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KINETICS AND MECHANISM OF DEHYDRATION OF KAOLINITE,
MUSCOVITE AND TALC ANALYZED THERMOGRAVIMETRICALLY
BY THE THIRD-LAW METHOD

B. V. L'vov'" and V. L. UgolkoV*

'Department of Analytical Chemistry, St. Petersburg State Polytechnic University, St. Petersburg 195251, Russia
?Laboratory of Thermodynamics and Kinetics, Institute of Silicate Chemistry, St. Petersburg 199155, Russia

The third-law method has been applied to determine the enthalpies, A H<, for dehydration reactions of kaolinite, muscovite and talc.
The A H?values measured in the equimolar (in high vacuum) and isobaric (in the presence of water vapour) modes (980+15,
3710439 and 2793434 kJ mol ™, for kaolinite, muscovite and talc, respectively) practically coincide if to take into account the strong
self-cooling effect in vacuum. This fact strongly supports the mechanism of dissociative evaporation of these compounds in accor-
dance with the reactions (primary stages): Al,03-2Si0,-2H,0(s)—>ALO3(2)4+2Si0,(2)d+2H,0(g); K,0-3A1,05:6S510,-2H,0(s)—>
SK,0(2)¥+3AL03(2)+6Si05(g)V+2H,0(g) and 3Mg0O-4Si0,-H,0(s)—>3MgO(g)+4Si0,(g)4+H,0(g). The values of the E pa-
rameter deduced from these data for equimolar and isobaric modes of dehydration are as follows: 196 and 327 kJ mol ™" for kaolinite,
309 and 371 kJ mol™ for muscovite and 349 and 399 kJ mol™" for talc. These values are in agreement with quite a few early results

reported in the literature in 1960s.
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Introduction

Layer silicates, including clays, which occur in geo-
logical deposits, are of considerable importance as
source materials for many technological uses. Studies
of thermal dehydration of such materials have been
undertaken to determine the mechanisms of changes,
which occur during firing [1, 2]. Such knowledge
may be then exploited in the design of individual pro-
cesses, the use of cheaper source minerals and devel-
opment of new products. Besides, it is of considerable
scientific interest. Of three compounds chosen in this
work for investigation, kaolinite, muscovite and talc,
the first one is studied more than two others. Never-
theless, even for kaolinite, the major features of this
process remain an enigma. In particular, there are se-
rious disagreements between the values of the E pa-
rameter of the Arrhenius equation reported in differ-
ent works [3—10]. In the absence of water vapour in
the reactor, the values of the £ parameter range from
159 [3], 172 [8] and 182 kJ mol™" [4] to 213 [7] and
233 kJ mol ™' [10]. Still higher discrepancies in the £
parameters are observed in the presence of water
vapour. Weber and Roy [6] reported a value of
490 kJ mol " at Py o =1 bar. Brindley ez al. [7] found a
value of 352 kJ mol ' at P,,,=6 mbar and of
469 kJ mol ™" at P,,,=60 mbar. Anthony and Garn [9]
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observed an increase of the £ parameter from 261 to
1060 kJ mol™" at P,,,increase from 0.4 to 3.2 bar. In
contradiction to a significant increase of the £ param-
eter observed in these papers, some workers reported
that the £ parameter decreases in the presence of wa-
ter vapour. In particular, Toussaint et al. [5] measured
a value of 105 kJ mol! at P,,,=6 mbar and
Nahdi et al. [10] have found recently a value of
188 kJ mol ' at P,,,=5 mbar.

These discrepancies in values of the E parameter
are caused, in our opinion, by the shortages of the
methods, which used for determination of this parame-
ter. No wonder that under these circumstances no sin-
gle reasonable explanation has been found up to now
for the dehydration mechanism and the effect of water
vapour on the decomposition rate. The primary pur-
pose of this paper is to measure the reaction enthalpies
and related values of the E parameter for dehydration
of kaolinite, muscovite and talc in the absence and in
the presence of water vapour by the most precise and
reliable third-law method, which has been successfully
used already for investigation of many other decompo-
sition reactions [11, 12]. The values obtained will be
used for the interpretation of the dehydration mecha-
nism and the related effect of water vapour.
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Theoretical

The third-law method is based on the direct applica-
tion of the fundamental equation of chemical thermo-
dynamics

A H}=T(A.S; -RInk,) (1)

where A_H; and A S, are, respectively, the enthalpy
and entropy for the decomposition reaction and Kp is
the equilibrium constant. In case of a reactant R de-
composed (in accord with the dissociative evapora-
tion mechanism [11]) into gaseous products A and B
with successive condensation of low-volatility spe-
cies A, that is

R(s/l) = aA(g)+bB(g) )
the equilibrium constant is equal to
Ky, =P Py 3)

The so-called equivalent partial pressure Peg
(in bar) of product A can be calculated by the
Hertz—Langmuir equation through the maximum rate
of decomposition J (in kg m = s™):

P - (nMRT)"*J

4
T 0

Here y=10° Pa bar ™' is the conversion factor from
bars to pascals and M is the geometrical mean for mo-
lar masses of primary products or

M =(MIM)" Y = (MM (5)

where v=a+b.

