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Energetics of kaolin polymorphs
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ABSTRACT

The enthalpy of formation of kaolin polymorphs at 298 K has been determined by drop-
solution calorimetry into molten lead borate at 975 K. Corrections have been made for
impurities in the samples. The standard enthalpy of formation from the elements is: kao-
linite —4120.2 = 6.6 kJmol, dickite —4107.6 = 5.7 kJ/mol, nacrite —4104.0 = 7.6 kJ/
mol, and halloysite —4097.5 = 5.6 kJmol. Using entropy data from the literature, the
standard free energy of formation from the elements at 298 K is —3799.4 = 6.4 kJ/mol
for kaolinite, —3785.1 + 5.6 kJ/mol for dickite, and —3776.8 = 5.8 kJ/mol for halloysite.
The effect of crystallinity (Hinckley index ranging from 1.6 to 0.4) on the enthalpy of
formation of kaolinite is smaller than 5 kJ/mol, the experimental error. The relative stability
of the polymorphs probably does not change significantly with pressure and temperature
over their range of occurrence. Thus the geological occurrence of halloysite, nacrite, and
dickite, which are metastable phases, must be interpreted in terms of kinetics or as the
result of a specific synthesis path, rather than as resulting from changes in the thermody-

namically stable phase assemblage.

INTRODUCTION

Kaolin minerals are dioctahedral claysof 1.1 layer type
with chemical composition AlLS,O,(OH),. Kaolinite,
dickite, and nacrite are polytypes. The kaolinite stacking
sequence consists of identical layers with an interlayer
shift of —a/3. Dickite and nacrite have a two-layer stack-
ing sequence where the vacant site of the octahedral sheet
aternates between two distinct sites (Brindley 1980);
their interlayer shift is also —a/3, but for nacrite the a
and b axes are interchanged from those of kaolinite and
dickite. The poor crystallinity commonly observed in ka-
olin minerals is understood as a series of stacking faults.
Giese (1988) has shown that no difference occurs within
the layers from one polymorph to another and that only
the stacking differs. Accordingly, the thermodynamic dif-
ference among the polytypes are related mostly to the
energy of the interlayer connection.

The strength with which the layers are held together
has been related to the orientation of the hydroxyl groups,
for which many different structura data are available
(Prost et al. 1985; Frost 1997). This orientation is thought
to be highly dependent on stacking. The present study of
the enthalpy of formation of the polytypes and of several
kaolinites with different degrees of stacking disorder pro-
vides insight into the magnitude of the interlayer bonding.

In contrast, halloysite is a hydrated polymorph of ka-
olin with curved layers and a spacing,of 10 A when fully
hydrated, the spacing decreasesto 7 A upon dehydration.
We studied a 7 A sample with strong stacking disorder.
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Kaolinite, the most abundant polymorph, is found as a
weathering product in sedimentary rocks and in hydro-
thermal systems. Halloysite is found in hydrothermal and
surface-weathering deposits. Dickite and nacrite are less
common and are restricted to hydrothermal settings.
These occurrences have been described by Murray (1988)
who presents a review of the genesis of kaolin minerals.
The formation of these kaolin minerals may be the result
of thermodynamic equilibrium or kinetically limited re-
action paths. The enthalpy (and free energy) of formation
of each polymorph, as well as the energetics of various
kaolinites with different degrees of crystallinity, defines
their relative stability. Starting from this thermodynamic
base, one can better constrain the conditions of formation
of the different polymorphs and, therefore, the history of
the sediments and soils that contain them.

Drop-solution calorimetry in molten lead borate at 975
K has become an accepted method for measurement of
heat of formation of hydrous phases (Navrotsky et al.
1994) and has been applied to a number of amphiboles
(Smelik et a. 1994), micas (Circone and Navrotsky
1992), and zeolites (Kiseleva et al. 1996a, 1996b). Nev-
ertheless, clays present a special challenge both because
of their extremely high water content (up to 17 wt%) and
because one must deal with natural samples in which wa-
ter content, chemical purity, and crystallinity al vary.
Thus, successful thermochemical study of the kaolin min-
erals, which are arelatively simple and well-characterized
system, is a prelude to the study of more complex clays.
Previous calorimetric studies exist for kaolinite, dickite,
and halloysite (Barany and Kelley 1961; Hemingway et
al. 1978) and provide a basis for comparison.
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METHODS
Kaolinite samples

Four samples of kaolinite were studied. Two Georgia
kaolinites, the well-ordered KGa-1 and the poorly ordered
KGa-2, were obtained from the Source Clay Repository
of the Clay Minerals Society (described by Van Olphen
and Fripiat 1979). A third Georgia kaolinite sample was
obtained from J. Chermak. It is a well-ordered sample
from Wilkinson County, Georgia (described in Brindley
et a. 1986). This bulk sample was separated into different
size fractions. The bulk sample (WIk-bk) and the 2-10
(WIk-10) and 0.1-1 (WIk-1) uwm (sphere diameter equiv-
alent) fractions were studied. The 2-10 and 0.1-1 pm
size fractions constitute 44 and 30 wt% of the bulk sam-
ple, respectively. The last sample, API no. 9, isakaolinite
from Alta Mesa, New Mexico. Barany and Kelley (1961)
used this sample to determine the enthalpy of formation
of kaolinite.

