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BASELINE STUDIES OF THE CLAY MINERALS SOCIETY SOURCE
CLAYS: THERMAL ANALYSIS

STEPHEN GUGGENHEIM AND A.E KOSTER vAN GROOSE
Department of Earth and Environmental Sciences, University of Illinois at Chicago, Chicago, Illinois 60607, USA

INTRODUCTION

Thermal analysis involves a dynamic phenomeno-
logical approach to the study of materials by observing
the response of these materials to a change in temper-
ature. This approach differs fundamentally from static
methods of analysis, such as structural or chemical
analyses, which rely on direct observations of a basic
property of material (e.g. crystal structure or chemical
composition) at a well-defined set of conditions (e.g.
temperature, pressure, humidity). Clay minerals are
highly susceptible to significant compositional changes
in response to subtle changes in conditions. For ex-
ample, changes in the fugacity of water affect the sta-
bility of interlayer H,O in a clay mineral (see below).
Therefore, care must be taken that all experimental
conditions are known with accuracy and precision.
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Figure 1. Parameters defined for a simple DTA or DTG

peak (a) and for a TG curve (b).
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Differential thermal analysis (DTA), thermal gravi-
metric analysis (TG or TGA), and derivative thermal
gravimetric (DTG) analysis are reported for each of
the eight Source Clay minerals using commonly avail-
able commercial instruments. The DTA curves show
the effect of energy changes (endothermic or exother-
mic reactions) in a sample. For clays, endothermic re-
actions involve desorption of surface H,O (e.g. H,O
on exterior surfaces) and dehydration (e.g. interlayer
H,0) at low temperatures (<100°C), dehydration and
dehydroxylation at more elevated temperatures, and,
eventually, melting. Exothermic reactions are related
to recrystallization at high temperatures that may be
nearly concurrent with or after dehydroxylation and
melting. Discriminating between desorption and de-
hydration or dehydration and dehydroxylation may be
problematic. The TG curves ideally show only weight
changes during heating. The derivative of the TG
curve, the DTG curve, shows changes in the TG slope
that may not be obvious from the TG curve. Thus, the
DTG curve and the DTA curve may show strong sim-
ilarities for those reactions that involve weight and en-
thalpy changes, such as desorption, dehydration and
dehydroxylation reactions.

In thermal analytical studies of clay minerals, re-
sults from different laboratories often show significant
variations in the desorption and dehydration properties
of these minerals. Koster van Groos, Guggenheim and
co-workers (for a summary, see Guggenheim and Kos-
ter van Groos, 1992a,b), found that the temperature of
an event involving H,O is greatly affected by the fu-
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Figure 2. Parameters defined for complex DTA or DTG
peaks.

433


https://doi.org/10.1346/CCMN.2001.0490509

Clays and Clay Minerals

Guggenheim and Koster Van Groos

434

GI'T = %M ¥ “Dol8] = AL ‘DeST1 = OL ‘I8 PALINII0 uONRIPAYSP [EUOIPPY ,1-1dd

65T = %W Y Dol61 = L Dpl6 = OL 18 PAUNIO0 uoneIpAyap [BUOBIPPY . 1-[dd

OI'T = %M ¥V “Del8] = 3L ‘DeS11 = OL :IB PaLNdd0 UONBIPAYIP [RUONIPPY s 1-1dd
090 = %M Y

DeP68 = AL D.8F] = OL ‘08°0 = %M ¥ D88 = AL D608 = OL ‘06'0 = %M V ‘D608 = 3L “D¥L = QL 118 218 $1UdA0 UONRIAX0IPAYSP [RUOBIPPE 2a14], ,[BDHS
SL'T < %M Y 9qRIIRAR 10U = 3] ‘D088 = OL ‘T6'0 = %M

V ‘04058 = 2L ‘0,908 = OL ‘€L°0 = %M V D908 = AL ‘DolbL = OL ‘€9°0 = %M ¥ DolbL = OL “DpLIL = O 18 3Je sJudAa uone[Ax0IpAysp [euonippe Inog ., [-2DHS