Under high vacuum conditions (the equimolar
mode), the equilibrium constant with regard to the
stoichiometric coefficients in reaction (2) is equal

b b
K, =P;PBb =(a\J Pe\c/l (6)

In the presence of the excess of gaseous prod-
uct B in the reactor (the isobaric mode),

Ky =P{Py =P.Py (7)

Condition of maximum-rate or free-surface de-
composition in the equimolar mode means the ab-
sence of any diffusion limitations for the escape of
gaseous product(s) from the surface of decomposed
sample. In case of dehydration reactions, the only sta-
ble gaseous product is water vapour. The other pri-
mary products (or product) being of low volatile spe-
cies immediately condense. To eliminate diffusion
limitations for a water vapour escape, it is necessary
to use high vacuum in the reactor.

In the presence of excess of water vapour in the
reactor (the isobaric mode), the diffusion limitations
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for the escape of water vapour evolved during the de-
composition are practically insignificant because the
external partial pressure of H,O is significantly
higher than the equivalent pressure. This feature
opens a remarkable opportunity of the isobaric
free-surface dehydration in the presence of any for-
eign gas, in particular, in the air atmosphere. Indeed,
the presence of air has no additional effect on the de-
composition rate because (i) all low-volatile primary
products immediately condense and (i7) the diffusion
limitations for the escape of water vapour evolved
during the decomposition are practically insignifi-
cant. It means that in the presence of the excess of wa-
ter vapour in the reactor the Hertz-Langmuir equation
can be used for evaluation of the equivalent pressure
of primary products of dehydration not only in vac-
uum or at reduced pressure but even (amazingly!) at
atmospheric or higher than atmospheric pressure.

As has been shown in many previous publica-
tions (e.g. [11]), the £ parameter for the Arrhenius
equation should be different for the equimolar and
isobaric modes of decomposition, i.e.,

E°=AH/v=A_H]/(a+Db) (8)
for the equimolar mode and
E'=AH)/(v-b)=AH/a 9)

for the isobaric mode. In the former case, the £ pa-
rameter corresponds to the enthalpy of the decompo-
sition reaction reduced to one mole of all primary
products or to the molar enthalpy, and in the latter
case, to the enthalpy of the decomposition reaction re-
duced to one mole of primary products without in-
cluding components of that present in excess.

As it follows from the further consideration of
Egs (1)—(4), using the third-law method for determi-
nation of the reaction enthalpy assumes the availabil-
ity of data necessary for calculation of the entropy of
reaction, A Sy, and measuring the absolute rate of de-

composition, J, what suggests a possibility for evalua-
tion of the efficient surface area of decomposed sam-
ple. Let us consider these topics in more detail.

For crystals or pressed pellets with a low porosity,
the effective surface area of decomposition can be eas-
ily evaluated from the known geometry of samples. For
powder samples, the calculation procedure consists in
reduction of the decomposition rate (Am/Af) to the unit
of the outer surface area (Sy,) of a pellet formed by the
powder sample in a cylindrical crucible. The value re-
ceived is lowered additionally by the empirical factor
(2.84£0.4), which takes into account a higher than S;,, ef-
ficient surface area of powder sample responsible for
decomposition. The magnitude of this factor, as shown
in [13], does not depend on the temperature, residual
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pressure of air in the reactor (at P,,, <10 bar), grain
size and mass of a powder sample. Therefore, the final
equation for calculation of absolute rate of powder de-
composition is as follows:

J=(Am/AD)/(2.8 Sw) (10)

The availability of data necessary for calculation of
the entropy of reaction, A Sy, is at first glance a serious

limitation for application of the third-law method. For-
tunately, the situation in this field is significantly im-
proved over the last 40 years and for majority of sub-
stances the values of entropies in standard conditions
(Sss) and corresponding temperature increments

(Sy — Sy ) were calculated and published in tabulated

form in many handbooks. Nevertheless, for some spe-
cies, for example, for low-volatility molecules in the
gaseous state (e.g., metal salts), these data are absent. In
some cases, it is possible to estimate the entropy value
from a comparison with the known entropies of similar
molecules for other metals. This approach was used, for
example, for gaseous molecules of Li,SO4, CaSO,4 and
CuSO, [14].