Dickite, nacrite, and halloysite samples

The dickite sample was obtained from Ward's National
Science Establishment, Inc. and is from a deposit near
San Juanito, Mexico [the same locality as the material
studied by Barany and Kelley (1961)]. A low-temperature
infrared study by Prost (1984) identified some nacrite
mixed with the San Juanito dickite but the amount was
not quantified. The nacrite sample was obtained from
M.D. Buatier who hand picked the crystals, removed do-
lomite and calcite with 5N HCI, and washed the product
with distilled water by centrifugation. This nacrite occurs
in the Lodéeve Permian basin (France), as described in
Buatier et a. (1996). The haloysite used in this work
was separated by sedimentation and centrifugation by
G.Y. Jeong and was formed by weathering of anorthosite
in Sancheong, Korea (Jeong and Kim 1993, 1996).

Other samples

To complete the thermochemical cycles, some oxides
were also studied. Fe,O, from Johnson Matthey, Pura-
tronic 99.999%; SiO, quartz from Baker certified at 99%;
AlL,O, 99.97% from Alpha AESAR; and gibbsite from
Baker certified at 99%. The water content of gibbsite was
checked by thermogravimetric analysis (TGA). A weight
loss of 34.53% was found for the combined dehydroxy!-
ation at 580 and 820 K in agreement with the literature
and the theoretical weight loss of 34.64% (Brindley and
Nakahira 1959).

Composition and characterization of the clay samples

The chemical composition of all samples has been de-
termined using a Cameca SX-50 fully automated electron
microprobe (EMP) at the Princeton Materials Institute,
Princeton University. The samples were dehydroxylated
at 1770 K, compacted, and mounted with epoxy in a sam-
ple holder and polished. The water content was obtained
separately using a Netzsch TGA 409 thermogravimetric
analyzer. The thermogram was obtained by heating 50 mg
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of sample to 1370 K in static air at a rate of 10 K/min.
A buoyancy correction necessary with this instrument di-
minishes the accuracy. The total weight loss determined
by weighing the TGA crucible before and after the TGA
experiment, which is considered a more accurate method,
confirmed the result of the TGA within 0.2 wt%. Thus
the uncertainty in water content is +0.2 wt%. The chem-
ical compositions presented in Table 1 were determined
by renormalizing the microprobe analyses using the mea-
sured total weight loss as water content. The sample of
dickite was also analyzed by coupling the thermogravi-
metric study with mass spectrometry (MS-Cube from
Balzers). Gas evolved from the sample on the TGA bal-
ance was fed directly into the mass spectrometer, which
detected SO, between 1170 and 1270 K. The small as-
sociated weight loss was too spread-out in temperature to
be quantified properly. Nevertheless, this observation
confirms the presence of sulfur in the dickite (attributed
to aunite, see below).

X-ray diffraction (XRD) patterns were accumulated
during continuous scans of 1°/min between 5 and 70° (26)
on a Scintag PAD 5 diffractometer with CuKa radiation.
The region between 15 and 30° is presented in Figure 1.
This region has been used to measure the Hinckley index
following Brindley (1980, Table 3).

The positions of the main reflections of quartz and an-
atase are noted in Figure 1. Some anatase can be detected
in WIk-bk, KGa-1, and KGa-2 and some quartz in API
no. 9. No other crystalline impurities have been identi-
fied. WIk-1 showed sharp kaolinite peaks above a contin-
uous ‘‘hump’” from 15 to 40°, suggesting the presence of
some amorphous impurity.

From the chemical analysis, the amount of impurities
can be deduced using the theoretical Si/Al and Si/H,O
ratios of Al,Si,O,(OH),. Therefore it is assumed that the
sample is stoichiometric. Any excess compared to this
ratio was attributed to impurity phases. In the thermo-
chemical calculations, the impurities were taken as the
corresponding oxides. The estimated impurities on a
weight percent basis are presented in Table 2.

Adsorbed water

The most important impurity with regard to enthalpy
measurements is adsorbed water, which is sensitive to rel-
ative humidity. The samples were kept in the controlled
atmosphere of the laboratory at 296 K and 50% relative
humidity. We determined the amount of adsorbed water
in two ways: the stoichiometric procedure followed in
constructing Table 2 and by using the low temperature
region of the thermogravimetric curves. Figure 2 presents
aclose-up of this region for al samples except halloysite.
The amount of adsorbed water was taken at the inflection
point of the thermogram, around 523 K for most of the
samples.

The value for halloysite comes from the TGA of Figure
3, in which the sample has been heated to 523 K and left
at this temperature for several hours to reach equilibrium
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TaBLE 1. Composition of kaolin minerals in weight percent determined by electron microprobe analysis of dehydroxylated
samples
WIk-bk WIk-1 WIk-10 API#9 KGa-1 KGa-2

Sio, 45,95 (0.31) 42,98 (0.40) 457 (2.25) 47.18 (1.95) 45.28 (0.84) 44.44 (0.74)
ALO, 39.49 (0.51) 36.65 (0.60) 38.24 (1.65) 38.17 (2.00) 39.1 (1.04) 38.1 (0.47)
TiOo, 0.07 (0.14) 5.59 (0.54) 1.69 (3.75) 0.45 (0.60) 1.1 (1.38) 1.88 (0.84)
H,0+* 14.16 (0.2) 13.81 (0.2) 13.98 (0.2) 13.82 (0.2) 13.95 (0.2) 14.24 (0.2)
Fe,0, (T) 0.13 (0.09) 0.46 (0.31) 0.16 (0.13) 0.17 (0.18) 0.16 (0.12) 0.95 (0.32)
MgO 0.02 (0.04) 0.04 (0.06) 0.02 (0.02) 0.03 (0.04) 0.03 (0.03) 0.03 (0.03)
cao 0.03 (0.03) 0.09 (0.03) 0.03 (0.02) 0.03 (0.05) 0.05 (0.04) 0.03 (0.04)
Na,O 0.14 (0.13) 0.35 (0.05) 0.14 (0.08) 0.08 (0.03) 0.32 (0.19) 0.27 (0.08)
K,O 0.03 (0.03) 0.03 (0.03) 0.03 (0.03) 0.05 (0.04) 0.02 (0.02) 0.05 (0.04)

Notes: The numbers in parentheses are errors associated with the analyses and represent the standard deviation of at least 15 microprobe analyses.

