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ABSTRACT

Values of the enthalpy of dehydration determined by difierential thermal analysis are

151, 156 and 160 cal/gm for kaolinite, dickite and halloysite respectively. Activation ener-

gies for dehydration at a water pressure of 15 psi are consideratrly greater than published

activation energies determined at much lower water vapor pressures. Kinetic data obtained

from the DTA curves suggest that the order of reaction for the dehydration of kaolinite,

dickite and halloysite is somewhat greater than one

INrnorucrroN

Published determinations of the heat required to dehvdrate the clay
minerals have generally been in poor accord. Values of AH for unidenti-
f ied brick clays (Ramachandran and Majumdar 1961) have ranged as low
as 9 cal/gm, while values as high as 253 cal/gm for kaolinite (Barshad
1952) have been reported. In this paper, the results of 51 AH determina-
tions of 9 samples of kaolinite, 5 samples of hallol 'site and 1 specimen of
dickite dehydrated at PHrs:15 psi are given. Data concerning the reac-
tion kinetics were derived from the same differential thermal anal-vsis
(DTA) curves.

ExpenruoNtAt

The DTA apparatus described by Herold and Planje (1948), in which
the sample containers themselves serve as the difierential thermocouple,
has been modifi.ed and incorporated in a +tt I.D ., 2n O .D . steli i te pressure
vessel. The difierential thermocouple comprises a sealed platinum "refer-
ence" capsule about 15 mm long and 2.5 mm in diameter containing
Al2O3, and an unsealed capsule of simiiar dimensions in rvhich approxi-
mately 80 mg of sample are packed. Connecting the tlvo capsules to each
other and to the potentiometric recorder are Platinel noble-metal thermo-
couple wires (Accinno and Schneider 1960) which provide an emf com-
parable with chromel-alumel. Amplif ication is provided by a solid state
Acromag d.c. amplif ier with a long term drift of 5 microvolts and a noise
level of 1 microvolt.

After a weighed amount of sample crushed to - 325 mesh particle size
is packed into the sample capsule, fiberfrax for electrical insulation is

wound around the differential couple and the temperature measuring



DEI:IY DROXY LATION OF KAOLI NITE 1039

thermocouple, and the apparatus is inserted in the pressure vessel of the
cold seal type.

Several advantages accrue from the use of such apparatus:

(1) very small samples permit rapid equilization of temperature difierences within the sam-

ple, (2) high sensitivity is achieved u'ith Platinel thermocouple alloys and the solid-state

d.c. amplifier permitting better measurement of the time and temperature at $'hich the reac-

tion begins, and (3) the thick metal walls of the pressure vessel reduce small temperature

fluctuations of the furnace, and in addition, efiectively serve as electrostatic and magnetic

shielding.

Theoretical analysis of the heat transfer by Sewell (1955) indicates
that with this type of apparatus, the DTA peak area is to a first approxi-
mation independent of the thermal conductivity of the sample. More-
over, Sewell (1952) and others have shown that the peak area is propor-

tional to the heat of reaction per unit mass of reacting material, and that
the peak area is independent of the heating rate provided it is l inear, the
rate at which the reaction takes place, and the specific heat of the sample.

The area under the DTA curve produced by endothermic dehydration
of the clay minerals can be related to the heat involved in the reaction
after calibration of the DTA apparatus. The technique has been uti l ized
by Barshad (1952) and by Ellis and Mortland (1962). Plotting peak area
against caiorie measurements obtained by differential thermal analysis
of a variety of compounds with known heats of fusion or inversion, a
calibration curve was constructed for the apparatus. Precision (repro-

ducibility), evaluated by replicate analysis, is indicated b1' the calculated
standard deviation of 5.9 cal/gm.

