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. ABSTRACT
June 1969
- Four samples of kaolinite were investigated to determiﬁe the ex-~
othermic reaction enthalby by differential‘fhermal calorimeffy. The
' @eesgfed 9.Rcal/mol for’the'980°C exothermic reaction‘enthalpy‘corresponds
l fd the calculated.heat‘ef crystalliz;tioh of‘silice at this temferature.
Literature>evideﬁee.available.discounts the crystallizatioﬁ of the other
'two,participating phases,.mullite and silicon spinel.' An NaOH extraction
technique-ﬁas used.to:remove the amerphoue silica from a 856°C-fired'
kaolinite and this extraction removed'fhe.98Q°C exotherm. If was con-—

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

firing kaolinite.accompanies the reaction

810, (amorphous) -+ SiO2(BR-quartz)
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I. INTRODUCTION
‘The clay miﬁeral,‘kaolinite, has beénlextensively studied during
the_ﬁast.lY,yearé; This mineral is' known.to undergo an.endothermic
meaction at about3550°c resultihg frém.thélloss_of structural‘Waﬁer. A
sharp exdtkérmic:reaction also takes place'ét.about‘QBOOC. The‘exactv
origin of_fhis reaction, however; is aISUbject;of.gbnsiderable coﬁtro-

versy. Although the‘existgnce of both these reactions has been'known for

some time, ﬁo accnrately reproducible values of the enthalpy of either

bf them haé‘been measured. The following.wofk‘Was ﬁndértaken to measure
the enthalpy of these reactions énd from the infOrmation-éo obﬁained
5étﬁér describe the reaction iﬁvolved in the 980°C exotherm.

One of the moét powerful toéls available for .the qualitative inves-
tigation df'high temperature reactions is differéntiél theérmal analysis -
(D.T;A.); D;T.A. traces of typical kaolins are shown in Fig. 1. D.T.A.

curves for“'kaolinite show an exothermic reaction between 900 and 1000°C.

N

A further,.but much smaller, exotherm is observed. at 1250°C with the

k f
abrupt appearance of mullite in abundance and cristobalite.

The exothermiévréaction of metakaolin at 980°C poses a complex

problem. The‘work of Biindley and Nakahii‘al’2 is now accepted as an

explaﬁation 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

. lafge degree of structural continuity. Theyiquote the work of Comefero,

Fischer and Bradley3 and Comer, Koenig and‘Lyonsu'Who'demonstrated.by
electron microscopy that mullite needles develop in directions related

to the original»kaolinite»flakes. When heated to 950°C'they found that
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© the metakaolin'trégsfsrﬁed into a .cubic phése with a spinel structure
having'a high.degree ofjpreferred orientation withuréspect,to the parent
m;teriél.' It appeared“that.thé cubic phaSe‘has thei(llO) directibn
parallel'to'the b—diréction1of the kaolinite or metakaolin and fhét the
(111) direction is.perpendicular to the clédvage plane,

Brindley énd'Nakahiré suggest that the'aluminum—silica spihel has
anlbxide compbéition df-aAlog, 3810, and they observe that for this to
t;ansfbrm'tblmpllite,,silica'must diffuse from the structure. The ad-
»Hvantaée of the theory.ﬁut forward by Brindley and'Nakahira is.fhat it
ékplainéftheAtopitaxiélfrelationship e#ﬁerimentally‘observed'By Comefero,
Fiscﬁérfand Bradley and Comer, Koenig and_Lyons;v .

fhe éxéct phase whose appearance causes,the.obéefved.éxothermié
»vreaction ét 980°C'ié a ppinf éf controversy. Some consider the appéarance
of the mullite ﬁhase ;s the reason and others ho;d the spinel phase
fesponéible. vAﬁtﬁQrs supporting the spinel explanafion'are Colgrave and

5.Stone,6 and Brindley and Nakahira,l and most re¢éntly Tsuzuki.Yv

Rigby,
vOﬁ the other hand, Insleyvand Ewe118 shoved that on heatihg co-precipitated
alumina and silica to 980°C an exothermic.reaction'of the same order as
that Qf‘kaolinite‘was observéd} It is very ﬁnlikelyvthat the spinel
w0uld-dbveiép-in;such a8 case. Howéver,.muiiite might be prqducéd.