* The total water content was determined as the weight loss during firing.

before being heated further. This mimics the calorimetric
procedure adopted for this sample.

A comparison of the amount of adsorbed water de-
duced from these two methods is shown in Table 3. Gen-
erally the TGA value is dightly lower than the stoichio-
metric value, probably due to the inaccuracy introduced
by the inflection point estimate. The difference is less
than 0.2 wt%, except for dickite. These small differences
show the data are reliable, particularly given that the stoi-
chiometric approach is very sensitive to the measured Al/
Si ratio.

For dickite, the 1 wt% excess water predicted by the
measured Al/Si is not detected in the TGA record of Fig-
ure 2. The presence of excess Al,O, could be interpreted
as gibbsite, but because no dehydroxylation is seen
around 570 K, gibbsite cannot be responsible for the ex-
cess water. The coupled TGA mass spectroscopy exper-
iment allowed detection of some degassing of SO, above
1200 K with a weight loss around 0.5 wt%. Barany and
Kelley (1961) reported some sulfur trioxide for a sample
coming from the same locality. Therefore, the total excess
of AlLQ,, K,O, and Na,O and the weight loss can be as-
signed to aunite, (Na,K)AI,(OH)4(SO,),, a mineral com-
monly associated with dickite. Alunite typically loses its
water at 825 K and sulfur oxide at 1125 K. The first
reaction is concomitant with dickite dehydroxylation and
the second reaction is sluggish. The thermogram is not in
contradiction with the presence of alunite.

The adsorbed water content is related to the surface
area of the clay. The surface area of some of the samples
has been measured by N, adsorption by the Brunauer-
Emmett-Teller (BET) method (Table 3). The degree of
coverage, 0, is defined as the number of water layers cov-
ering the clay assuming that one molecule of water covers
10.8 Az (lwata et a. 1989) and is nearly constant for the
kaolinite samples. The inconsistent data obtained for
dickite compared to the kaolinites supports the contention
that the 1 wt% of weight loss in dickite is associated with
SO, and not chemisorbed water.

Calorimetric measurements

The enthalpies of formation were determined using a
Tian Calvet high-temperature heat-flux microcal orimeter

described in detail by Navrotsky (1997). Drop-solution
calorimetric methods (Chai and Navrotsky 1993; Navrot-
sky et al. 1994) were chosen to avoid decomposition of
the clays at the calorimeter temperature prior to dissolu-
tion. Calorimetric experiments were performed using
pressed pellets between 14 and 16 mg in mass. The sam-
ples were dropped from room temperature into molten
2Pb0O-B,0, at 975 K. As described previously for hydrous
samples (Navrotsky et al. 1994), an Ar flow of 100 mL/
min was maintained in the calorimeter. The calorimetric
signal returned to baseline within 90 min.

The very high level of adsorbed water in halloysite
caused the pellet to explode due to the sudden release of
vapor. To overcome this difficulty, the pellet was first
heated at 523 K above the calorimeter in a small hanger
equipped with a thermocouple (McHale et al. 1997). The
weight of the water lost was subtracted from the room
temperature weight using data from the TGA experiment
(Fig. 3). The sample was dropped one hour after intro-
duction at 523 K so that its water content was that of the
equilibrated plateau of Figure 3.

The calorimeter was calibrated by the measurement of
the heat content of small platinum pieces, which produced
a comparable heat effect to the 15 mg kaolin samples.

REsuLTs
Measured enthalpies of drop solution

The drop-solution calorimetric results for the kaolin
minerals, AH,, are summarized in Table 4. Pure quartz,
corundum, hematite, and gibbsite were studied under the
same conditions (Table 5). Before we can correct the raw
data for impurities, the enthalpy of drop solution for the
individual impurities must be determined. The enthal py
of drop solution for anatase and alunite were determined
with the thermodynamic cycles shown in the Appendix
table. The values of drop-solution enthalpies for the other
impurities are taken from previous work in our labora-
tory. All the values used are given in Table 5.

In this study two kinds of water can be distinguished,
liquid water and adsorbed water. The enthalpy of drop
solution of liquid water can be found by a cycleinvolving
gibbsite (see Appendix table). The value obtained through
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TABLE 1—Extended

Dickite Nacrite Halloysite
458 (0.52) 46.3 (1.15) 43.02 (0.44)
39.27 (0.49) 38.79 (1.14) 37.79 (0.53)

0.02 (0.05) 0.02 (0.05) 0.03 (0.13)
14.74 (0.2) 14.53 (0.2) 17.63 (0.2)
0.02 (0.06) 0.05 (0.10) 0.18 (0.12)
0.02 (0.02) 0.03 (0.04) 0.11 (0.06)
0.04 (0.11) 0.12 (0.17) 0.16 (0.11)
0.09 (0.07) 0.15 (0.16) 0.71 (0.27)
0.02 (0.02) 0.03 (0.03) 0.37 (0.08)

the cycleisfound to be 69.6 + 1.1 kJ/mol, which is close
to the value of 70.2 = 2.7 first determined by Navrotsky
et a. (1994). The enthapy of drop solution of water, as-
suming all the H,O is evolved and does not interact with
the melt, isjust its heat content, H,s-H.. Thisvalue, 69.0
kJmol (Robie and Hemingway 1995), is in good agree-
ment with our experimental measurement, and has been
used in further calculations.