Information concerning the reaction kinetics was derived from the
DTA curves assuming a relationship between the rate of reaction and the
concentration of the remaining reactant: -dc/dt: kco, lvhere dc/dt is

the change in concentration of the reactant with time, c is the concentra-
tion of the unreacted sample, k is the specific reaction rate or rate con-

stant, and n is the order of reaction. The value of k can be determined if

n is known and if measurements of dc/dt and c can be made. The latter

are obtained from measurements of the area under a number of sections
of the DTA curve. Using measurements of dc/dt and c at as many as 20
points distributed over the interval between the beginning and the com-
pletion of the reaction, sets of values of k are computed for arbitrarl'
values of n ranging from 0 to 4.0 at 0.2 increments. Each set of k values
and associated values of the temperature of the samplel corresponding to

I The temperature of the sample is obtained by subtracting the temperature difference

between the reference and sample capsules (proportional to the distance between the DTA

curve and the base line) from the temperature indicated by the temperature measuring

thermocouole.
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one of the 21 arbitrarr. values assigned to n is f itted to the Arrhenius equa-
tion, k:Ae-E/n'r, where E is the energy of activation, A is a constant, R
is the gas constant, and T is the absolute temperature. The value of n for
the set of k and T values which best f its this equation is selected as the
observed order of the reaction.2

Inherent in this method are the assumptions that:
(1) the rate of reaction is very small at the lolr'est temperature obtainable and the reaction
is essentially complete below the highest temperature attained, (2) heat is transferred to the
sample and reference capsules uniformly, and heat loss by radiation or by conduction along
the thermocouple r,r'ires is small and uniform, (3) the temperature of the reactant is uniform,
that is, there is no temperature gradienL in the sample capsule, (4) the area under any ap-
preciable portion of the DTA curve is proportional to the heat absorbed during the time in-
terval in rvhich that portion o{ the DTA curve $ras recorded, and this quantity of heat is in
turn proportional to the mass of the sample which reacted during this time, (5) the kinetics
of the reaction can be described by a single rate constant, and (6) the activation energy does
not vary x'ith temperature during the reaction.

RBsur,rs

Heals of reacl.ion. Measured heats of reaction (Table 1, coi. 7) constitute
the heat transfer during dehydration divided by the weight of the sample.
Because of sample impurit l., the observed AH will always be less than the
heat of reaction to be associated with the pure kandite. For this reason,
considerable variation in measured AH is evident, for example 118 to 159
cal/gm in the case of kaolinite. It is necessary, therefore, to adjust the
measured heats of reaction according to the purity of the sample. Al-
though r-rav diffraction and microscopic examination might be used to
estimate the kandite content of the clay samples in this studv, it is
probable that data ol greater accuracy are obtained by chemical analysis.
Accordingly, AI2O3 anah'ses bv replicate r-ray fluorescence were used to
calculate the percentages of kaolinite, dickite, and halloysite (Table 1,
col. 8) on the basis that all of the observed aluminum was present in these
minerals. Corrected values of AH are relatively concordant, and appear
in col .  9 .

For kaolinite, the mean heat of reaction is 151 cal/gm, in good agree-
ment with 154 and 157 cal/gm reported b1. Ell is and Mortland (1962)

2 In practice, for each of up to 20 points selected along the DTA curve, measurements
of area, time, temperature and height above base line are input to a digital computer pro-
gram u.hich calculates sets of log k and 1/T values for each selected value of n. Since the
transform of the Arrhenius equation, log K: log L -E/2 303 RT, is linear, Ieast squares or
linear regression is used to construct the best fit straight line through each of the 21 sets of
data associated rvith one D'I'A curve The correlation coefficient, r, is computed and the
vaiue of n associated with the highest value of r is selected as the order of reaction. Plots of
log k against 7 /T are automatically printed by the same computer program for verification
and visual inspection of the data.
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and obtained by DTA and by calculation using the Clausius-Clapeyron
equation respectively. Variation among samples (standard deviation 8.5
ca"I/gm) is l i tt le greater than that expected from experimental error
(standard deviation 5.9). AH for dickite is within the range of values

Tarrp 1. Hners ol Rn.tcuoN eNo Rr,lcrroN Krunrrc Dara ron Klor-txrrp.
Drcrrrn, .q-xo Hallovstrn, DnuvnnarroN ar Pnr6:15 psi

tT" tT.

