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Abstract— An improved model for the interpretation of thermal effects during dehydroxylation in alu-
minous dioctahedral 2:1 layer phyllosilicates considers frans-vacant (tv) and cis-vacant (cv) 2:1 layers
and leads to very different temperatures of dehydroxylation for these tv and c¢v vacant modifications. In
particular, smectites and illites consisting of cv 2:1 layers are characterized by dehydroxylated temperatures
which are higher by 150°C to 200°C than those for the same minerals consisting of the tv 2:1 layers. A
considerable lengthening of the OH-OH edges in ¢v 2:1 layers in comparison with the OH-OH edges in
the tv 2:1 layers is postulated as the reason for the higher dehydroxylation.

Dehydroxylation in aluminous c¢v 2:1 layer silicates should occur in two stages. Initially, each two
adjacent OH groups are replaced by a residual oxygen atom and the Al cations, which originally occupied
cis -and trans-sites, become 5- and 6-coordinated, respectively. The structure of 2:1 layers corresponding
to this stage of the dehydroxylation is unstable. Thus the Al cations migrate from the former trans-sites
to vacant pentagonal prisms. The resulting dehydroxylated structure of the original cv 2:1 layers is similar
to that of the former tv 2:1 layers.

Diffraction and structural features of the cv dehydroxylates predicted by the model are in agreement
with X-ray diffraction effects observed for cv illite, illite-smectite and montmorillonite samples heated
to different temperatures. In particular, the diffusion of Al cations to empty five-fold prisms during
dehydroxylation of the tv 2:1 layers explains why dehydroxylation of reheated cv montmorilionites occurs
at temperatures lower by 150°C to 200°C than samples that were not recycled.
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octahedra.

INTRODUCTION

Dioctahedral smectites (montmorillonites, beidel-
lites, nontronites) and finely dispersed micas (illites,
glauconites, celadonites, leucophyllites) are character-
ized by a wide range of dehydroxylation temperatures
(Brindley 1976; Grim et a/ 1937, 1951; Grim 1968;
Green-Kelly 1955, 1957; Guggenheim 1990; Guggen-
heim and Koster van Groos, 1992; Heller-Kallai et a/
1962; Koster van Groos and Guggenheim 1987, 1990;
Mackenzie 1957, 1982; Mackenzie et al 1949; Tsipur-
sky et al 1985).

Differential thermal (DT) curves for dioctahedral
smectites with different chemical compositions show
that most montmorillonites have one endothermic peak
near 700°C, whereas beidellites and nontronites de-
hydroxylate near 550°C. In contrast some Fe-poor
montmorillonites show a peak doublet, suggesting two
endothermic reactions between 500°C and 700°C.

It is noteworthy that montmorillonites with one en-
dothermic peak near 700°C will regain their initial hy-
droxyls upon cooling in the presence of water vapor.
However, the DT curves of these rehydroxylated mont-
morillonites have either one peak at near 600°C or two
peaks at about 500°C and 650°C, respectively. The ratio
of the sizes of these two peaks and the reaction tem-
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peratures depend on the rehydroxylation conditions.
In general, however, the rehydroxylated montmoril-
lonites lose hydroxyls at a lower temperature than the
original.

It is remarkable that beidellites and illites, with great-
er structural perfection than montmorillonites, have a
dehydroxylation peak at near 550°C. These minerals
and muscovite, can also regain structural OH water
after heat-treatment and dehydroxylation. However the
loss of hydroxyls from rehydroxylated samples occurs,
at temperatures near the dehydroxylation temperature
of the original samples. Some illites have DT curves
with one endothermal peak near 700°C or two peaks
at about 550°C and 650°C.

The above results, described by Mackenzie (1957)
and Grim (1968) and others, have not been adequately
explained for the various clay mineral species. Green-
Kelly (1957) noted that the high temperature of de-
hydroxylation for montmorillonite may be related to
Si content, because fine-grained micas and all diocta-
hedral smectites, except montmorillonites, dehydrox-
ylate near 500°C. Except for montmorillonite, the neg-
ative layer charge for these species is located in tetra-
hedral sites due to AL substitution for Si. This expla-
nation does not explain the occurrence of “abnormal”
endothermic temperatures for some montmorillonites
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and illites when dehydroxylation of montmorillonite
samples occurs at temperatures typical for illites and
beidellites and, on the contrary, illite samples dehy-
droxylate at the temperatures typical for montmoril-
lonites.