More general approach for estimation of en-
tropy, A,Sy, for decomposition reactions was pro-
posed in [15]. This approach is based on a very close
similarity of values of molar entropy, A S;/v, for dif-
ferent decomposition reactions. Their average magni-
tude (under conditions when Peq;10*8—10*7 bar) is
148417 J mol ™ K [15]. Moreover, the recent analy-
sis [11] has revealed significant differences in A .S, /v
between the reactants decomposed with formation of
free metal atoms and reactants decomposed up to
metal products in the form of free molecules. The av-
erage value of A S /v is equal to 13649 J mol ' K" in
the first case and to 16019 J mol ' K™!, in the second.
The uncertainty in values of A S /v (£ 9 J mol ' K™
produces the error in determination of the £ parameter
to about 3%. Therefore, the impact of this factor on a
background of the overall, random and systematic, er-
ror is insignificant [12].

Experimental

The experiments were carried out with Netzsch STA
429 and STA 449 instruments on the TG and
TG+DSC measuring heads, respectively. The actual
measured quantities were the mass change of the sam-
ple per time unit, Am/At, and the absolute crucible
temperature. The open alumina crucibles 5.7 mm in-
ner diameter and 4.0 mm high (without lids) were
used as sample containers.

The reacting materials were the analytical grade
kaolinite powder and mica pieces of muscovite and talc.
All materials were checked via a mass loss during dy-
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namic firing. A powder sample (ca. 20 mg), which intro-
duced into a crucible, was leveled and pressed manually
(about 1 kg mm) into a flat pellet. The total (outer) sur-
face area of pellet was calculated taking into account the
crucible diameter and the width of pellet. In cases of
muscovite and talc, small rectangular pieces of mica
were cut (about 3—4 mm in sides and 0.2-0.5 mm in
thickness). Their surface areas were estimated with the
help of an MPB-2 optical (x24) microscope.

In experiments under reduced pressure per-
formed with a STA 429 instrument, the sample cham-
ber was evacuated to a residual pressure in the range
of n-107 bar with the use of rotation pump or in the
range n-10"* bar with the use of rotation and oil-diffu-
sion pumps. The measurements have been conducted
at continuous pumping under isothermal conditions.
Experiments in the presence of the excess of H,O in
the reactor (both STA 429 and STA 449 instruments
were used) have been performed at atmospheric pres-
sure in the furnace under conditions of isobaric and, at
the same time (as discussed above), free-surface
evaporation. The partial pressure of water vapour was
evaluated from humidity percentage in the laboratory
(from hygrometer readings) and the saturated pres-
sure of H,O at known air temperature in the room.

The heating rate of the sample from the room tem-
perature to intermediate one (5 K lower than the desired
temperature) was 30 K min"' and from intermediate to
the desired temperature was 1 K min'. At the beginning
of each measuring cycle, the system was heated at the
temperature chosen, usually during 5—10 min, to reach a
constant rate of the decomposition. The changes of the
mass and surface area of powders during this period
were taken into account. A decrease of the surface area,
as was checked experimentally, was proportional to
(1-a)** where o is the decomposition degree. This de-
pendence can be interpreted as a combined result of the
reduction of number and size of particles in the process
of decomposition. All primary signals (Am/Af) were cor-
rected also for the blank signal measured independently
with an empty crucible. Its value varied in the range of
0.02-0.07 ug s ' depending on the gas pressure and tem-
perature of the furnace.

Temperature was measured with Pt—Pt10%Rh
thermocouple placed with its junction immediately
below the crucible. Temperature variations in the pro-
cess of mass-change measurements (usually, during
15-30 min) did not exceed +0.2 K.

Results and discussion
This work

There are two problems in determination of the decom-
position rates and calculation of the enthalpies for these
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reactants. Firstly, all three materials have a very low
emittance factor and their heating by radiation is low.
Therefore, to reduce the self-cooling effect, it is prefera-
ble to work at a residual air pressure higher than ca.
107 bar or, what is still better, at atmospheric pressure
when the heat transfer by the gas molecules (for powder
samples) reaches its maximum. Secondly, any literature
data on the temperature increments of entropy
(Sy — Sy ) for kaolinite, muscovite and talc are absent.