The enthalpy of drop solution of adsorbed water can
be obtained by adding the enthalpy of adsorption of water
to the heat content of free liquid water. The adsorption
calorimetry results of Iwata et al. (1989) were used. The
degree of coverage of our samples (Table 3), corresponds
well with a degree of coverage of 1.25 derived from the
adsorption isotherm of Iwata et al. (1989) at our experi-
mental humidity conditions, 50% relative humidity at 296
K. Therefore, samples in the two studies can be presumed
to be similar. The enthalpy of adsorption was obtained by
integrating the curve of the differential heat of adsorption
givenin lwata et a. (1989) between a degree of coverage
of 0 and 1.25. The value obtained (Table 5) is in good
agreement with the value that can be deduced from the
enthalpies of immersion given by Fripiat et al. (1982).

Correction of the data for impurities

The AHw value of Table 4 corresponds to the AH,,

value normalized to 1 mole of pure kaolinite, given the
amount of impurities shown in Table 3. Accordingly, the
formula of the sample can be written: Al,Si,O,(OH),,(2
X impurity), where the molar amount of impurity, X, is
derived from the microprobe anaysis.

The experimental data have been corrected following
the cycle:

Al,S,O,(CH),, (2 X impurity) (298 K) = Oxides (sol, 975 K)
Oxides (298 K) = Impurity (sol, 975 K)
Al,Si,O,(OH), (298 K) = Oxides (sal, 975 K)

2|2
B &N
Nacrite 5 W\f\\_j‘/\,‘
Dickite 195 A
k:10 MM\W
Wiko1 ”LW\W,M
WIk-bk LA
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_API#9 JM
KGa-1 L\M\W
KGa-Z \'““M
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Ficure 1. X-ray diffraction patterns of kaolin mineras. The
location of the main reflection of quartz and anatase are shown
for impurity identification. The shift of baseline for WIk-1 is
associated with the presence of an amorphous phase. (CuKa«
radiation).

AH®x®
~ AHj,
AH®

AH® = AH2 — > xAHi..

i=imp.
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TABLE 2. Impurities present in the kaolin minerals on a weight percent basis
Wik-bk Wik-1 WIk-10 API#9 KGa-1 KGa-2 Dickite Nacrite Halloysite

Sio, 0.00 0.00 0.70 2.19 0.00 0.00 0.00 0.57 0.00
AlLO, 0.51 0.19 0.00 0.00 0.69 0.40 0.42 0.00 1.30
TiO, 0.07 5.59 1.69 0.45 0.10 1.88 0.03 0.02 0.13
Fe,O, (T) 0.13 0.46 0.16 0.17 0.16 0.95 0.02 0.05 0.23
MgO 0.02 0.04 0.02 0.03 0.03 0.03 0.02 0.03 0.11
CaO 0.03 0.09 0.03 0.03 0.05 0.03 0.04 0.12 0.16
Na,O 0.14 0.35 0.14 0.08 0.32 0.27 0.09 0.15 1.01
K,0O 0.03 0.03 0.03 0.05 0.02 0.05 0.02 0.03 0.21
H,O 0.38 0.92 0.46 0.33 0.37 0.91 1.00 0.82 4.73

Table 4 shows the contributions due to impurities and the
corrected enthalpies of drop solution.

For the halloysite, because of the preheating stage, the
impurity correction and the final drop-solution enthal py
were calculated as follows:

Halloysite, impurity (xI, 523 K)

= Oxides (sol, 975 K) This study
oxides (sol, 975 K)

= impurity (xI, 298 K)  This study
impurity (xI, 298 K)

= impurity (xI, 523 K)  Robieand Hemingway 1995
Halloysite (xI, 298 K)

= Halloysite (xI, 523 K)  Robieand Hemingway 1995
Halloysite (x|, 298 K)

= oxides (sol, 975 K) CAH®.

The heat capacity of halloysite has not been measured
previously at 298 to 523 K. The heat capacity of the
different polymorphs has been studied at low tempera-
tures by King and Weller (1961). In the interval from 50
to 300 K, the heat capacity of kaolinite and halloysite
differ by less than 0.7%. The very small differences at
low temperature suggest that the differences will be even

B,
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[ Wbk
® w ™. dickite
= 05 :
.; -\\\\“ Ga-l
] F \N""m‘ .
S
= \;«;2:\3@\ \
%D 400 600 800 1000_ 120! .“'\\ ."‘:;\_:;Y}]lk-l\“-, l“
R - =,
o 5 g,
a 1.5 nacrk -
-10 \‘\.
H KGa-2 =,
F 15 AR .
) S M R IRV R S
300 400 500 600 700 800 900
T (K)

Ficure 2. Low temperature part of the thermogravimetric
analysis curves of the kaolin minerals. The samples were pre-
viously compressed into pellets (10 K/min heating rate, static
air).

smaller at higher temperature. Accordingly, we used the
value of heat capacity for kaolinite reported in Robie and
Hemingway (1995) to estimate the heat content of hal-
loysite between 298 and 523 K.

The uncertainty of the impurity correction was deter-
mined as follows. Assuming that uncertainty of the mi-
croprobe analysis, AX, is gaussian, the error can be cal-
culated as:

A(AHZ

i=imp. i=imp.

- \/[A(AHsg)]u S eAGHLE + S (AHL)AR,

Except for quartz and anatase, for which we have direct
X-ray determination, we assumed that the other impuri-
ties were present as oxides. We redlize this is improbable
for the akalis and for ALQO,. Brindley et a. (1986)
showed that Fe in kaolin is mostly structural and substi-
tutes for Al in the octahedral site. This has been con-
firmed by Schroeder and Pruet (1996) who showed a
clustered distribution of Fe in kaolinite. However, the
magnitude of the correction introduced by each of these
impurity oxides individualy is smaller than the error of
the measurements, and there is no unique way of linking
the correction terms to assumed substitution mechanisms.