The decrease of dehydroxylation temperature for re-
hydroxylated samples also needs to be explained.
Moreover, there is no correlation between the dehy-
droxylation temperature and the tetrahedral cation
content of dioctahedral smectites and dispersed micas
(Guggenheim 1990). For example, leucophyllite, with
atetrahedral sheet mainly of Si, similar to that of mont-
morillonite, dehydroxylated at near 550°C (Sokolova
et al 1976).

Two dehydroxylation reactions may be related to
interstratification of illite (I) and smectite (S) layers.
Cole and Hasking (1957) divided their I/S samples on
the basis of expandability. One set dehydroxylated be-
tween 525°C and 625°C and another between 650°C
and 725°C. However, they failed to correlate the size
of the two endothermic peaks and the proportion of I
and S for each series. This suggests that interstratifi-
cation is not a factor to understand the observed effects.

Factors inhibiting correct interpretation of thermal
effects include high dispersion and low crystallinity,
which make these complex objects for the study of
structural changes during dehydroxylation. Therefore,
structural changes involving thermal decomposition
are often described based on similarities of thermal
effects of macrocrystalline phyllosilicates whose de-
hydroxylated structure have been determined unam-
bigously. For example, dehydroxylation temperatures
of pyrophyllite, muscovite, and most montmorillonites
are similar. In addition, these minerals have similar
structures and compositions of their 2:1 layers. For
these reasons, Koster van Groos and Guggenheim
(1987, 1990) and Guggenheim and Koster van Groos
(1992) concluded that the dehydroxylation of mont-
morillonites, and in particular the CMS Source clay
SWy-1 sample, is analogous to the dehydroxylation
mechanism for pyrophyllite and muscovite. These au-
thors believed that montmorillonites, like pyrophyllite
and muscovite, consist of trans-vacant 2:1 layers (Gug-
genheim, 1990).

Tsipursky and Drits (1984) found that octahedral
cations may be distributed over both the ¢rans- and
cis-sites for dioctahedral smectites. They showed that
most montmorillonites, including Wyoming stan-
dards, consist of cis-vacant (cv) 2:1 layers while 2:1
layers of beidellites, including the Black Jack Mine
standard, have vacant trans-sites. Most illites consist
of trans-vacant (tv) 2:1 layers. However, Zvyagin et al
(1985) and Drits et al (1993a) described Al-rich 1M
illites with vacant cis-octahedra. Mixtures of 1M illites
containing vacant cis- and trans-octahedra were de-
scribed by Drits et al (1993a) and Reynolds and
Thompson (1993). Recently Reynolds (1993), and
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McCarty and Reynolds (1995) discovered I/S in which
tv and cv 2:1 layers were interstratified in different
proportions within “fundamental” illite particles.

Because Drits et a/ (1984) and Tsipursky and Drits
(1984) showed that tv and cv 2:1 layers are structurally
unique, it is reasonable to expect that these phases have
different dehydroxylation processes. The purpose of
this paper is to relate dehydroxylation of aluminous
dioctahedral 2:1 layer silicates to these structural fea-
tures.

COMPARISON OF STRUCTURAL
TRANSFORMATIONS OF TRANS- AND
CIS-VACANT 2:1 LAYERS DURING
DEHYDROXYLATION

Figure 1 shows a projection of an octahedral sheet
of the tv 2:1 layers. According to Pauling rules, shared
edges of octahedra occupied by Al cations are short-
ened to screen Al-Al repulsions. In particular, the two
adjacent OH groups form short edges. The dehydrox-
ylated structure of pyrophyllite was determined by
Wardle and Brindley (1972), muscovite by Udagawa
et al (1974). Both minerals consist of tv 2:1 layers.
Comparison of these dehydroxylates shows that the
octahedral tv sheet is similar to its original form, but
contains five-coordinated Al cations instead of Al oc-
tahedra (Figure 2). The decrease of the Al cation co-
ordination number results from the reaction between
the two hydroxyls according to 2(OH) = H,O (1) +
O,. The water molecule migrates out of the mineral
structure, whereas the residual oxygen anion O,, moves
to the same Z coordinate position as that of the octa-
hedral cations and locates itself midway between two
closest Al cations to complete their five-fold coordi-
nation.