Therefore, the only way to evaluate the entropy change
for dehydration reactions is to use the approximate value
of molar entropy A, S;/v=160+9 J mol ' K, which is

valid for reactants decomposed up to metal products in
the form of free molecules. The number of moles of pri-
mary decomposition products, v, is related to the
stoichiometry of these compounds and in cases of
kaolinite, muscovite and talc is as follows: 5, 12 and 8.
Therefore, the entropy change A S, should be equal,

respectively, to 800, 1920 and 1280 J mol ' K.

Experimental conditions and results of calcula-
tions of the enthalpy values for a dehydration of
kaolinite, muscovite and talc are presented in Ta-
bles 1-4. From the analysis of these data, the follow-
ing conclusions might be deduced.

+ As can be seen from Tables 1 and 2, under high-vac-
uum conditions (n-10® bar), the enthalpy values are
about 9% higher than those at atmospheric pressure.
This is the result of self-cooling effect, which mani-
fests in an increase of values calculated by the
third-law method [13, 14]. For talc (Table 3), this
difference is lower (4%), probably, due to the higher
decomposition temperature. As expected, under
low-vacuum conditions (8-10° bar) for the kaolinite
decomposition (Table 1) the enthalpy values are
only 3% higher than those at atmospheric pressure.
All results measured in vacuum were omitted in cal-
culations of the mean values listed in Table 4.

 The relative standard deviation from the mean in all
cases is smaller than 2 percent (Table 4). This sup-
ports a high precision (reproducibility) of the
third-law method that was theoretically substanti-
ated in [11, 12] and demonstrated in many our pre-
vious publications [13—15].

+ The similarity of the results obtained under very dif-
ferent conditions of decomposition (in vacuum at
low values of P,,, and in atmosphere of air at high
values of P,,, ) means that the dissociative evapora-
tion mechanism of dehydration of these reactants, as
described by reactions in Table 4, is valid.

» The values of the E parameter for the equimolar
and isobaric modes of decomposition listed in the
two last columns of Table 4 are calculated by
Eqgs (8) and (9). It is remarkable that of the different
parameters obtained by this approach (A H,, E°
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and E'), the molar enthalpy (A, H/V=E°) is the
only parameter directly related to the decomposi-
tion temperature in the equimolar mode. Indeed, in
all cases, in accord with the theory [15], the ratio
T/E*=3.5+0.1 K kJ™' mol. To relate the A, H or E'
parameter to decomposition temperature, the
stoichiometry coefficients (a, b and v) should be
additionally taken into account.

The literature data

+ The average value of the £ parameter measured for
kaolinite in the absence of water vapor in the reac-
tor (the equimolar mode) in different works
(159 [3], 172 [8], 182 [4], 213 [7] and 233 kJ mol !
[10]) is equal to 192430 kJ mol™". This value is in
excellent agreement with E°=1963 kJ mol™' ob-
tained in the present work. However, the standard
deviation differs dramatically.

* Of the E parameters for kaolinite measured in the
presence of water vapor in the reactor (the isobaric
mode), the values that are similar to our result
(32745 kI mol ") were obtained by Brindley et al. [7].
At 6 and 18 mbar of water vapour pressure, the £' pa-
rameter was 351.5 and 376.6 kJ mol' (average:
364+18 kJ mol ™). It should be noted that in the ab-
sence of water vapor, Brindley et al. [7] obtained
213 kJ mol™', which is also close to our result
(19623 kJ mol ™).

» A very unusual result for kaolinite dehydration in
the presence of water vapour has been obtained re-
cently by Nahdi et al. [10]. With the help of the
rate-jump method at three-fold different rates (0.14
and 0.42 mg h™') and a total time of decomposition
of about 140 h for 200 mg powder sample, they
found E=188+10 kJ mol " at P,,, =5 mbar, which is
in strong contradiction with the previously pub-
lished data [7] (see above). However, from the anal-
ysis of data reported in [10] it follows that the total
water loss corresponding to Fig. 2 [10] is erroneous.
It turned out much higher (0.14 mg h™'.70 h+
+0.42 mg h™'-70 h=39.2 mg) than that expected from
the reactant stoichiometry (200 mg-0.1395=
27.9 mg). It means that the actual decomposition
rate at higher temperatures should be lower than
0.42mgh', ie. (27.9 mg-0.14 mg h™'-70 h)/70 h=
0.26 mg h™'. As a result, the E parameter, instead of
188 kJ mol' [10], should be equal to
(1881n3)/In(0.26/0.14)=334 kJ mol . This value co-
incides with our result: 327 kJ mol .