In the case of dickite, the impurities (H,O, SO,, Na,O,
AlLO,, and K,0) are associated with the presence of al-

160 5
Halloysite
1400
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15 &
~1 (— B
2 000 =
=]
= 800" 140 &
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415 ©
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20 | I3 L ] L L _20
50 100 150 200 250 300 350
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Ficure 3. Thermogravimetric analysis curve of haloysite
simulating the pre—heating stage inside the calorimeter. The two
heating ramps at 10 K/min are separated by a constant temper-
ature plateau of 4 h.
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TaBLE 3. Adsorbed water and physical properties of the samples

WIk-bk Wik-1 Wik-10 API#9 KGa-1 KGa-2 Dickite Nacrite  Halloysite
H,O-Stoc.* 0.38 0.92 0.46 0.33 0.37 0.91 1.00 0.82 4.73
H,O-TGAT 0.31 0.42 0.26 0.53 0.45 0.64 0.09 0.52 4.50
Hinck. 15 1.9 1.6 1.4 1.0 0.4
BET m?/g 7.6 nd nd 11.5 11.4 19.2 1.0 nd nd
0 1.4+ 03 nd nd 1.1+0.2 1.1+0.2 1.8 = 0.4 36.0 = 7% nd nd

Notes: Hinck. = the Hinckley index determined from the X-ray data of Figure 1. BET = specific surface determined by BET. 6 = degree of coverage.

nd = no data.

* Adsorbed water determined by stoichiometric consideration from the compositions of Table 1 (in weight %).
1 Adsorbed water determined by TGA in weight %.
¥ Value obtained by attributing the weight loss to H,O instead of SO, (see text).

TaBLE 4. Enthalpies of drop solution of kaolin minerals at 975 K in 2Pb0O-B,0, and derived standard enthalpies of formation

WIk-bk Wik-1 Wik-10 API#9 KGa-1 KGa-2 Dickite Nacrite Halloysite

AH,, 1.439 1.360 1.439 1.420 1.436 1.441 1421 1.395 1.307
+* 0.010 0.019 0.020 0.007 0.008 0.007 0.013 0.018 0.011
AHR 376.4 380.2 384.0 379.2 381.0 389.5 373.0 366.6 348.5
SiO, quartz 0.0 0.0 1.2 3.7 0.0 0.0 0.0 0.9 0.0
AlLO, a 1.4 0.6 0.0 0.0 1.9 1.1 0.0 0.0 3.8
TiO, anatase 0.1 9.8 2.8 0.8 1.8 3.2 0.0 0.0 0.2
Ca,Mg,Na,K -0.7 -2.0 -0.8 -0.7 -1.5 -1.5 0.0 -0.8 -5.9
Fe,O; a 0.3 1.3 0.4 0.5 0.4 2.6 0.0 0.1 0.6
H,O ads. 4.7 12.1 5.8 4.2 4.6 11.6 0.0 10.2 0.0
Alunite 0.0 0.0 0.0 0.0 0.0 0.0 13.3 0.0 0.0
Total (impurities) 5.8 21.8 9.4 8.5 7.2 17.0 13.3 10.4 -13
AHR* 370.6 358.3 374.7 370.7 373.7 372.5 359.7 356.3 349.8

3.9 59 10.2 7.1 5.2 3.9 4.5 6.4 4.3
A Hoxides —49.6 —37.4 —53.7 —49.7 —52.8 —51.5 —38.9 —35.3 —28.8
+ 4.7 6.5 10.5 7.6 5.9 4.8 5.3 6.9 5.1
A Hgelements —4118.3 —4106.1 —4122.4 —4118.4 —4121.5 —4120.2 —4107.6 —4104.0 —4097.5
+ 5.3 6.9 10.8 8.0 6.4 5.4 5.7 7.6 5.6

Notes: The experimental data AH,, is presented in the first line in kJ/g. This value has been normalized at one mol of Al Si,O,(OH),,(Ximp.) to give
AH12 expressed in kd/mol. The contribution to AH,, from each impurity is also given based on data in Table 5. The corrected result for the pure phase
is AHS. The molecular weight used is 258.160 g/mol.

* The error basrs of AH,, are given as: A(AH) = 20/ n — 1 where ¢ is the standard deviation and n the total number of experiments (n = 6).

TaBLE 5. Enthalpies of drop solution of oxides or impurities at
975 K in 2Pb0O-B,0,

AHy,
(kJd/mol) ** Reference

AlLLO, corundum 107.2 1.0 This study
Al(OH); gibbsite 1845 0.7  This study
CaO lime —-17.4 0.9 Kiseleva et al. 1996
Fe,O; hematite 160.1 1.1  This study
H,O liquid 69.0 1.1 Robie ahd Hemingway 1995
H,O adsorbed 85.0 2.0 Calculated from lwata 1989
K,O —193.7 1.1 Kiseleva et al. 1996
KAI;(OH)s(SO,), 1391 5 Calculated from Robie and

Hemingway 1995
MgO periclase 36.5 1.0 Smelik et al. 1994
Na,O —113.1 0.8 Kiseleva et al. 1996
0, gas 218 0.2 Robie and Hemingway 1995
SO, gas 33.0 0.3 Robie and Hemingway 1995
SiO, quartz 379 0.6 This study
TiO, rutile 554 1.2 R.L. Putnam (pers. com.)
TiO, anatase 50.1 1.2  Calculated from R.L. Putnam

(pers. com.)