" a n

Serial
Num-

ber

No
Anal

E Meas,
Kcal/ AH
mole cal,/gm

Corrected
AH

cal/gm

%
kan

dite

(1) Kaolinite
1 Rio Grande, Sao

Paulo, Brazil 3
2 Zettlitz, Germany 3
3 Cape Province,

South Africa 3
4 Pugu, Tanganyika 3
5 Heystrek, South

Africa 3
6 Bath, South

Carolina 3
7 Me-qa Alta, Nerv

Mexico 3
8 Lervistown,

Montana 3
9 Spruce Pine, North

Carolina 3
Mean
Standard deviation

(.2) Dickite
I Chihuahua, Mexico 5

(3) Ilallolltsite
1 Eureka, Utah 5
2 Democrat, North

Carolina 3
3 Wagon Wheel Gap,

Colorado 3
4 Alexander, North

Carolina 5
5 Sheba, Transvaal 3

Mean
standard deviation

568

559
5 5 7

572

5.55

582

5 5 5
.566
9 8

.575

-5.14

.546

549
549
547

6 3 3  2 7
6 1 5  3 . 0

6 0 3  1 3
6 0 0  1 3

6 1 4  3 0

6 0 3  1 1

620 3 .0

6.3.5 1 9

6 0 1  1 9
6 1 4  2 l
1 2 9  0 8

6 8 8  1 1

592 1 .4

5 9 9  0 9

6 0 4  1 . 0

6 0 4  1 0
6 0 3  0 4
600 0 .91
-s  .  1  0 .36

1 1 1  1 3 4
14i 133

1 0 6  1 1 8
102 118

152 133

92.8  l4 , l

13 ,1  159

107 153

99.7  1 .11
117
2 1  7

52 5 119

94 5 16i

85 2 r28

79.0  163

9+ 2 1,61
72 5  133
85 1
9 5 8

93 8  143
93.8  t12

83 3 142
79 6  148

9t  3  116

94.6  152

98 2 162

9 i  +  1 5 7

8 6  3  1 6 3 . 5
l 5 l

8 5

9 5  6  1 5 6

93 9  178

9 2 . 5  1 3 8 . 5

100 163

99 6  165
8 6  3  1 5 4

160
1 4 6

1 Tc DTA charactcristic temperature
Tp - DTA peak temperature

determined for kaolinite. Halloysite, however, exhibits a greater range of
AH as shown by the standard deviation for 5 samples of 14.6 cal/gm.
Three of the halloysites (Eureka, Wagon Wheel Gap, and Alexander)
provided AI{ measurements between 10 and 27 cal/gm greater than the
mean of the kaolinite group, and the average AH of the halloysites stud-
ied is 9 cal/gm above that of the kaolinites. These observations are in
accord with reliable chemical analyses assembled by Bates (1959), which
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demonstrate both a higher average H2O+ content and greater variation
in the HzO+ content of halloysite.

Reaction kinetics. There is general agreement that differential thermal
analysis is inferior to weight loss techniques for the determination of
kinetic data for three reasons:

(1) the temperature is changing while the reaction is taking place, whereas ideally, iso-

thermal dehydration methods provide more reliable and precise information, and may con-
tribute to the understanding of reaction mechanisms, (2) the concentrations of the reactant
and products at any given time are determined indirectly by temperature difierences (be-

tlr'een the sample and a reference) resulting from heat transfer during the reactionl since
heat transfer is not instantaneous, precise determination of concentrations is not possible,
(3) it is necessary to assume that an equation relating the rate of change in concentration of

the reactant to the concentration of the remaining reactant is a reasonable description of

reality, and such factors as the shape of the reactant particles are not taken into account.

In an attempt to evaluate the reiiabil i ty of kinetic data derived from
DTA, Tsuzuki and Nagasawa (1957) obtained both weight loss and DTA
curves for the same samples. Theoretical DTA curves constructed from
kinetic parameters derived from weight loss data were shown to agree
with DTA curves determined experimentailv except for a slight displace-
ment of the peak temperature.

