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DIFFERENTIAL THERMAL CALORIMETRIC DETERMINATION 

OF.THE THERMODYNAMIC PROPERTIES OF KAOLINITE 
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and Department of Materials· Science and Engineering, 

College of Engineering, University of California, 
Berkeley, California 

ABSTRACT 

June 1969 

Four samples of kaolinite were investigated to determine the ex-

othermic reaction enthalpy by differential thermal calorimetry. The 

measured 9kcal/mol for the 980°C exothermic reaction enthalpy corresponds 

to the calculated heat of crystallization of silica at this temperature. 

Literature evidence available discounts the crystallization of the other 

two participating phases,mullite and silicon spinel. An NaOH extraction 

technique was used to remove the amorphous silica from a 850°C-fired 

kaolinite and this extraction removed the 980°C exotherm. It was con-

cluded, therefore, that the majority of the heat release at 980°C on 

firing kaolinite accompanies the reaction 

.Si02(amorphous) ~ Si02(S-quartz) 
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I. INTRODUCTION 

The clay mineral, kaolinite, has been extensively studied during 

the past 17 years. This mineral is known ,to undergo an endothermic 

Deaction at about 550°C resulting from the loss of structural water. A 

sharp exotrermic reaction also takes place at about 980°C. The exact 

origin of this reaction, however, is a subject of considerable contro-

versy. Although the exist~nce of both these reactions has be\=n known for 

some time, no accurately reproducible values of the enthalpy of either 

of them has been measured. The following work was undertaken to measure 

the enthalpy of these reactions and from the information. so obtained 

better describe the reaction involved in the 980°C exotherm. 

One of the most powerful tools available for the ~ualit~tive inves-

tigation of high temperature reactions is differential thermal analysis 

(D.T~A.). D.T.A. traces of typical kaoiins are shown in Fig. 1. D.T.A. 

curves for kaolinite show an exothermic reaction between 900 and 1000oC. 

A further, but much smaller, exotherm is observed at 12500 C with the 
( 

abrupt appearance of mullite in abundance and cristobalite. 

The exothermic reaction of metakaolin at 980°C poses a complex 

problem. The work of Brindle~ and Nakahiral ,2 is now accepted as an 

explanation of the phase changes that occur at this temperature. They 

postulated that instead of a number of phases linked together by chemical 

reactions exclusively, the reaction series can be viewed as having a 

large degree of structural continuity. They ~uote the work of Comefero, 

Fischer and Bradley3 and Comer, Koenig and Lyons 4 who demonstrated by 

electron microscopy thatmullite needles develop in directions related 

to the original kaolinite flakes. When heated to 950°C they found that 
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the metakaolin transformed into a cubic phase with a spinel structure 

having a high degree of preferred orientation withrespect.to the parent 

material. It appeared that the cubic phase has the (110) direction 

parallel to theb-direction of the kaolinite or metakaolin and that the 

(Ill) direction is perpendicular to the cleavage plane. 

Brindley and Nakahira suggest that the aluminum-silica spinel has 

an oxide composition of 2Al03, 3S102 and they observe that for this to 

, 
transfortn to mullite ,silica must diffuse from the structure. The ad-

vantage of the theory put forward by Brindley and Nakahira is that it 

explains the topitaxial relationship experimentaliy observed' by Com.efero, 

Fischer" and Bradley and Comer, Koenig and Lyons. 

The exact phase whose appearance causes the observed exothermic 

reaction at 980°C is a point of controversy. Some consider the appearance 

of the mullite phase as the reason and others hold the spinel phase 

responsible. Authors supporting the spinel explanation are Colgrave and 

Rigby ,5 Stone ,
6 

and Brindley and Nakahira, l and most recently Tsuzuki. 7 

8 ' 
On the other hand, Insley and Ewell showed that on heating co-precipitated 

alumina and silica to 980°C an exothermic reaction of the same order as 

that of kaolinite was observed. It is very unlikely that the spinel 

would develop in such a case. However, .mullite might be produced. 