X Glaésg‘ébserves that the‘formétion of a dense‘hgrdAphase'much more.easily
explains ﬁhe bbserved exotherm than does a'subcrystallinefcompbund such
gsvdefeét sbinel. 'This opinion is also héld by Comefero, Fischer'ahd
Bradley.3 Roy, Roy:and Francislo in their eiectron diffraction work,

~detected the spinel phase in kadlinite at 850°C énd.at 650°C in halloy-

site. In both cases, however, the exothermic peak was observed at 980°C.

-
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.Likewise,‘Comer}l endéaﬁoring to observe the ‘Brindley spinel with an

e;eétroﬂ'microséope,.idéntifiedgbothvspinel!and.mullite.ih a kaolinite
flake fireq to.85090. It is.iﬁportant.tb;note_théﬁ in order to Qbsérve
the spiﬁél and‘mullite;fComer first had to.remove the amorphoﬁs siiicé
preééntiby;én:alkaliﬁé.exfracfion ﬁeéhnigue.  In.thé same eiperiménté

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

rapidly.

Considering the thermodynamics of the proposedvreactions; the con-
tribution 6f.Schieltz'and Soliman12 is of great significaﬁce. They con-

sidered a sefies:of reactions which metakaolin might undergo and from

the known enthalpy and ehtrbpy,values arrived at a free-energy value for -

B

each reaction. In this way they concludéd that the reaction

metaksaolin =

SWwe

mllite + %fSiOZ (crystallihe) ‘

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

the possible'reactions and the enefgy of crystallization of each phase
involved,'they solved the thermodynamic equations simultaneously and
found the crystallization energy of‘mullite to.be —336.kcal/mole; the

spinel . -36.5 kcal/molfand quartz -7 kecal/mol. ‘Considering the most

favorable reaction they estimated the contribution of the silica crystal-

1izati0n'a5’—9;6 keal. They neglected, however, to compare the resultant

‘theoretical enthalpy with any experimentally determined values. De Bruijn

and Van der MarellB-estimated the heats of transformation bf forty-two
hinerals. They utilized.the_D.T.A. technique associating the areas of

differential temperature peaks obtained with the enthalpy of the reactién

taking place. One. of the minerals inveétigated was kaolinite and they
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;éstimated thé.heatvréleased at the'9809Cvei0fhefm,betweéﬁ Skcal/mol and - .
-8 kpal/mol. InitherSame yeér Sabatier;lg alsQ using D.T.A. measured the
reaction héats fdf six mingrals‘including-kaolihite.and-observed/values
‘in the De Bruijn—Van.dér:Marel'range. Neither De Bruijn and Vén_dér Marel
: ﬁor’Sabétier,utilized.their results’tO’pOStulate what reaction.might be
the soﬁrce.of the-exotherm; D.T.A. fésuits”mﬁst,:however? bé,suspect

as tﬁe;reaction is very sharp and quantifative'D;T,A. inaccgrate.

. II. EXPERIMENTAL B
.The_tgchnique used in .this inVestigation was:that of differential

_thermél calorimetiy- (D,T;c.)_.l5'- V'Th‘ev'basic principlé of D.T.c. is to-
sﬁpply‘or.subfract‘heétvto or ffom é‘reacting system so as to maiﬁtain

the tempéfature-at some point in the system.thé_same as tﬁat of a similar
_point in'a'physicéliy inert system. A small heater is uséd‘tb supply;the
>nécessar? heaf and fhe éo;er supplied-té thiébheéter’is monitored. Inv

this way the unknowns in the thermodynamic eguation can.be evaluated:

298
Hy = Heat content at T°K
. - . . -, [o] Vs
H298 :.Heat content .at 298.K B | ‘ _
TCP ;'Heat cépacity at constant pressure

The heat contents and reaction heats were determined by D.T.C. on
“samples of kaolinite.vlFour samples‘frbm different,gebgraphical'éreas of
_ ﬁhe'United.Sfates were invesﬂigated. Theéé kéolihs Weré chosen fdr their
freedom from impuritieé.’ Thrée of the:samples'were A.P.I. standard

.o b ) . . . . . .
'kaolinsl and the fourth a Georgia kaolin. Hereafter, the four samples
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will be refefred.td aé APT ﬁ; APT 9, API,17‘aﬁd'DRG kaoliﬁ.v,Chemical
analjses of.each,élay aré given. in Table I;. |

