver acetate, 16l
Silver carbonate, DTA of, 401
Siiver nitrate, DTA o( 261
Sodium carbonate, TG of, 181
Sodiwn penicillins, DSC of, 420
Spell equation. 217
Stanton-RedcfOft system, 795
Starch, DTA of, 365
Steady state parameter :ump method, 67
Strontium carbonate, DTA of, .237
SuifathilUole, DSC of, 42l
Sulfur, DTA of, 395

Temperature calibration. 100
fusible link method, 104

Tetnperature progra.rnmed ~eduction, 503
Temperature programmer, DuPon~ 311

Polyethylene, DTA of, 429, 432
Polymer mixture, DTA of, 426

-Poiystyrene, TG ot: 194
Polyvinyl chlonde, TG of, 196
Potassium aluminum sulfate, TG of, 1711
Potassiwn chlorate, DTA of, 391
PotaSsium bydrogen pbthalate, TG of, l77
Potassium :titrate, DSC of, 400
PotaSsium pennanganate, TG of, 176
Purity determination by differential scanning

calorimetry, 651
Pyrolysis-gllS cbromatography, 510

Mercury (l,m compounds, TG of, l70
Methanation reaction. DSC of, 371
Methaqualone. DSC of. 423
Mettler TClO sy~'tem. 793
Microdistillation, TG ase in, l47
Microrellectance teChnique, 594
MlcrOlicoPY. fusion. 584
Miscellaneous sample effectS in TG, 37
Multiple sample holder, 304
Multiple techniques, 80S
Munay and White equation, 283

Pacer eqllatlon, .220
Papyrus sheets.. DTA of, 448
Peak temperature, variation with aeating rate,

230
Pentiandite. DTA of, 379
Perkin-Elmer DTA 1700 systero, 349
Perltin-Elmer systems, 787
Petroleum pitl:h, DSC ot: 383
PFHC-methanol DSC oC 417
Pbotothennal analysis. 581
PiJoyan equation. 284
Plaster or Pans, DTA oC 375
Plallnum cyano Imlmide. TG of, (65
Platinum group oXides, TG of, i 79
Polyadipamide. DTA of. 434

Oil shale:
DSC of, 382
TG of, 145

Organi" acids, DTA of. 408
Gr8anic derivatives, DTA of, 415
Organic panicuIaw analysis, 517
Oxyluminescence, 610

applications of, 620
instrwnentatioll of, 618
kinetlC!l of, 615
mechanism oc. 612

O?.awa method, 69

:-Iapbthalene-benzoic acid pbase diagram. 444
National PhysicaJ Laboratory, 3LO
Nemst qt1lU'tZ microbalance, ! 1
Newkirk method, 60
Nicke~ ClIrie (lQint of, 447
Nickel-alumina catalYSl, TG o~ 13 9
Nickel sulfide, TG of; 173
Niobium nitride, TG ot: 175
Nylon 6/6, DTA ot: 431

Heetorite, DTA o~ 377
High temperature reflectance spect:'Oscopy,

562
Horowitz and Metzger method, 61
HTRSIDRS. application of, 568

Journal of Thermal Analysis. 5

KaoHnite:
DTA of, 378
TG of, 140

Kissinger equation, 229

Lignite, DTA of, 237
Lithium glasses. DTA of, 449

!llfrarC(i spectroscopy, hlgh temperature, 583
lnitial temperature, lO

Magnesiwn acetate. DSC of. 397
Ma~esi"m sulfale 7-aydrate, DTA of, 238
Manganese oxalate, DSC of, 396
Masler data method, 67
Maycock equation, 288
Magnetic traasitiOll temperatures, 106
Mercury compounds, DSC of. 402

Final temperature. 10
Flame ionization detection, 5 l2
Freeman atld Carroll method, 61

Evolved gas analysis:
definition of, 461
water detection of, 509

Evolved gas detection:
automated, 504
definition of, 46l
temperature caUbration of, 500

Evolved gas detection/evol~ed gas analysis:
apparatus, 493
applications, 533
coupling with DTA, 489
couplin8 with TG, 477
CUrTent techrtiques, 470
detectors for, 494
multiple techniques, 473

EGA-MS. 508
Egyptian blue, TG of, 168
E!ectrical conductivity, 698
Emanation thermal analysis, 524