* 2 standard deviations of the mean.

unite, as discussed previously. However, thermodynamic
data are available only for the potassic end-member. The
difference in molecular weight between the sodic and po-
tassic end-members of alunite is small. Moreover, the en-
thalpy of formation from the elements of sodium hydrox-
ide or sodium sulfate is of the same magnitude as their
potassic counterpart. The values of drop-solution enthal-
pies of the potassic and sodic end-members would there-
fore probably be similar. Accordingly, all of the alunite
has been considered as the pure potassic end-member.
The uncertainties introduced by this approximation are
not a significant source of error.

For halloysite, the individual corrections are larger. The
impurities could have been present as another silicate
phase such as a feldspar or illite. However, this would
significantly change the actual Al/Si ratio of halloysite
and require the existence of the feldspar above the prob-
able level of detection of the XRD pattern (about 5%).
Because the correction for the alkali elements is compen-
sated by that for corundum and hematite (Table 4), we
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conclude that our method of correction for the impurities
as oxides is appropriate and corrections generaly lie
within the experimental error.

In WIk-1, an amorphous phase was suggested by the
XRD data. The amount and composition of this phase are
difficult to estimate but the amount probably lies between
about 5 and 15%. Therefore the composition of the clay
may also differ from the bulk composition. Our inability
to make the proper correction for the amorphous phase is
thought to be responsible for the smaller value of heat of
formation obtained in WIk-1 compared to the other kao-
linites. Accordingly, this sample has been excluded from
the calculation of heat of formation of pure kaolinite.

Enthalpy of formation

We first determined the enthalpy of formation of each
clay from the oxides using the enthalpy of drop solution
of each oxide (Table 5). We then calculated the enthalpy
of formation from the elements using data from Robie
and Hemingway (1995) (see Table 4). The uncertainties
increase at each step because of the combined uncertain-
ties introduced by the enthalpy of drop solution of the
oxides and their enthalpy of formation from the elements.

The values in Table 5 are consistent with the results
obtained previously in our laboratory, with the exception
of the enthalpy of drop solution of quartz, which is 1 to
2 kJ/mol lower. This small discrepancy may be related to
the sample or some other experimental differences.

Within experimental uncertainty, the enthalpies of drop
solution do not appreciably change from one kaolinite to
another, as shown in Figure 4 (after omitting WIk-1 as
discussed previously). The enthalpy of formation from
oxides of kaolinite is taken as the mean of all the samples:
—51.5 = 5.9 kdJmol. Among the different polymorphs,
the enthalpic stability decreases in the sequence: kaolin-
ite, dickite, nacrite, and halloysite.

The Gibbs free energy of formation can now be deter-
mined for kaolinite, dickite, and halloysite taking the en-
tropy at 298 K from King and Weller (1960): 202.9 =
1.3, 197.1 = 1.3, and 203.3 = 1.3 Jmol K, respectively.
Robie and Hemingway (1991) report also an entropy at
298 K of 200.9 = 0.5 Jmol-K for KGa-1. The difference
of entropy from the two studies has a very small effect
on the Gibbs energy of formation for kaolinite: —3799.4
+ 6.4 kJmol and —3798.8 = 5.2 kJ/mol using King and
Weller (1960) and Robie and Hemingway (1991), respec-
tively. This free energy value is identical to that compiled
in Robie and Hemingway (1995) from the experimental
data of Barany and Kelley (1961). However the free en-
ergies of dickite (—3785.1 = 5.6 kJ/mol) and halloysite
(—3776.8+=5.8 kJ/mol) are greater than those found in
Robie and Hemingway (1995), —3796.0 = 2.1 kJmol
and —3780.7 = 10.0 kJ/mol, respectively. The higher val-
ue for dickite may come from the alunite correction, since
Barany and Kelley (1961) did not consider the presence
of alunite in a sample of similar origin. Using the exper-
imental drop-solution data for dickite without the alunite
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Ficure 4. Enthalpies of drop solution of the different kaolin
minerals, and their associated error bars. The kaolinites are ar-
ranged according to their crystallinity along the x axis.

correction yields —3792.3 kJ/mol, which is closer to the
value listed in Robie and Hemingway (1995).

The absence of entropy data for nacrite prevents us
from determining its Gibbs free energy of formation.
However, the difference in entropy between dickite and
kaolinite shows that the Gibbs free energy is mostly af-
fected by the enthalpy of formation. Therefore the Gibbs
free energy for nacrite should be roughly equal to that of
dickite.

Discussion

The enthalpy of formation found for kaolinite and the
data reported in the literature (Table 4) are in good agree-
ment, as are the uncorrected value for dickite and the
value derived by Robie and Hemingway (1995) from Bar-
any and Kelley (1961). These results support the validity
of drop-solution calorimetry in molten lead borate at high
temperature for the determination of the enthalpy of for-
mation of clay minerals. Although our enthalpy and
Gibbs free energy for kaolinite and halloysite are within
the error of the previous data, the Gibbs energy for dickite
is significantly more endothermic. We conclude from our
study that dickite is metastable with respect to kaolinite.