'9 . 
Glass observes that the formation of a dense hard phase much more easily 

exPlains the observed exotherm than does a subcrystallinecompound such 

8:s defect spinel. This opinion is also held byCom.efero, Fischer and 

3 Bradley. R R d F . 10. th· 1 t d· ff t . k oy, oy an ranc1.S 1.n e1.r e ec ron . 1. rac 1.on wor , 

. detected the spinel phase in kaolinite at 850°C and. at 650°C in halloy-

site. In both cases, however, the exotherritic peak was observed at g80oc. 

• 
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Likewise, Comer
1l 

endeavoring to observe the Brindley spinel with an 

electron microscope, identified both spinel andmullite in a kaolinite 

flake fired to 850°C. It is important .t'onote that in order to observe 

the spinel andmulli te, .. Comer first had to remove the amorphous silica 

present by; an alkaline extraction technique. In the same experiments 

he observed the spinel to disappear at about 950°C while mullite. increased 

rapidly. 

Considering the thermodynamics of the proposed reactions, the con­

tribution ofSchieltzand Soliman
12 

is of great significance. They con­

sidered a series of reactions which metakaolin might undergo and from 

the known enthalpy and entropy. values arrived at a free-energy value for 

each reaction. In this way they concluded that the reaction 

metakaolin = ~mullite + t Si02 (crystalline) 

is most favorable. Considering the enthalpy change embodied in each of 

the possible reactions and the energy of crystallization of each phase 

involved, they solved the thermodynamic equations simultaneously and 

found the crystallization energy of mullite to be -336kcal/mole; the 

spinel -36.5 kcal/mol and quartz -7 kcal/mol.Considering the most 

favorable r~action they estimated the contribution of the silica crystal­

lization as -9.6 kcal. They neglected, however, to compare the resultant 

theoretical enthalpy with any experimentally determined values. De Bruijn 

and Van der Marel
13 

estimated the heats of transformation of forty-two 

minerals. They utilized the D.T.A. technique associating the areas of 

differential temperature peaks obtained with the enthalpy of the reaction 

taking place. One of the minerals investigated was kaolinite and they 
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, estimated the he(3.t released at the 980°C exotherin between 5kcal/mol and 

8 kcal/mol. In th~ same ye~r sabatier,14 also using D~T.A. measured the 

reaction heat$ for six minerals including kaolinite and observed values 

in the De Bruijn-Van derMarelrange.Neither De Bruijn and Van der Marel 

nor Sabatier utilized their results to postulate what reaction might be 

the source of the exothernl. D.T.A. results must, however, be suspect 

as the reaction is very sharp and quantitative D~T.A. inaccurate. 

II. EXPERIMENTAL 

The technique used in this investigation was that of differential 

. thermal calorimetry (D.T.C.).15 The basic principle of D.T.C. is to 

supply or subtract heat to or from a reacting system so as to maintain 

the temperature at some point in the system the same as that of a similar 

point in a' physically inert system. A small heater is used to supply.the 

,necessary heat and the power supplied to this heater is monitored. In 

this way the unknowns in' the' thermodynamic equation can be evaluated: 

HT = Heat content atTOK 

H298 = Heat content at 298°K 

f Tc. dt 
. p 

298 

"0 = Heat capacity at constant pressure 
p 

The heat contents and reaction heats were determined by D.T.C. on 

samples of kaolinite. Four samples from different geographical 'areas of 

the United States were investigated. These kaolins were chosen for their 

freedom from impurities. Three of the samples were A.P.I. standard 

kaolins
16 

and the fourth a Georgia kaolin. Hereafter, the four samples 

I 
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will be referred to as API 4, API 9, API 17 and DRG kaolin. .Chemical 

analyses of each clay are given in Table I. 