 Each claytéémple was gréund, ball—milied,and‘sieved_thrqugh a 200
mesh sieve. Half_of each sample was then fired at 1050°C and the other
| half driea at llOOC.  Caloriméter samples”were.obtéiped_by'carefully
remiiing a 50/50 combination of theillooc and 105600 treated saﬁplésf;
This procedﬁre was necessary owing to the magnitude of th¢ heatsvto be
measured; The'calorimgter cell waéicarefully_packed ﬁith about 16 grams
of saﬁple; Two.estimations of the 980°C’exothefm.were made oﬁ each of
the APT clays. ‘Five exothézﬁic estimations were made on .the DRG sample.
A typical exofhermic’D.T.C.‘peak is’shown in Fig.'2; Alsé, a sample of
DRG méigkaolin was ‘alkali treated to remove the amérphous silica. The
téchnique used'Waé the same aé that:employed,by Comer. fhe clay was
heated for 26 hours éf»é temperature of’ 900°CL Uppn removal from the
_ furnace it_Was treated‘with é 10% sddium hydroxidé éolﬁtion for one week,
- It was,theh‘washed invaistilléd water‘and.rinsed with ethyl alcohol and
éilowed to dry; .Sdmples'of thié élévaere.run in the d;fferential'thermél
calorimeter. A .multi-sample D.T.A. run was al‘sb,ma,de on raw DRG, 850°C-
fired DRG untreated with NaOH.and the 850°C—fifed NaOH treated DRG. The
trace obtained isiéhown in Fig. 3. The measufed'results'for all the
‘D.T.C. runs undertaken are given in Table II.

| III." DISCUSSION
The results-obfained for thé 980°C exotﬁérm are extremely interest-

ing because their magﬁitude aliows a new interpretation of this contro-
versial reactién; Schlietz and Solimanle.caICulated the heat of crystal-

lization of mullite to‘bé_—336 kcal/mol, of the alumina-silica spinel:
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A36.5.kcal/mol, and of silica.;Y.kéal/moi.. They obtained these‘Values
fby'simultaneously solving.fhé enthalpy—equafionsvfor the six possible
mefékééiin reactiqns. .The‘only_crystallizatioﬁ enthalpy in apprdximate
,agréément vithfthé D.T.C. fesults is that df_silica. The‘authors,v
utiliziﬁg~the Schiietz;Soliman.3ummary of.réiiabie‘values of thermo-
"dy#a@ic;propertiéslof kaéliﬁite'and-ifs pfoduéts, ésfiﬁated the enthalpy
of cryétalliéation of one molevdf ambfphous sili;é at 1000°C as follows:
AH298 for B-quartz =}_209;§oo cal fmol
3

: C.p = 14,41 + 1.94% x 107 T

AH for 5i0, glass = ~202,000 cal/mol

3 -25m=2

c, = 13.38 * 3.68 x 10777 - 3,45 x 107777

From | | 1280
BH) 500k = Hogg *_J[_ AC T
3 298

AH12866K (SiOg glass.+ B—Quarﬁz) = 9.1 kcal/moi.
'Thié result is extremely ciosé to ﬁhe.measuréd»value:

Three bhéses are known to be présent at the 980°C exotherm, i.e.,
',imullite,fsilicon spinel and silica. " Brindley and Nékahiral consider the
‘géxoﬁhérm to be the result of the'éondensation-of the metakaolin layers
to form the spinel;type_phase. However, as reported eaf;ier, Roy, Roy
and Francis'® observed the cubic_spinel phase .at 850°C in the case of
kaolinite and at 6506C in the case of halloysite. 'On heating both
sampleé to 980°C the éxotherm was observed. éhis evidence alone would
Adiééount~sbinél,fOrmation as being the reason for the heat release. It

: . 1,2 0 o o . ~
has been pointed out™ >  that the reaction series is a continuous process

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

N

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

sudden- sharp exbthermic,reaction'Such as observed at 980?0. _The same
argument will also apply to the mullite.phase; Cqmerll,observed mullite

at 850°C. 'Brindleyvand.Hunter,l7 on the other hand, feel that "It is’

oostill necessary.to’explain,the.apparent.absencé of mullite after the

exothermic efféct."” The only phase femaining is the amorphous silica.

This silica has been continudusly discarded during the spinel and mullite

v crystallization'ana it .could be thét the concentration of silica at,980°C -

is such as'to favor a.sudden crystallizétion.