A recent investigation of the Gibbs energies of for-
mation by Zotov et al. (1998) by acid dissolution in hy-
drothermal conditions is in disagreement with the results



De LIGNY AND NAVROTSKY: KAOLIN ENERGETICS

presented here (Table 6). If the value measured for kao-
linite is the same in both studies, the value for dickite
presented by Zotov et al. (1998) implies that dickite is
stable with respect to kaolinite. The experimental method
used by Zotov et al. (1998) has several known limitations:
(1) the activity coefficients of solute ions in hydrothermal
conditions are not well known; (2) the equilibrium is dif-
ficult to define when reversal experiments are not per-
formed and; (3) incongruent dissolution can introduce
several new phases. In contrast, the only limitation of our
study is related to the sample purity. It could be argued
that the correction applied to the dickite sample in this
study is not appropriate. However, if the correction isig-
nored, the Gibbs free energy would be —3792.1 kJ/mol
whereas if the correction is done only on an oxide basis,
i.e., without the presence of alunite as for the other sam-
ples, the free energy of dickite would be —3788.1 kJ/moal.
In al these cases, kaolinite (—=3799.4 = 6.4 kJmal) is
calculated to be more stable than dickite in this study. As
previously mentioned, the San Juanito sample could con-
tain some nacrite (Prost 1984). Using the enthalpy data
of Zotov et al. (1998) for dickite and the data from this
study for nacrite, we estimate that the samples studied
contain 81% nacrite. This is highly unlikely. Indeed, the
San Juanito dickite is commonly used as a reference dick-
ite (Frost 1997). A difference between this study and that
of Zotov et a. (1998) is that the sample in this study was
dry and the sample studied by Zotov et a. (1998) wasin
a fully hydrated state. The Gibbs energy of formation
from the elements determined by Zotov et a. (1998)
should be corrected by the Gibbs free energy of hydration
of the kaolinite and dickite. A significant difference in
the Gibbs free energy may indicate that the polytypes
have very distinct free energies of hydration. This clearly
needs further study.

At room temperature the order of decreasing stability
of kaolin polymorphs is: kaolinite, dickite, nacrite, and
halloysite 7A. This order should remain the same at high-
er temperature or at higher pressures, within the range
where clays exist stably. The small difference in heat ca-
pacity and entropy (King and Weller 1961) and the nearly
identical volumes of the different polytypes support this
view. The volumes for kaolinite, dickite, and nacrite are
99.33, 99.71, and 99.05 cm?/mol, respectively (Bish and
von Dreele 1989; Zheng and Bailey 1994). The thermo-
chemical data suggest there is no thermodynamic stability
field for any polymorph other than kaolinite. Thus one
needs to explain the genesis of other polymorphsin terms
of kinetics as already proposed by Anovitz et a. (1991).
Based on field observation, Ehrenberg et a. (1993) pro-
posed a phase diagram with a stability field for dickite at
high temperature. This stability field seems unlikely since
the difference of entropy (King and Weller 1991) will
favor kaolinite with respect to dickite at high temperature.
The dissolution of kaolinite and formation of dickite at
380 K (Ehrenberg et al. 1993) cannot be explained by our
measurements, but dissolution-reprecipitation in an open
system may be controlled kinetically.
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For the halloysite 7 A, Singh (1996) and Singh and
Mackinnon (1996) present a mechanism of halloysite for-
mation by kaolinite exfoliation. Their proposed mecha
nism is a typical kinetically limited formation of a meta-
stable phase. The halloysite 10 A could be stabilized by
the presence of interlayer water. However, the enthalpy
of water adsorption on halloysite needs to be measured
to test this possibility.

The enthalpy difference among the samples (halloysite
excepted) is related to the interlayer differences. The
polytypism is a long-range organization of the same in-
terlayer spaces. The crystallinity increases with the ex-
tension of coherent stacking domains. Understanding the
link between local structure and energy should help to
constrain the occurrence conditions.

The Hinckley index has been proposed as an empirical
estimate of the degree of crystallinity. A more rigorous
theoretical basis for the reliability of this index can be
found in the numerical model proposed by Artioli et al.
(1995) who correlate the Hinckley index to a density of
stacking faults. The biggest enthalpy difference observed
between the kaolinite samples is 4 kJmol (excluding
WIk-1). The insensitivity of the kaolinite enthalpy of for-
mation to crystallinity (Hinckley range 0.4-1.9) contra-
dicts the energy calculation of Artioli et a. (1995). The
electrostatic energy calculation gave a difference of 12.4
kJmol between an ordered B-layer kaolinite and one
comprised of the superposition of different layer types,
(B, C, and their enantiomorphic forms). Our results sug-
gest that the density of stacking faults in a kaolinite does
not strongly affect its enthalpy of formation. A similar
observation has been made by Clemens et al. (1987), who
reported that stacking disorder in phlogopite had a very
small effect on thermodynamic properties (within their
experimental error of 4 kJ/moal).

The effect of the degree of crystallinity (i.e., order) on
the stability of clay mineras is illustrated by the Kittrick
(1966) study on kaolinite. Kittrick (1966) suggested that
the Gibbs free energy of formation of kaolinite varied by
a least 6.3 kJ/mol with the degree of crystalinity. Be-
cause the configurational entropy arising from stacking
defects is negligible, our result predicts that the Gibbs
free energy varies by less than about 4 kJ/mol with the
degree of crystallinity. To characterize his trend Kittrick
(1966) excluded four samples. Moreover, even within the
six samples he used to determine his trend, two with the
same crystallinity (in the sense of Hinckley) differ by 4
kJmol. Accordingly the variations seen by Kittrick
(1966) appear to lie within experimental error. Neverthe-
less, his and our results are in agreement with a maximum
energetic effect of 4—6 kJ/mol associated with the degree
of crystallinity in kaolinite.

An unexpected aspect of our study is the relatively
large enthalpy difference between polytypes compared to
the small effect from order. This difference is even more
striking when one considers that large crystals of dickite
commonly occur in nature, even when poorly ordered ka-
olinite is apparently more stable.
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Ficure 5. Differential thermogravimetric analysis curves of
the kaolin minerals. The first peak around 370 K corresponds to
adsorbed water on halloysite (10 K/min heating rate, static air).