Kinetic data were obtained from the same DTA curves used for de-
termination of heats of reaction. The results are shown in Table 1. Except
for hallor-site, all observed values of the order of reaction are greater than
the value of 1.0 usually obtained or in some cases assumed in previous
studies (Shlykov 1960, Murray and White 1955, All ison 1954, Jacobs
1958 and others). Activation energies calculated from these data are by a
factor of two (with the exception of dickite) greater than values obtained
by Sabatier (1954) (44 Kcal/mole), All ison (1954) (37-58), Murray and
white (1955) (37-45), Jacobs (1958) (38), Holt et al. (1962) (43.5),
Brindlel ' and Nakahira (1959) (65), Toussaint et al. (1963) (25), and
Tsuzuki and Nagasawa (1957) (27 to 57).

Despite the low precision of DTA methods, both activation energies
and orders of reaction are reproducible for a given saniple. The extreme
variation in n and E from sample to sample was not encountered in a
study of the dehydration of brucite with the same apparatus (Weber and
Roy 1965). It should be emphasized, however, that the samples were
dehydroxylated under Pnro:15 psi, whereas published activation ener-
gies were determined for the dehydration of kaolinite under vacuum or
very lorv water vapor pressure conditions, or in air. If the activation
energy for the dehydration of kaolinite varies with water pressure, as it
does for the dehydration of gypsum (McAdie 1964) and brucite (Weber

and Roy 1965), values of E greater than the published values quoted
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above would be expected. To investigate this possibii i ty, kinetic data
were obtained from DTA curves obtained at pressures up to 130 psi.
Activation energy, plotted as a function of water pressure in Figure 1,
appears to increase with increasing Psr6, but the relationship is poorly
defined. It is interesting to note, however, that the best f it l ine through
these points extrapolates to an activation energy of about 40 Kcal/mole
at water vapor pressures in the range of the ambient Psrs in which pub-
lished experiments were made. Preliminary thermogravimetric experi-
ments by Sharp and Patterson (1964) suggest a pronounced increase in
activation energy with increasing water vapor pressure for a Florida

a o

6 0  7 0

Frc 1. Pressure dependence of the activation energy for dehydration of kaolinite, dickite,
and halloysite at water pressures betrveen 20 and 130 psi.

kaolinite. The observed order of reaction for this kaolinite is greater than
one. For kaolinites from Mesa Alta and Mikawa, Tsuzuki arid Nagasawa
(1957) f ound n equal to 1.5 and 2.0 respectively.

Further evidence for the pressure dependence of the activation energy
is found by inspection of the DTA curves of well crystall ized kaolinite
(Kaolex WW) provided by Stone and Rowland (1955). Under vacuum
dehydration, the DTA curve is relatively broad. With increasing water
pressure, up to the maximum of 6 atm attained by these authors, the
endothermic curve becomes better defi.ned and sharper (of higher kurto-
sis). As Tsuzuki and Nagasawa (1957) have demonstrated, the effect of
increasing activation energy on the shape of the DTA curve is to sharpen
the peak considerably.

Sulrlranv

Heats of reaction, corrected for sample impurity, have been deter-
mined as 151, 156 and 160 cal/gm for kaolinite, dickite and halloysite

A C T I V A T I O N  E N E R G Y .  K C A -
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respectivel) '. Greater variation in AH for halloysite is attributed to
greater HzO+ variation in this mineral. There is some evidence that the
heat of dehydration (intraiayer water) of halloysite is greater than AH for
kaolinite and dickite, corresponding with the somewhat greater H2O+
content of hailovsite with respect to kaoiinite and dickite.

Activation energies for dehvdration at a rvater pressure of 15 psi are
two to three tirnes greater than published values obtained at ver1. Iow
water vapor pressures, and evidence is presented to demonstrate that the
activation energ)r increases with increasing water pressure. Despite the
low precision of differential thermal anal1't ical methods, the data suggest
that dehydration of the kandites at water pressures of 15 psi and above
follows a reaction larn' somewhat above first order.

AcrNowlpncMENTS

l'he authors are indebted to Prof . G. W. Brindley for several samples
of kaolinite, to N. H. Suhr for supervision of the r-ray fluorescence
analyses, and to R. T. Greer for preparation of some of the samples. This
research was sponsored by the Air Force Cambridge Research Labora-
tories, Office of Aerospace Research, under contract AF 19(628)-2773.