‘uone[AxoIpAyap 03 Jouid snl 1ySrom s)duwres uo poseq %IM Y 5

o81d uoeSoniu ‘1N , *o8ind uaSonmu ou ‘1 , ‘98ind uaSoniu ‘DIr} «

'SUOIIBIAQIQQE IOYI0 pue s3uIpeay uwnod JO Uonuyap I0j 1x3) pue q] aIn3ig 29§

- - - €cy 018 1232 6°0 1293 07T LET 0ce OLI1 1671 0Ll 98 £€°9 98 0> J1-1dd
_ - - LL'E Loy [4:13 10°1 8¢ LYvC 0z'e Lye 161 ey L6 9 [4 33 9 0> vi-ldd
- - - oE'v 90¢ 19¢ 6v'0 19¢ YT yoe 9 24 L81 eL'Y Sl IL e 1L 0> *1-1dd
090 evL LIL 0c'l LIL ¥9¢ oLl £ €L - - - - - - 0L9 eL 0> «1"8DHS
61°0 11 868 90 859 98 w91 965 8L - - _ — - - G8'L 8L 0> vI-EDHS
99°C 6¢£9 [X4Y 18v £Ts 30V SLT 80 9 - - - - - - 10°¢ 9 0c> JI-UAS
we £v9 1§39 I8t Ies 60V 69'C 60 oL - - - — - - I8¢ oL 0> vI-uks
- — - 68T €0L 549 81 1949 8%l - - - 68°C il 9L L6'8 9L o> JJ7XLS
- - - £9'C 90L L19 St Li9 SOl - — - 99C o1 £6 1901 £6 0> vI-XLS
- - - €L'T 60L 865 001 86§ eLl - - — or'L €L1 LOT yO's LOT 0> *[-XLS
- - - 8T 999 L9¢ (44 L9S 91 - - - 00V 91 6 (44! 6 0> J2ZVS
- - - vr'e L9 SLS 10C SLS o1 — - - 06'¢ o1 001 Soel 001 0> vI-ZVS
- - - £€6'C £89 1§29 SOl 1849 SC1 - - - 08¢ SST 06 6t'L 06 0> «["ZVS
- - - Lv'e elL 619 6¢'[ 619 8¢1 - - - Sl 861 VL 9C'8 vL 0> KNS
- - - 0Tt 61L 1€9 OL'1 1£9 1S - - - (491 161 69 (4] 69 0> VCAMS
- - - s61°CTI 19¢ ooy LoC [£i4 - - - - - - e - - 0> alie). |
- - - s80°C1 vs LSY §¢0 LY - - - - - - - - - 0> ETal29) |
- - - s9CCI 99¢ vLy 891 vLY - - - - - - - - - 0> VCIRL9) |
- - - 599°C1 L9G 89 0v'0 69 - - - - - B — - - 0> «41-8DY
%™V 2L L KALRY AL oL BN Y AL oL % WV oL OL % ¥ 2L oL Py 3L oL ajdweg
uonBIAXOIPAYS PEITT6) 19YIQ/UONRIPAYR(/IBM PIGIOSPY

‘sIsATeue oLnouiAeioway] [ 9[QBL

https://doi.org/10.1346/CCMN.2001.0490509 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.2001.0490509

435

Thermal analysis

Vol. 49, No. 5, 2001

‘a[qe[ieAR

10U 34 “D:806 = Wd ‘Do898 = Od D.898 = Id ‘D678 = Wd D¥8L = 0d D9SL = Id “DSEL = W ‘Dl 1L = 0g Yim syead uoneKxoIpAysp [euonippe .2y, ,[-eDHS

DoEY6

= 1d D068 = Wd ‘D.L98 = 0d DuL98 = Id ‘DolT8 = Wd ‘De86L = Od 'DelSL = Id “De6TL = W D,80L = OJ ‘YnM syead uone[AxoIpAysp [euonippe saryL,  [-eDHS
D6TS = Id ‘DSOS = Wd DovLy = Od 1€ jead uonejAxoIpAyap [BUOHIPPE AUQ [-XLS
98und usSonw ‘1 , o8ind uaBonmu ou 1) |, eSind wadonmu QI 4
‘SUOTIRIASIQQE JOYIO PUB SSUIPLIY UWN[Od JO UOTIUYIP JOJ 1X9) dY) pUe g pue ] SNy 998