Each clay sample was ground, ball-milled and sieved through a 200 

mesh sieve. Half of each sample was theq fired atl0500C and the other 

half dried at 110°C. Calorimeter samples were obtained by carefully 

remixing a 50/50 combination of the 110°C i3lld 10~OoC treated samples.· 

This procedure was necessary owing to the magnitude of the heats to be 

measured. The calorimeter cell was carefully packed with about 16 grams 

of sample. Two estimations of the 980°C exothermwere made on each of 

.the API clays. Five exothermic estimations were made on the DRG sample. 

A typical exothermic D.T.C.·peak is shown in Fig. 2. Also, a sample of 

DRG metakaolin was 'alkali treated to remove the amorphous silica. The 

technique used was the same as that employed by Comer. The clay was 

heated for 20 hours ata temperature of 900°C. Upon removal from the 

fUrnace it was treated with a 10% sodium hydroxide solution for one week. 

It was ,then washed in distilled water and rinsed with ethyl alcohol and 

allowed to dry. Sainples of this clay were run in the dffferential thermal 

calorimeter. A.multi-sample D.T.A. run was also made on raw DRG, 850oC­

fired DRG untreated with NaOH and the 850°C-fired NaOH treateq DRG. The 

trace obtained is shown in Fig. 3. The measured results for all the 

D.T.C. runs undertaken are given in Table II . 

III. DISCUSSION 

The results obtained for the 980°C exotherm are extremely interest­

ing because their m~gnitude allows a new interpretation of this contro­

versial reaction. Schlietz and Soliman
12

. calculated the heat of crystal­

lizat,ion of mullite to be -336 kcal/mol, of the alumina-silica spinel 
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-36. 5kcal/mol, and of silica':'" T kCal/mol. They obtained these Values 

by simultaneously sol vingthe enthalpy-equations for the six possible 

, . 

metakaolin reactions. The only crystallization enthalpy in approximate 

agreement 'With.the D.T.C~ results is that of silica. The authors, 

utilizihg the Schlietz-Soliman summary of reliable values of thermo-

dynamic properties of kaolinite and its prod~cts, estimated the enthalpy 

of crystallization of one mole of amorphous silica at lOOOoC as follows: 

From 

Llli298 for S...;.quartz = -209,900 cal/mol 

C = 14.41 + 1.94 x 10-3T p 

Llli298 for Si02 glass = -202,000 cal/mol 

C = 13.38 + 3.68 x iO-3T - 3.45 x 10-5T~2 
p 

Llli12800K (Si02 glass -* S-quartz) = 9.1 kcal/mol. 

This result is extremely close to themeasuredvalue~ 

Three phases are known to be present at the 980°C exotherm, i. e." 

mullite, silicon spinel and silica. 'Brindley and Nakahira
l 

consider the 

.~ exotherm to be the result of the condensation of the metakaolin layers 

to form the spinel-type phase. However, as reported earlier, Roy, Roy 

and Francis
lO 

observed the cubic spinel phase at 850°C in the case ·of 

kaolinite and at 650°C in the case of halloysite. On heating both 

samples to 980°C the exotherm was observed. This evidence alone would 

discountspinel.formation as being the reason for the heat release. It 

has been pointed out
l

,2 that the reaction series is a continuous process 

rather than an intermittent one. Hence, there is no reason why the spinel 

\I' 

• 
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phase which has been .. continuously appearing should give rise to the 

sudden sharp exothermic reaction such as observed at 980°C. The same 

argument will also apply to the mullite phase. 
11 Comer observed mullite 

at 850°C. Brindley and Hunter,17 on the other hand, feel that "It is' 

still necessary to explain the apparent absence ofmullite after the 

exothermic effect." The only phase remaining is the amorphous silica. 

This silica has been continuously discarded during the spinel and mullite 

crystallization and it could be that the concentration of silica at 980°C 

is such as to favor a sudden crystallization. 