Prior to dehydroxylation, the values of the a and b
unit cell parameters of aluminous illites and smectites
are 5.15-5.20 A and 8.95-9.02 A (Moore and Reynolds
1989). Dehydroxylation of these minerals increases the
values of these parameters to 5.21-5.25 A and 9.04—
9.09 A, respectively. If the structural transformation
of the dehydroxylated 2:1 layer is confined to only the
“residual” anion migration, the Al-O, distance (Figure
2) will be equal to 5/6 or 1.51 + 1.52 A. This value is
too small for the pentagonal coordination of Al cations.
Therefore, Al cations must migrate away from each
other to increase the Al-O, bond length and shorten
the distances with the other four anions to give a mean
value of the (Al-O) bond length characteristic for the
five-fold coordination of Al cations. For example, the
value of the Al-O, bond length for dehydroxylated mus-
covite was equal to 1.69 A (Udagawa et al 1974). Such
rearrangement of the Al and O, atoms is the main
reason for increasing the ¢ and b parameters compared
to their original values as observed for the dehydrox-
ylated tv muscovite and pyrophyllite samples.
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Figure 1. A normal projection of the octahedral sheet of 2:1
layers with frans-vacant sites.
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Figure 3 shows the major features of the cv octa-
hedral sheet. The large cis-vacant octahedral site is
surrounded by six Al octahedra each of which is linked
by sharing anion edges with adjacent Al octahedra. Due
to cation repulsion, the shared edges are shorter than
the unshared ones. Comparison of Figures 1 and 3
shows that two adjacent OH groups occur as shared
anion edges for tv and unshared anion edges for cv
octahedral sheets. This difference accounts for different
structural transformations during thermal decompo-
sition. Figure 4 shows a model of the dehydroxylated
cv octahedral sheet in which each two adjacent OH
groups are replaced by a residual oxygen. Like the tv
octahedra, the residual oxygen has the same Z coor-
dinate as that of the Al cations and positions midway
between the two reacted OH groups. This sheet now
contains both cis- and trans-occupied sites. The Al
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Figure 2. A model for the dehydroxylated octahedral sheet
whose former trans-sites were vacant.

cations originally occupying cis- and trans sites become
5 and 6-coordinated, respectively. The former trans-
octahedra become very deformed and only Al, (Figure
4) cations have six-fold coordination. Figure 4 shows
that the Al,-O, and Al,-O,’ distances are equal to a/2
~ 2.50 A, which are unrealistically long. Under these
conditions O, and O,’ anions are strongly undersatu-
rated with respect to positive charge. Thus, the move-
ment of the Al, cations and O, anions toward each
other should occur to stabilize the dehydroxylated
structure and decrease the degree of undersaturation
of the residual anions. Shortening of the Al,-O, bond
length (Figure 5) increases the distance between Al,
and Al, cations, decreases Al,~Al, repulsion, and elon-
gates the shared 03-04 edges. The described rearrange-
ment of atomic positions will decrease the a and b cell
parameters in comparison to the original 2:1 layers.
This adjustment also requires tetrahedral rotation so
that the tetrahedral sheets conform to the smaller di-
mensions of the octahedral sheet.

To estimate the relative stability of dehydroxylated
cv sheets the Pauling electrostatic valency principle can
be used; the principle states that the sum of the bond
strengths received by the anion from the nearest co-
ordinating cations should be nearly equal to valency
of this anion. The bond strength is defined as the cation
charge divided by the cation coordination number and
is expressed in valency units (v.u.).

Each anion of the dehydroxylated cv sheet belonging
to one Si-tetrahedron and two Al-pentagonal prisms is
oversaturated with respect to positive charge because
it receives from the nearest cations (1 + 2*3/5) = +
2.2 v.u. In contrast, the residual anion is strongly un-
dersaturated with respect to positive charge because it
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Figure 3. A model for the octahedral sheet of 2:1 layers with
cis-vacant sites.

receives the positive charge only from two nearest Al
cations (+1.2 v.u.). The degree of undersaturation of
this anion may be decreased due to the shortening of
the Al;-O, bond length, because bond strength is in-
versely proportional to bond length. Figure 5 shows
that the oversaturated O, anion and the undersaturated
O, anion form a shared edge, and there is no way to
equalize the saturation of O, and O, by rearranging Al,,
Al, O, and O;. Thus, the application of additional
thermal energy should promote the migration of Al,
cations to the empty pentagonal prisms.