8¢S — - 127274 - - S0¢ €Te - - 961 - - oSt 8C1 - - 01 1t L9 [4Y 134 0> W1-1dd
LTS - - (444 - - vye 0LC 0€T LET 0TT LOT 661 691 91 _ - ocl €11 18 LS (94 0> vi-ldd
0gs —_ - 8724 - - 983 09¢C - - SIT - — €91 8C1 - — - - €6 - - 0> #1-1dd
11L — - L19 — - 8CS - - - —_ - - - 8L - - h - 129 - - 0> «1"8DHS
£99 - - 9¢9 - - L19 _ - — — - _ - (%] - - - e 9 - - 0T> vI-eDHS
999 209 vbS €8¢ - - 99¢ — - - o - e - S8 - - 19 [4Y €€ - — 0T> J1-UAS
699 009 ¥ES vovy CLv  Ivy  BLE - - - - — — - 8 - - - — LE - - 0T> v1-UAg
TIiL — e €99 LYS C8y ISP 1391 - ha 0¢l - — 01 68 - e - — 1< 0> vIXLS
61L —_ - 6L9 - - $6S 691 — - g} - - Tl €l - - - — 69 - — 0> vIX1S
L — - 699 €65  €0S LSV €LY - - 0sT - — 9C1 Tci - - — — 8 - - oT> *[-XLS
6389 —_ — €£€9 - - (4745 — — — - — - - PLT  9vL  LIT 9L oL 9 - i 0> #x["ZVS
169 - - 6£9 - — 2i4Y — - — — - — — LT vpT 1T 08 L <9 — - 0> vZVS
089 — - €£9 — - 18 — - — - - - - SLY - - 9¢T  TII 8L — — 0c> *[-ZVS
9ZL - - €89 879 CI9 86S — - —_ - — — — Y91  8vI LTI 611 601 6S — - 0> WZEMS
veL — - 689 0Ob9 TC9 26§ — - - - - _ - ¢91 6£1 €¢I SIT 901 IS - — o> vZ-AMS
6¥< —_ - 60§ - - o9v —_ - _ - - _ - - — - - — - - — 0> N4 39).1
£es - - 90¢ - - LEY —_ - - — — — - - — - - — - - - 0> *CeON
GLS - - LIS - - (454 — - — - - — - - - - - - - - — 0> VAT-BDN
18¢ - - 61¢ — - 8y - b - ha — - - - - - - —_ - - — 0> PEIRS) |
d ws os g IS5 wg od Id ws oS wd a8 ws od Id s [ s [0S W 18 wg 0od a[dureg
(2) Amad (1) Yeoqd

uone[AxospAga(f

UONRIPAYIC/IBNEM PIQIOSPY

‘ANowWIARIS [BULIDY) QANBAIIN( T 9IqBL

https://doi.org/10.1346/CCMN.2001.0490509 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.2001.0490509

Clays and Clay Minerals

Guggenheim and Koster Van Groos

436

“PIAIISAO SEM D,L1L = Id PUE 3,669 = W D59 = Od Ui Yead UONEIAXOIPAYRP [BUOBIPPE [[EWS JUQ «[-EDHS

0,979 PUE D,68% 18 218 syead uone[AxoI1pAysp jpuonIppe OM], 4 ]-UAS

L0 v AL«

‘suoreIAdlqqQe 1a4ylo pue mwr:.vmo: UWnod JO uoniuyap 10} 1xa1 3y} pue g pue ¢y zuuzm_.nﬁ NS

Si16 — — w8 088 — — — 9& — — & — — [LE LOE TUT 60T 961 — ~— — — T — — L6  xI7ldd
- - - - — 961l SLIE ZzZil 888 — — LTS 8SL I¥L LTL 09€ 1€€ S9C 697 0ST 00 — — 961 — — OL> x[-BDHS
6001 — — 066 656 — — — €L9 8LS €9S TES TOS 8S¥ T6E €SE 61€ IST 881 — — — — 661 — — 06  «lULS
0011 0801 €¢OT 8001 T86 16 +68 678 06L — — 189 — — €66 ~— ~— -~ IS¢ LTE 6PC LIT 861 LO9T — — OL> «I-X1S
9011 €101 266 6.6 0S6 €88 S8 SI8 ITL $OL S69 I¥9 — — 8§ — — — 89E€ LTE 69T 8IT +OT 8LI — — OL> «IZVS
9L6 096 8¥6 €C6 688 — - — L&L — — ¥89 — — 109 ¢VvLE T€E€ veT 60T 81 0oLl — — ¢l — — 06 +*T-AMS
v66 — — 86 S9%6 — — — L§§ — — €I — — 6 — — — — — — — — — — — — L UEDY
186 — — L6 196 — — — p09 — — 8¢ — — pr — — — — — — — — — — — — 7O
L66 — — €66 08 — — — LIS — — 81& — — & — — — — — — — — — — ~— — QDY
P66 — — 066 v.6 — — — 89 — — G — — g — — — — — — — — — — — — [0}
q wg oS wg od 1d wy od 13 we os wd 18 wg od 14 wy od 14 ug oS twg  jog  wig is ws o4 sjdureg