The individual layers of kaolinite, dickite, and nacrite
are very similar to one another, and the matching of ad-
jacent corrugated surfaces are equivalent (Giese 1988;
Bookin et al. 1989). Vibrational studies, however, revea
discriminating features among the polymorphs. The hy-
droxyl stretching region has been interpreted in different
ways. Prost et a. (1985) reported that inner-surface hy-
droxyls are involved in stronger hydrogen bonds in dick-
ite than in kaolinite, whereas Brindley et a. (1986) and
Frost (1997) suggested the opposite. Testing interlayer co-
hesion by intercalation of hydrazine, Cruz-Cumplido et
al. (1982) noticed that the expandability of kaolinite in-
creased with the number of defects, and that dickite did
not expand at al. They therefore concluded that well-
ordered kaolinites have a greater degree of interlayer co-
hesion than the low-ordered kaolinites and that dickite
has very strong interlayer cohesion.

The insensitivity of enthalpy to order (i.e., the degree
of crystallinity) suggests that interlayer cohesion is not
readily correlated with the relative energetic stability. We
did not determine the energetics of the hydrogen bond in
the different polytypes, but rather the difference in total
enthalpy, which is dominated by the interlayer energy.
Cruz et a. (1972) showed that the interlayer bonding is
related primarily to the electrostatic energy contribution
and only secondarily to hydrogen bond energy. Our study
suggests that the interlayer bonding energy decreases in
magnitude in the order kaolinite, dickite, and nacrite. This
trend follows the hydrogen bond energy of Brindley et
al. (1986) and Frost (1997) but is contrary to the trend
of Prost et a. (1985).

The ambiguity between interlayer energy and interlayer
cohesion can aso be seen in the dehydroxylation phe-
nomena (Fig. 5). Two parameters influence dehydroxyl-
ation, the geometry of the interlayer space (as a barrier
to diffusion) and the bonding energy of the OH groups.
The polytypes present different reaction mechanisms. Na-
crite and dickite both decompose in two stages, a primary
dehydroxylation around 800 K followed by a second one
at 940 K. The dehydroxylation of the last OH at 940 K
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in dickite is in agreement with the infrared observation
of Frost and Vassallo (1996) who mention the formation
of an intermediate more stable silanol group. Nacrite ap-
pears to have a behavior intermediate between kaolinite
and dickite. The temperature of the onset of dehydroxyl-
ation increases in the order halloysite, poorly ordered ka-
olinite, well-ordered kaolinite, nacrite, and dickite. The
relatively open space of halloysite explains its early de-
hydroxylation. However, the dehydroxylation tempera-
tures of nacrite and dickite do not match the interlayer
energy trend but follow the cohesion trend coming from
the intercalation of hydrazine study. There is a mismatch
between structural stability and the thermodynamic
stability.

It is proposed that the occurrence of the polymorphs is
due to the competition between thermodynamic stability
and interlayer cohesion. The interlayer cohesion isrelated
to the properties of the layer surface. Further study of the
surface and hydration properties of the polymorphs is
needed to constrain their genesis.
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ApPENDIX TABLE 1. Thermodynamic cycles used to calculate the enthalpy of drop solution of some impurities:
(all values in kd/mol)

Water
2/3 Gibbsite (xI, 298 K) = 1/3 Al,O, (sol, 975 K) + H,O (gas, 975 K) (12
1/3 AlLO; (sol, 975 K) = 1/3 Al,O, (xI, 298 K) (2)2
H,O (I, 298 K) + 1/3 Al,O, (xI, 298 K) = 2/3 Gibbsite (x|, 298 K) 3)r
H,O (I, 298 K) = H,O (gas, 975 K) (4)
AH, = AH, + AH, + AH,
= 2/3*184.5 — 1/3*107.2 — 2/3*26.55 = 69.6 (+1.1)
Anatase
Rutile (xI, 298 K) = TiO, (sol, 975 K) (5)°
Rutile (xI, 298 K) = Anatase (x|, 298 K) (6)°
Anatase (xl, 298 K) = TiO, (sol, 975 K) (@)
AH, = AH; — AH, = 55.4 (*1.2) — 5.3 (+2.2) = 50.1 (+2.5)
Alunite

KAI(OH)s(SO,), (xI, 298 K) = 1/2 K,O (xl, 298 K) + 3/2 Al,O, (xI, 298 K)

+ 3 H,0(lg, 298 K) + 2 SO, (gas, 298 K) + O, (gas, 298 K) (8)°
3 H,0 (Ig, 298 K) = 3 H,O (gas, 975 K) 9)°
1/2 K,0 (xI, 298 K) = 1/2 K,O (sol, 975 K) (10)¢
3/2 Al,O, (xI, 298 K) = 3/2 Al,O, (sol, 975 K) (1)
2 SO, (gas, 298 K) = 2 SO, (gas, 975 K) (a2)°
0O,(gas, 298 K) = O,(gas, 975 K) (23)°
KAI,(OH)4(SO,), (I, 298 K) = 1/2 K,O (sol, 975 K) + 3/2 Al,O, (sol, 975 K)

+ 3 H,O (gas, 975 K) + 2 SO, (gas, 975 K) + O,(gas, 975 K) (14)

AH,, = AHy + AH, + AHyo + AH,, + AH,, + AH,,
= 1032 = 3*69.0 — 1/2*193.7 + 3/2*107.2 + 2*33.0 + 21.8
1391 (+ 5)

Note: a = this work; b = Robie and Hemingway (1995); ¢ = R.L. Putnam (personal communication); d = Kiseleva et al. (1996b).