The structure corresponding to this stage of thermal
transformation is identical to that of the tv dehydrox-
ylates, in which Al cations provide homogeneous local
charge compensation without appreciable deformation
of the 2:1 layers, interlayers, or layer stacking. How-
ever, the dehydroxylated structure of the first and the
second stages of the cv 2:1 layer transformation will
have different diffraction patterns.
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Figure 4. A model for the dehydroxylated octahedral sheet
whose former cis-sites were vacant. Each of the two OH groups,
which formed unshared edges, are replaced by the O, anion.

SAMPLES AND EXPERIMENTS

X-ray powder diffraction and differential thermal
analysis were applied to:

1) a montmorillonite sample consisting of the cv 2:1
layers with the composition (Bartoli 1993);

Figure 5. A model for the dehydroxylated octahedral sheet
of 2:1 montmorillonite layers corresponding to an interme-
diate stage of the structural transformation of the cis-vacant
2:1, dehydroxylate into the trans-vacant 2:1 dehydroxylate.
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Figure 6. Differential thermal curves for the montmorilion-
ite (a), WT5-B (b), Ballaker illite (c) and synthetic muscovite
(d) samples.

Nag 27Ko.03(813.97Alg 03 )(Al; 20Fe3 5 33Mgg 30Mng o)
0,0(OH),

2) an illite-smectite (sample WT5-B, R = 3, Ws =
15%) from K-bentonites with the chemical formula
(McCarty and Reynolds 1995);

Ko 69Cap.25(Si; 33Al0, 67 XAl 47F€0. > Mg 39)O014(OH),

3) anillite from Ballaker described by Mackenzie et
al (1949) having “abnormal” dehydroxylated temper-
ature and the composition;

Ko 66Nag 02(Si5 4Alg s (AL 75Fe3* o o3 Fe? ¥ 0, Mgg 15+
Mng 4,)0,0(OH),

4) an illite-smectite (sample 1603, R = 3, W, =
6 %) from the Doina’Ves hydrothermal deposit with a
chemical formula (Sucha et a/ 1992) of:

Ko 61(81;3.57Alg 43 XAl s Fe** . 1sM8o.16)010(OH),

5) a synthetic fine-dispersed muscovite having the
chemical formula;

Ko.52(813.18Al0.52)Al; 00,10(OH),.

Figure 6 shows DT curves for the samples under study.
The curves for the montmorillonite and sample WT5-B
show one endothermal peak, due to dehydroxylation,
at 680 and 715°C, respectively. The Ballaker illite DT
curve contains a very broad shallow endothermic effect
with a peak at about 570°C and a sharp medium-sized
endothermic effect at 713°C (Mackenzie er al 1949).
The synthetic muscovite gives a DT curve with one
endothermal peak near 600°C.

XRD patterns for the samples were recorded under
two different experimental conditions. For one set of
experiments, the XRD pattern was recorded during
sample heating (“in situ” samples). The purpose of
these experiments was to measure d(060) values at
different temperatures.

XRD patterns for in situ samples were obtained us-
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ing CuK, radiation with Siemens D500 diffractometer
supplied with a platinum thermocouple. A sample was
heated at a rate of 150°C/hour to achieve a given tem-
perature and then an XRD pattern was recorded during
1 hour. The temperature was increased again at a rate
of 150°C/hour to get to the next temperature, and a
new XRD pattern was recorded. This procedure was
continued. Intensities were measured at intervals of
0.05° 26 and a count time of 30s per step. XRD patterns
were recorded from 300°C to 800°C. The error in the
determination of the d(060) values do not exceed
+0.001 A.

For the other experiments, samples were heated at
different temperatures before the measurements (“ex
situ” samples). XRD patterns for these samples were
obtained using MoK, radiation with a INEL CPS120
diffractometer supplied with a curve position sensitive
detector. This detector permits simultaneous recording
of diffracted intensities for the interval of 20 from 1°
to 70° 26. A sample holder was a thin tube made from
Lindenman glass with the diameter equal to 1 mm. A
temperature rate of sample heating was equal to 150°C/
hour. Each sample was heated at a given temperature
for 1 hour and then cooled by air. The I/S sample was
heated at 300°C, 400°C, 500°C, 600°C, 650°C, 700°C
and 750°C whereas, the Ballaker sample illite was heat-
ed only at 750°C. It is noteworthy that the XRD pat-
terns corresponding to the “in situ” and “‘ex situ”
WTS5-B and Ballaker samples heated at the same tem-
perature were similar. For this reason we consider only
some of the recorded XRD patterns corresponding to
“ex situ” samples.