REFERENcES

AcctNNo, D J aNr J. F. Scnsoroon (1960) Platinel a noble metal thermocouple to re-

place chromel-a\tmel Engleltard Industries Inc. Tech. Bnll.1r 53.
Ar.r.rson, E. B (1954) The determination of specific heats and heats of reaction of clay min-

erals by thermal analysis. Sili,cates Industrietrs 19,363-373.
Bensneo, I. (1952) Temperature and heat of reaction calibration ol the difierential thermal

analysis apparatus. :lz M,ineral, 37, 667-694.
Bams, T. F. (1959) Morphology and crystal chemistry of 1:1layer lattice silicates.,4m.

Mineral .44,78 711.
BnrNor-rv, G W. axr M. Naxarrrna (1958) A kinetic study of the dehydroxylation of

kaolinite Proc. FiJth Nat. ConJ. Clays and Clay tr[in., Nat. Res. Councitr Publ'.566,266-

278-
Er-r-rs, B. G. ,lrqo M. NI Motrlann (1962) A comparison of tlr'o methods of determining

heats of reaction by differential thermal anaiysrs. Am. JI ineral 47, 37 l-378.
Hnnor.n, P. G. axo T. J. Pr-eNp (1948) Modified d t a. apparatus. lour. Am. Cerom Soc.

3t, 20-22.
Hor-r, J. B., I. B. Curr.rn ano M. E. Walswonrn (1962) Rate of thermal dehydration of

kaolinite in vacuum lour. Am. Ceram. Soc.45. 133-136.

Jacons, I' (1958) Kinetics of the thermal dehydration of kaolinite. Nature 182,108G1087.

McAoro, H. G. (1961)'Ihe effect of water vapor upon the dehydration of CaSO+'2IIzO.

Cauad. J ottr. Chem. 42, 792-801.
Munnev, P. eNn J. Wnnr (1955) Kinetics of clay dehydration. Clal Min Bull'.2,255-261.
ReuecueNonax, V. S. aNn N. C Ma;uulan (1961) Determination of endothermal heat

effects of clays in the study of thermal eliciency of brick ki\ns. Jour. Appl. Chem.11,

M9-452.



DEIIY DROXYLATION OF KAOLI NITN 1045

smarmn, G. (1954) Determination of heats of transformation by differential thermal
analysis. Bull,. S o c. Fr anc. M iner al. 77, 953-968, 107 7-1083.

snwarr-, E. c. (1952) Theory of difierential thermal analysis. Builiting Res. station Res.
Note, D S I.R. (Grt. Brit.).

-- (1955) Efiects of thermocouple wires on peak areas in differential thermal analysis.
Build.ing Res. Station Res. Note, D.S I.R. (Grt. Brit.).

Srrann, J ann J. ParrnnsoN (1964) Personal communication.
Srrr.vxov, A. v. (1960) The kinetics of the dehydration of clays at 600-900'. sborni.h rru-

d,oa, Resp. Nauch -Isstredolatel. Inst. Mestnykh Stroitel. Materiilot, lg, tl2-152.
Sronr, R' L exo R. A. Rowr,lxo (1955) DTA of kaolonite and montmorillonite under

rvater vapor pressures up to six atmospheres. Proc Third Nat. conJ. cloys anil Clay
Min. 703-116.

TotrssArNr, l-., 
"I.J. Fnrprar eNo M. C. Gasrucur (1963) Dehydroxylation of kaolinite, I

Kinetics. f our. Phys. Chem.67,26-30.
Tsuzurr, Y. nNn K. Naceslwa (1957) Differential thermal analysis curves for clay min-

erals as related to the kinetics of their dehydration. rour. Iiarth sci. Nagoya Llnil. s,
153-182.

Wrnnn, J. N. 'lNn R. Rov (1965) Complex stable metastable solid reactions illustrated with
the MS(OH)r-MgO reaction. Am. f our. Sci. (in press).

Manuscripl reeeited, October 5 , 1964; aecepted Jor publication, May 11, 1965.