The measured heat corresponds to the crystallization of one mole of 

silica/mole of original kaolinite~ This amount of silica corresponds .to 

a mullite composition of Al203 :Si02. Although .no such phase has ever been 

experimentally observed on heating kaolinite, its existence was tenta-

ti vely suggested in this connection by Brindley and Nakahira.
l 

To form 

the conventional 3:2 mullite, it is necessary to discard 4/3 mole of 

silica/mole of original kaolinite. Were such amounts of amorphous silica 

discarded, the calculated heat release on its crystallization would be 

approximately 12 kcal/mol of silica. However, as pointed out by Brindley 

and Nakahira: "It appears that the mullite at lower temperatures are 

not strictly the same as the 3:2 type and at the lower temperatures 

some of the excess silicon ions may still be distributed among the inter-

• stitial sites of the mullite lattice." This, it is postulated, would 

account for the crystallization of only one mole of the silica • . ' 

In the case of montmorillonite, another clay mineral, S-quartz has 

been observed after the 980°C exotherm. 18 
Grim and Bradley observed a 

quartz phase to develop suddenly in montmorillonite at a temperature of 
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10000C. Ross and Hendricks19 noted that if a moritmorillonite specimen 

h Al+3 b't't t' . f S,+4 th' t' bt" d f" as no ,su S.l u lon or l , en quar z lS 0 alne on lrlng. 

If, however, some Al +3 is tetrahedrally substituted in the silica layers 

than a spinel phase also appears. Montmorillonite and kaolinite are 

both clay minerals; however, ,montmorillonite .. possesses two silica sheets. 

A marked characteristic of kaolinite is the lack of tetrahedral site sub-

stitution that occurs in the mineral. Were the two niinerals to behave in 

a ·similar manner on heating therefore, the Ross_Hendricks criteria would 

predict the formation·of S..,.quartz. It should be emphasized here that the 

similarity of high temperature behavior of montmorillonite and kaolinite 

is mere'lyhypothesized; S-quartz has yet to be experimentally proven as, 

present after the 980°C kaolinite exotherm. Reporting at the 5th National 

Congress 'on clays and clay minerals, Kulbicki
20 

observed on the heating 

of montmorillonite: "the first crystalline product to appear is S-quartz 

at temperatures ranging from 910°C to 12000C." Similar observations were 

made by Grim and Kulbicki
21 

and later by Wahl and Gri:m:.
22 

Owing to the 

proximity of the SiO layers in montmorillonite, the X-ray appearance of 

S-quartz is easily understood. In .kaolinite the SiO layers are separated 

by an AlO octahedral layer and consequently anyS ... quartz crystallites 

will be ,much smaller and hence not detectable by X-ray techniques. How-

ever, the precedent for the formation of S-quartz can be considered well 

established. 

One of the striking points about the exotherm is the consistency of 

the temperature at which it occurs for diverse alumino-silicates. 10 The 

exact temperature at which the pe'ak occurs depends on such factors as 

pa:rticle size and heating rate, but these two variables could not produce 

v 

• 
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the large change of tempe~ature required to explain. the exotherm as the 

cryst·8.11iZation of the sp~nel ormullite. Speil et al. 23 investigating 

the effect of particle size on the exothermic D~T.A. peak of kaolinite, 

noticed that. the peak occurs over a range from approximately 950°C to 

f~r a particle size ratio of 1:200 •. On the .effect of the heating 

rate, 24 " SmothersaJld Chang· . state that:· . for a rapid transition and 

those· which are not accompanied by a loss of weight, the initial tran-

:sitiontemperature is not ~reatly affected by the. changes in the rate of 

heating~" . :(3arshad, 25 using small amounts .ofcompounds having relatively 
,'( . 

sharp transitions, found that the rate of heating had no effect on the 

temperature defining the initial thermal breaks .. Arens
26 

working with 

kaolinite observed that a three-fold increase in the heating rate pro-

duced a peak temperature difference of 65°C. Comer observed mullite at 

8.50oc and this would require a peak shift of 130°C. Hence, it can be 

concluded that these factors could not induce the exothermic peak to 

move over the temperature range required to associate it with the re-

ported appearance. of the spinel and the mullite phases. 