_The measured heat-correéponds to the'crystallizatién.of‘one mole of
siiicé/mole of original kaolinite. This amount of silica corresponds to
a mullite'composition of AlgOa:Sibz. Although,no such phase has efer been

experimentally  observed on heating kaolinite, its existence was tenta-

fively suggested in this conhectibn by Brindley and Nakahira.l To form

. the conventional 3:2 mullite, it is‘necéssary to discard 4/3 mole of

silica/mole of originél kaoiinite.- Were.suéh amounts Qf amorphous silica
discarded, the calCula%ed.heat reieaSe on its crystallization would bé‘
apprpximately‘lE kcal/mol of silica; However, as poinﬁed out by Brindley
and‘Nékahira: "Iﬁ appears that the mullite ét iower températures are

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

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 onevmole,of the silica.

In the case of montmorillonite, another clay'minerai,‘B-quartz has
been observed aftef the 980°C exotherm. Grim and'Bradley18 observed a

quartz phasé to develop.suddenly in montmorillonite at a temperature of
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1000°C. Ross and Hendricks™~ noted that if a montmorillonite specimen

has no Al+3=subs@itutioﬂ for Sifh,.then quartz.is obtained on firing.
-If, howéyer, some.Al+3'is.tetrahedrally'substifuted-in,the‘silica layers
thén a spinei phaSe alSO’appears. 'Montmorillonite and kaolinite are

both clayvminerais; hoWe&ér,,montmorillonite”posseSSes two silica sheets.
A mafked‘characteristic of kaolinifévis thé'lackvof:tetfaﬂédral site sub-
stitutionvthatloccurS'in the mineral. Were ﬁhe;two minefals.to Behéve in

¢

‘a;similarvmanher oh.heating therefore, thebRosséHendricks_critefia would
: pfedict'the‘formaﬁioniof'B—quartz. It shouid.be‘emphasized here that the
3similarity,ofvhigh_témperatureabéhaVior of montmdrilloniterénd’kaolinite
is méreiy’hypothesized;'B+quarﬁz has yét to .be experimentally proven as
,presént‘ after the 98o°"c kaolinite exotherm. Reporting at the :Sth National
_ angrgss-oﬁ-clays_and clay miﬁerals, Kulbickigo obsérved on the hegting ’
of montﬁorillonite: "the first crystalline product_td appear.is.B—quartz
at témperafures.rangingifrom 910°C to 1200°C." Similar observations were
made by Grim and Kulbicki-' and later by_Wahl and Grim, o Owing to the
proximity 6f the SiO layeré‘in montmorillonite, the X—ray.appearance of
vB—éuaftz isieasily understood. In kaolinite.the SiO layeré are separated
by an AlO octahedral layer and consequehtly any ‘B-quartz crystallites
will be much smallegland heﬁce not-detectable by X~ray techniques; How-
.ever, fhe pfecedent-for.the formation -of B-guartz can be considered'well
v established.‘

One.of the étriking pointé-aboutvthe'éxotherm isvthe consiétency of
the temperature at which it occurs for diversé alumino—-silicatés.lO The

exact temperature at which the peak occurs depends on-sugh factors as

particle size.and.héating.rate, but these two variables could not produce

v
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the 1afge‘change,of.tempe}ature.required”toﬂexPlain:the exotherm as the
crystallization of the spinel or mullite.. Speil et.al. 3v1nvest1gat1ng

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

' notiCedfthét.the.peak occurs.over a range from approximately 950°C to

'980°C f@f a particle size ratio of 15200.1'On.the,effect'ofbthe heating

rate, Smgthers'and-ChangahTState that: "for a rapid transition and

E those‘which'are.not.accompanied by d loss_ofvweight,.the-ihitial tran-

'sition temperature is not greatly affected by the changes in the rate of

heating." "Barshad,g?‘:‘us‘i_ng small amounts of compounds havi_hg relatively
sharp transitionssvfound’that the fate of ‘heating had no efféét on the
temperaturé defining the initial thermal breaks. . Aren526 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

© 850°C and this wouid.require a peak‘shift of;l30°C. Hence;vit can be

": concluded that these factors could not induce the -exothermic peak to

" move over the temperature range fequired to. associate it with the re-

ported appearance. of the spinel and the mullite phases.
The remarkable agreement between.the experimental and theoretical -
enﬁhalpies is perhaps the strbngest évidence'in favor of fhe‘quartz

crystallizafion»hypothesis, Scheitz and Solimanlg.note.thét: "The

rX—ray patterns made at room temperature of kaolinite and halloysite that

- had béen_héatéd.at'950°c from 20 to_hO minutes showed small crystallites

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

vthé iiterature.