(@) Yead (1) yead
uonezI[e1ski0oy Funppw uone[AxoIpkyag uonrvIpAysq

‘SISA[RUR [RULIAY) [BOURISMIJ ‘€ Q[qBL

https://doi.org/10.1346/CCMN.2001.0490509 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.2001.0490509

Vol. 49, No. 5, 2001

Table 4. Comments on color changes after thermal analysis
for samples analyzed at UIC.

Sample Comments
KGa-1b no change
KGa-2 change from tan to orange
SWy-2 change from tan to red-brown
SAz-1 change from brown-white to orange
STx-1 no change
Syn-1 no change
SHCa-1 no change
PFI-1 tan to dark red-brown

gacity of water, fi,o, at the hydrated site. Hence, the
response of materials during thermal analysis will be
strongly influenced by a variety of factors, including
the humidity surrounding the sample at the time of the
experiment. Evidence for this is shown by the effect
of purging the atmosphere surrounding the sample
with nitrogen. In addition, the grain size of clay ag-
gregates, as well as the size of the individual crystals,
will affect the diffusivity of H,O and, consequently,
Ju,0 at the hydrated site. More uniform experimental
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Figure 3.
(UT).
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conditions may be obtained using high-pressure ther-
mal analysis (HP-DTA), because the sample capsule
may be sealed after water is added, thus controlling
Jho-

Other experimental variables which influence the
apparent temperatures of water-loss reactions include
sample size, packing, sample holder configuration,
heating rate, particle distribution, contaminants, efc.
Most of these affect the ability of water to equilibrate
around the clay sample during a dynamic experiment.
Although the storage of samples over a saturated so-
lution of Mg(NOs),-6H,0 prior to thermal analysis
maintains constancy of relative humidity at 55% and
thus helps in maintaining a fixed water pressure early
in the thermal analysis, this technique is only effective
during the procedure at the very lowest temperature
range near room temperature. For a more complete
discussion on the importance of each variable, see
Mackenzie (1972). Shipment of samples to the partic-
ipating laboratories precluded maintaining these sam-
ples at 55% relative humidity. Thus, the samples were
stored under ambient humidity conditions at each lab-
oratory.

¢ KGa-1ib: DTA

Operater: MK Initial weight: 55.1 mg
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Figure 4. Experimental curves for KGa-2: (a) TGA/DTG (UIC), N, purge; (b) TGA/DTG (UT); (c) DTA (TK); (d) DTA

uTm).

EXPERIMENTAL METHOD

Samples were prepared as described by Costanzo
(2001) and distributed for thermal analysis to several
different laboratories with different instruments. Three
laboratories were involved: University of Utrecht
(UT), University of Illinois at Chicago (UIC), and
Thiele Kaolin Company (TK). The UT laboratory used
a Du Pont Thermal Analysis System 1090 for the DTA
experiments and a TA Instruments 2000 system con-
troller with a 2950 TGA module. Du Pont and TA
Instruments were previously affiliated and are run us-
ing the same software. The UIC laboratory used a TA
Instruments 1600 for the DTA experiments and a mod-
ule 51 (TA Instruments) for TGA; the software is iden-
tical to that used by UT. The TK instrumentation was
a Perkin-Elmer 7 Series Thermal Analysis System.

The UT and UIC laboratories used platinum cruci-
bles with Pt/Pt13%Rh thermalcouples adjacent to the
bottom of the pans. The TK laboratory used alumina
crucibles with Pt/Pt10%Rh thermalcouples. Samples

https://doi.org/10.1346/CCMN.2001.0490509 Published online by Cambridge University Press

were pressed by hand into the crucibles at UT, com-
pressed using a Puritan applicator at TK, and tapped
into the crucibles at UIC. At UIC, however, samples
SWy-2, SHCa-1 and Syn-1 were first wetted with wa-
ter and then dried before placing into the crucible ow-
ing to difficulty in handling the freeze-dried (‘fluffy’)
material. The N, flow rate was 50 cc/min for DTA
experiments and either the same flow rate or no N,
flow for TG experiments. At TK, the purge gas was
air with a flow rate of ~26 psi. The DTA experiments
used an a-alumina powder as the reference. For all
experiments, a heating rate of 10°C/min was main-
tained.