To support this conclusion, we calculated the
enthalpy of dehydration reaction at two different
P, values (1-10°° bar and 5 mbar) by the third-law me-
thod. The results of these calculations are listed in Ta-
ble 5. The primary data (7, Am/At and P,,, ) that are re-
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Table 5 Values of the enthalpy for a dehydration reaction of kaolinite at different partial pressure of water vapour calculated

by the third-law method from the data reported in [10]

Temperature/K By, o/ bar (Am/At)/mg h™ Jkgm?s Peg/bar Kp/bar® A HY/KJI mol™
643 1-10°° 0.42 1.4:107 1.4:107° 2.7-107% 989
663 5107 0.26° 8.6:107° 8.6:1071° 1.6:107 934

J=(Am/AD/(2.8Sy) where Sy=300 mm? (at /=4.9 mm and /=5 mm) [10]; "Calculated by Eq. (4) at M=0.039 kg mol ' and
My=0.036 kg mol '; “Recalculated from Fig. 2 [10] as explained in the text

ported in [10] were used. The outer surface area, Sy, of
powder sample was estimated from the sample mass
(m=200 mg) and apparent (bulk) density of kaolinite
powder (530 kg m ), under assumption that the crucible
radius and height of powder bed are equal (about 5 mm).
As can be seen, the enthalpy values are equal to 989 and
934 kJ mol ™' (average: 962+40 kJ mol ™). The last value
agrees very well with our result: 980+15 kJ mol ™.

Therefore, it can be concluded that the above-
mentioned discrepancy in the E' parameter with the
reported data (in particular, in [7]) and with our value
(32745 kJ mol™") is due to shortages of the methods
used in [10]. It can be assumed, in particular, that at
high inlet pressure of water vapour (P;=5 mbar), the
outlet pressure (P, ) may be different for diaphragms
with one and three holes and, as a result, the mass ra-
tio for gas (H,O) transferred through these dia-
phragms (and proportional to P’ — P,”) is smaller than
three. Be it as it may, this discrepancy (of method-
ological importance) deserves further study.

+ The literature data for dehydration of muscovite are
the values of E°=226 kJ mol ™' [16] measured in
vacuum and E =376 kJ mol™' [17] measured under
atmospheric pressure. For dehydration of talc, the
value of E'=423+17 kJ mol ' [18] was determined
in a flow of zero-grade Ar. Two last £ values are
in a good agreement with our data: 37144 kJ mol '
and 399+5 kJ mol' (Table 4). The value of
E*®=226 kJ mol' measured for muscovite in high
vacuum by the Arrhenius-plots method is most
likely underestimated as a result of self-cooling.

Conclusions

The third-law method has been applied to determine
the enthalpies, A _H,, for dehydration reactions of

kaolinite, muscovite and talc. The A H, values mea-

sured in the equimolar (vacuum) and isobaric (in the
presence of water vapour) modes practically coincide.
It means, in accord with the results of our previous
publications [19], that the effect of water vapour on the
dehydration is governed by the laws of equilibrium
thermodynamics applied to primary gaseous products
of solid decomposition. This fact strongly supports the
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mechanism of dissociative evaporation of these reac-
tants in accordance with the schemes listed in Table 4.

In connection with the controlling role of water
molecules in the decomposition of all these com-
pounds, the term ‘dehydroxylation’ applied in the lit-
erature to these reactions [5—-10, 16, 18] provokes ob-
vious objections.

The magnitudes of the E parameter deduced
from values for different modes of decomposition are
in agreement with quite a few early results reported in
the literature in 1960s [4, 7, 8, 17, 18].

A possibility of simple, fast, precise and reliable
(free from the self-cooling effect) investigation into ki-
netics of dehydration reactions at atmospheric pressure
of air (under conditions of isobaric free-surface evapo-
ration!), which has been realized in this work for the
first time, is undoubtedly the important methodological
innovation that can be applied to innumerable hydrated
compounds including various crystalline hydrates. (It
is a shame that we have come to this obvious idea so
late! Two years ago, we used the same methodology
for investigation of decomposition of CaCO;, SrCO;
and BaCQO; in atmosphere of argon with the addition of
CO; [19]. However, a possibility of its application to
dehydration reactions has remained unnoticed. Proba-
bly, it is true ‘that «having an idea» is not necessarily
the result of some great mental leap: it is often the re-
sult of merely being able, for one sublime moment, to
avoid being stupid!’ [20]).
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