ITf the qrystallizétion of.quartz-does,'in-faét; cause the exotherm,

then removal of the discarded amorphous gilica should eliminate the
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also removes.avgood.deal of.the,metakaolih. This would-also remove the
exotherm.  Comer}l hAWever,,observedlmullite;,spinel-and.theiﬁetékaéiin
" 'matrix in his electron-micrographs after the NaOH treatment, |
| .ﬁehce; it’can be”ébnclﬁded,that the.feméyai of amofphous'siiica as
pér'Comef;,in fact,.éliminates'the 980°C.exbfherm,’therebyfsupporting the
'qﬁartz‘crystallization hypothesis. | |
.  Iv. coNcuwsIoN
Of the possible'qrystallizationsvfhat could give-rise to such an
exotherm; théfiofféilica'is the most reasonablé. :Bothfmullite and 
silicon~spinel héVe.beeﬁ'observed at temﬁerétﬁres,below thét of the
eﬁotherﬁic‘réaéfionvrepértéd range,‘ Also;,iffthe3appearance-of these
two'phasgs:is to be copsidered a continuous-pfocess, then there'is no
réésonftb expect a sharp'crystallization.af 980°0; .Therefore, it is
.suggested ﬁhat thé méjority éf-the eiotﬁerﬁiéventhalpy.écgompanies the
reaction: |
Si0, (amorphous) ~ Si0Oz (B qﬁarﬁz)
The.caléulated heat of_this.reaction-is’9;1 kKcals/mol., This value
.agreesvvery closely with.that.observéd in3thé7DfT;C. measurements, It
‘mst be emphasiied, deevgr, that it‘is.not.possible‘to completelj dis;
couﬁt any contribution of the mullite~spinel crystallizations to this
enthaipy. Such:contributions can, however;.be féasonablyvconsidered‘as
minor.' | |
:_Utilization of .the Comer—NaOH extraction techniQue.to.femOQé the .

amorphous silica from an 850°C-fired kaolinite also removed the 980°C

'

o

R U
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. exotherm. This is further evidence in favor of the SiO; crystallization.
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Teble I. Chemical Analyses of Kaolinite Samples

J :
fi APT k¥ APT 9% APT.1T# DRG *¥
$10, by.82% - 46.07% 45.72% 47,245
Al,04 37.20 38.97 39.82 35.72
Fe 03 - 0.h1 0.33 0.10 0.27
FeO 0.07. — — 0.06
Mg0 0.25. 0.01 trace 0.47
- ca0 0.58 0.38 trace 0.52
Nas0. 0.40 0.27 0.16" © 0.36
K20 C0.b3 0.43 0.36 0.49
CH,0 14,68 -13.90 1,22 14.82
Ti02 1.26 10.50 0.k42 1 0.26
Total 100,10 99.96 100.80 100.21.
* American Petroleum .Ivns_titute
*% Ch(emicval analysis given by supplier.
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Table II. D.T.C. Values for. the Endothermic and
Exotheérmic Reactibns;of Kaolinite.
Material " Reaction AH (keal/mol)

DRG

DRG
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Figﬁre 1.

Flgure 2.

Flgure 3

Car-

. FIGURE.CAPTIONSQ

Typlcal D. T A. traces for kaollnltesv

,A typlcal D.T.C. peak for the 980°C exotherm of kaollnlte

Mult1p01nt D.T. A. curves  for raw D R G. kaolln

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

" 850°C-fired D.R.G. kadlin (NaDH’treated).



18-

. KAOLINITE

3 GEORGIA
$t .
b KAOLINITE
AT  jLLINOIS
T—
»+'
AT -
| 'HYDRATED HALLOYSITE,
- INDIANA |
= 1 N
-0 500 1000 1500

Fig| Typical D-T:A-

'T,°C

Traces for Kaolinites

W



v

-19-
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Fig 2 A Ttypical D-T-C- Peak For The 980°C
- Exotherm of Kaolinite
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a RAW DRG KAOLIN
b- 850 - FIRED DRG
(UNTREATED)

¢ 850-FIRED DRG
- (NaOH TREATED)

SCALE MAGNIFICATION
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700— \

_  ENDOTHERM

FURNACE TEMPERATURE °C
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500 |-
*  DIFFERENTIAL TEMPERATURE -
- - Fig- 3



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 contractor 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.