RESULTS

The DTA experiments from the TK laboratory and
the TG and DTG curves from the UT and UIC labo-
ratories are reported here. Temperatures for ‘simple’
DTA and DTG peaks are defined (Figure la) with an
extrapolated onset (Po), peak maximum (Pm), and ex-
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Figure 5. Experimental curves for SWy-2: (a) TGA/DTG

(UT); (b) TGA/DTG (UT); N, purge, (c) DTA (TK).

trapolated return (Pr = Peak return) to baseline. The
TG curves have an extrapolated onset (To) and ex-
trapolated completion (Tc), as shown in Figure 1b.
Composite peaks, where peak shape is difficult to de-
fine owing to the complexity of two or more nearly
superimposing peaks are illustrated in Figure 2. Thus,
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in addition to the main peak (Pm), simple shoulder
peaks are shown on the low-temperature limb, with
the maximum (Sm) and the associated return temper-
ature (Sr). On the high-temperature limb, the param-
eters Sol, So2, etc. and Sml, Sm2, etc. define the
onset and maximum temperatures of the shoulder
peaks. Experimental curves are given in Figures 3-10
and significant temperatures for the curves are tabu-
lated in Tables 1-3.

Table 4 provides color-change information for the
samples after thermal analysis at UIC.

DISCUSSION

The use of several laboratories with different equip-
ment and different operators shows the variability of
results for thermal analysis. As is common for samples
not stored at constant-humidity conditions prior to
thermal analysis, variations will occur at temperatures
below ~100°C owing to surface-adsorbed H,O. Dif-
ferent techniques in purging (e.g. with N,, air, or no
purge) will also produce variations at these tempera-
tures. Above ~100°C, differences in packing of the
sample may produce significant differences in the re-
sults. In these cases, evolving water vapor affects
Ju,o around the sample, with results depending on the
ability of this vapor to disperse away from the sample.
Therefore, caution must be exercised in comparing re-
sults to those presented here.

Mackenzie and Calliere (1979) noted that weight
loss is affected by the presence of ammonia in the
synthetic mica-montmorillonite (Syn-1). Figure 8
shows a slow and continuous loss in weight from 200
to 400°C, a significant loss in weight from 400 to
600°C, and a DTA event near 320°C. Although a de-
termination of ammonium loss at any of these tem-
peratures would require additional study, ammonia
loss is certainly a possible explanation. It is notewor-
thy that the DTA curve for SWy-2 also shows an event
at ~330°C.

Mineralogical analysis of the samples as determined
by X-ray diffraction (Chipera and Bish, 2001) indi-
cates the presence of impurities in the studied frac-
tions. We see no evidence of impurities affecting the
thermal analysis, except possibly in SHCa-1, in which
a 740°C peak in the TGA could represent dolomite
decarbonation, and in Syn-1, in which the 430°C event
in TGA and the 570°C event in the DTA could mask
a response from boehmite. However, in SHCa-1, no
corresponding evidence for dolomite was observed in
DTA. In addition, visual examination of SAz-1 prior
to thermal analysis showed white and brown flakes,
clearly indicating inhomogeneity of the sample.
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Figure 7. Experimental curves for STx-1: (a) TGA/DTG (UIC), N, purge; (b) TGA/DTG (UT); (¢) TGA/DTG (UT), N,
purge; (d) DTA (TK).
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Figure 8. Experimental curves for Syn-1: (a) TGA/DTG

(UT); (b) TGA/DTG (UT), N, purge; (¢c) DTA (TK).
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Figure 9. Experimental curves for SHCa-1: (a) TGA/DTG
(UT); (b) TGA/DTG (UT), N, purge; (¢) DTA (TK).
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Figure 10. Experimental curves for PFI-1: (a) TGA/DTG (UIC), N, purge; (b) TGA/DTG (UT); (¢) TGA/DTG (UT), N,
purge; (d) DTA (TK).
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