The remarkable agreement between the experimental and theoretical . 

enthalpies is perhaps the strongest evidence· in favor of the quartz 

crystallization hypothesis. Scheitz and Soliman
12 

note th~t: "The 

X-ray patterns made at room temperature of kaolinite andhalloysite that 

had been heated at 950°C from 20 to 40 minutes showed small crystallites 

of alpha-quartz." . This, however, is the only observation recorded in 

the literature. 

If the crystallization of . quartz does, in· fact, cause the exotherm, 

then removal of the discarded amorphous silica should eliminate the 
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., 
exotherm. The NaOH-treated DRG samples showed no exothermic peak in 

either the D.T~C. or D;T~A .. runs. It is possible that the NaOH treatment 

also removes a good deal of the metakaolin. This would also remove the 

exotherm. 
11 . 

Comer however~ observedmullite, spinel and the Iiletakaolin \.i 

matrix in his electron~micrographs after the NaOH treatment. 

Hence, it can be concluded that the removal of amorphous silica as 

per Comer, in fact, eliminates the 980°C exotherm,thereby supporting the 

quartz crystallization hypothesis. 

IV. . CONCLUSION 

Of the possible crystallizations that could give rise to such an 

exotherm, that of silica is the most reasonable. Both mullite and 

silicon~spinel have been observed at temperatures below that of the 

exothermic reaction re:ported range.. Also, if the appearance . of these 

two phases is to be considered a continuous process, then there is no 

reason' to expect a sharp crystallization at 980°C. ' . Therefore, it is 

suggested that the majority of the exothermic enthalpy accompanies the 

reaction: 

Si02 (amorphous) -+ ,Si02 (S quartz). 

The calculated heat of, this reaction is 9.1 kcals/mol. This value 

agrees very closely with that observed in theD.T.C. measurements. It 

must be emphasized, however, tha~ it is not possible to completely dis-

count any contribution of the mullite.,..spinel crystallizations to this 

enthalpy. Such contributions can, however, be reasonably considered as 

minor. 

Utilization of the Comer-NaOH extraction technique to remove the 

amorphous silica from an 850°C-fired kaolinite also removed the 980°C 
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exotherm. This is further evidence iJ:1. favor of the Si02 crystallization. 
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Table I. Chemical Analyses of Kaolinite Samples 

,J 

ii API 4~ API9~ .API17~ DRG ** 

Si02 44.82% . 46.07% 45.72% ·47.24% 

A1203 37.20 38.97 39.82 35.72 

Fe203 0.41 0.33 0.10 0.27 

FeO 0.07 0.06 

MgO 0.25 0.01 trace 0.47 

CaO 0.58 0.38 trace 0.52 

Na20 0.40 0.27 0.16 ' 0.36 

K20 0.43 0.43 0.36 0.49 

H2O 14.68 .13.90 14.22 14.82 

Ti02 1.26 0.50 0.42 0.26 

Total 100.10 99.96 100.80 100.21 

* American PetroleUm Institute 

** Chemical analysis given by supplier. 



Table II. . D.T •. C. Values for the Endothermic and 

Exothermic Reactions of Kaolinite 
\-' 

Material Reaction LlH (kcal/mol) • 
API 4 550°C endotherm 35 

44 

API 9 39 
41 

API 17 . 550°C endotherm 39 
39 

API 4 980°C exotherm ,9.1 
8.5 

API 9 980o C.exotherm 8.4 
8.3 

API 17 980°C exotherm 8.3 
8.7 

DRG 550°C endotherm 48 
47 
45 

DRG 980°C exotherm 8.7 
9.2 
8.8 
8.7 
8.7 

DRG (NaOH treated) 0 
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FIGURE CAPTIONS 

Figure 1. Typical D.T~A.traces for kaolinites 

Figure 2..AtyPlcal D.T.d. peak for the 980°C exotherm of kaolinite 

Figure 3. Multipoint D.T~A. cUI-vesfor raw D.R~G. kaolin; 

850°C-fired D. R. G~ kaolin (untreated); 

850oG~fired D~R. G. kaolin (NaOH treated). 

,/ 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa­
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or con tractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro­
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 
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