Differential thermal analysis C\UVe( Continued)

sample cbaractenstics, 258
typical. 115

Differential thermal analysis and differential
'scanning calorimetry, compar'.son of, 266

Differ\lntial thermal analysis systems:
DuPont, 349
Eberbach, 353
Mettler, 349
fl;etzsch, 353
Perkin- Elmer, 345
SETARAM,352

Differential thennal analy!!is theory. 222
Differential thermal analysis thermocou pies,

306
thin-film, 307

Differential thermal gas analysis, 50 1
Differential themometry, 2 I 3
Diffuse Iel1l!ctanCe spectroscopy, 559
Drying of analytical precipitates, 204
Doyle's lDl:thod, 62
DSC purity determination:

applications, 664
el(perimelltal methods, 662

DTNDSC:
applications of, 361
appticatioDS to biological materials, 363
applications to catalysts, 369
applications to clays, 373
applications to petroJewn products, 387
applications CO inorganic llUlteriaLs, 388
applications to organic materials, 406
applications Co pharmaceuticals, 419
applications to polymers, 424
calibration standards, 276
reaction kinetics methods, 282
specifIC beat determination, 442

DTA/DSC cunre:
factors affecting, 227
origin of, 359

DTG curves. comparison With TG, 55
DuPont 1200 Deg. C. celL 350
DuPont high pressure DSC cell. 350
DuPont Mode1l090 system, 792
Dynamic thermomecbanometry, 67B

Elastomeo, TG of, 195
EthanoL DTA of, 445
Ethylene-vinyl acetate copolymer, TG of,

199
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Tetram.miI:Le platinum chlorlde, TG of, 164
Tb.enardite, DTA of, 262
Thermal analysis. 1. 213

definitions ot:, 803
nomenclature, 799
recommended terrniuology, 801

ThermaJ Analysis Abstracts,. 8
The.nnal conductivity of gases, 22
Thermal energy storage materials, 450
Thennallag, 658
Thermally stimulated discnarge, 72 8
Thermal matrix reactions. 580
ThemlaJ microscopy, 590
ThetJIlobalance. 87

automated, 127
DuPont, 112
high pressure, 130
Honda, 110
Mettler; 114
Perkin-Elmer, 118
Rigaku, 121
SETARAM, 123
Stanton Redcroft, 119
vapor pressure determinations, 13:;

Thermocb:iInica Acta, 8
Thermoc~omic compounds, 708
Therrnoeouplcs, 249
Thermogravimetry:

applications of, 137
applications to catalysis, 138
applications to clays, 139
applications to fuels, 143
applications lO inorganic compounds, 147
applications lO pharmaceuticals, Hl4
aPplications to polymers, 191
definition of, 9
derivative, 52
isothermal, 10
mass changcs detectable by. 138
nonisothermal reaction kinetics of, 57
quasiisother'ma~ 10
recording systems, 105

self-gene rated atmosphere, 46
sources of error, 38

Thermogravimetry ctm'cs:
effect of neat sinks on, 27
eiTors in, 46
factors· affecting, 12
optimum sensitivity, 32

Thermoekc~ometry,697
Thermoluminescence, 596

applications of, 502
inStrtllllentation of, 600
kinetics of, 598

Theni10mecbanical analysis, 672
instrumentation, 67:;

Thermomecnanical methods, applications ot:,
682

Thermomagnetometry, 740
Thermomolecular beam analysis, 23, 131
Thermoparticulate analysis, 515
Thennopbotometry, 559
Thermopik, Mettler, 305
Thermosonimetty, 734

applications of, 736
instrumentation of, 734

Thermovoltaic detection, 728
applications of, 730

Thin-Iayer chromatography, 514
Three wire thermoco\lple, 326
Titanium oarbide, TO- of, 184
TorsioIiaibraid analysis, 681
Tremolile, 170
Triamcinolone diacetate, DTA of, 422

Vgine-Eyraud B70 balance~ J24
U.S. Bv.reau of Standards, J09
Uranyl Ol'alate, DTA of, 248

Vapor pressure determinations, 205
Vibrin 135 resin, DTA of. 428
Yelcl eq\latio14 217

Zinc nydroxide carbonate, X-ray of, 31