RESULTS

Comparison of the XRD patterns for the WT5-B,
Ballaker and 1603 samples at different temperatures

Figures 7, 8 and 9 show the X-ray powder patterns
for the WT5-B, Ballaker and 1603 “‘ex situ” samples
respectively. Figure 7 contains the patterns for the
WTS5-B sampie heated at 300°C, 600°C and 650°C. The
low temperature pattern (Figure 7a) contains two di-
agnostic peaks corresponding to the 111 and 113 re-
flections with d values equal to 3.87 A and 2.88 A,
respectively. These diffraction features are character-
istic for illites consisting of cv 2:1 layers and containing
large numbers of rotational stacking faults. According
to McCarty and Reynolds (1995), this sample consists
of nearly 90% cv 2:1 layers. The WT5-B sample con-
tains 70 to 80% cv 2:1 layers. Using d-values of the
111 and 113 reflections (Figure 7a) and d(001) and
d(060) values, the average unit cell parameters for the
WT-5 sample were calculated (Table 1). According to
Drits et al (1993a), the calculated value of IccosB/al
= 0.331 indicates that cv 2:1 layers dominates consid-
erably over tv 2:1 layers. The diffraction for the heat-
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Table 1. The unit cell parameters for the cis-vacant WT5-B
and Ballaker samples, as well as for trans-vacant Fe-illite and
pyrophillite samples heated at different temperatures.

Tempera-

ture a b [ 8
Q) A A) ©) €] ccosfi/a
WTs-B
300°C  5.19 9.00 10.19 99.70 -0.331
650°C 5.28 9.04 10.27 101.8 —-0.398
Ballaker illite
20°C  5.19 9.00 10.10 98.90 —0.300
750°C  5.31 9.10 10.30 102.3 —-0.413
Fe-illite’
20°C  5.22 9.04 10.20 101.5 —0.389
750°C  5.24 9.09 10.32 101.5 -0.392
pyrophillite?
20°C  5.161 8.957 9.351 100.37 -0.326
900°C  5.192 9.122 9.499 100.21 —-0.324
sample 1603
600°C  5.30 9.07 10.28 101.8 —-0.398

! After Tsipursky et al (1987).
2After Wardle and Brindley (1972).

treated sample at 650°C differs substantially from that
of the low-temperature sample (Figures 7a and 7b).
Table 1 shows the unit cell parameter for Figure 7c
based on the tv structure and 1M polytype. There is
good agreement between the experimental and calcu-
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lated d-values for 112, 022, 003 and 112 reflections
(Table 2). The value of Iccosf/al = 0.398, which is the
diagnostic for tv-1M mica polytype (Bailey 1984), shows
that the sample heated at 650°C corresponds to tv-1M
illites. Thus, during dehydroxylation, cv 2:1 layers were
transformed into tv 2:1 layers. The diffractogram for
the heat-treated sample at 600°C does not contain any
intensity modulation within d-values from 4.0 A to
26 A (Figure 7b). This suggests an intermediate het-
erogeneous stage of the cv layer transformation.
Changes in the patterns of the Ballaker illite at room
temperature and 750°C are similar to those observed
for the WT5-B sample. The pattern for the starting
material (Figure 8a) shows the 021 refections at 4.083
A 111a13.874 A, 112 at 3.62 A, 022 at 3.33 A, 112
at 3.09 A and 113 at 2.866 A which corresponds to a
pure cv-1M illite. However, reflections with different
hkl indices have different widths. In particular, the 111
and 113 reflections are more narrow than the 112 and
112. One explanation is that the sample is a mixture
of cv-1M and tv-1M illites. Using the d-values for the
111,003 and 113 reflections value of Iccosg/al = 0.301
was determinated. According to Drits et a/ (1984,
1993a), this value is characteristic for pure cv-1M il-
lites. The main diffraction feature of tv-1M illites is
that the two strongest reflections are at d-values of
3.65-3.66 A (112) and 3.06-3.07 A (112). The cv-1M
variety has the same indices with d-values of 3.58-

Table 2. Experimental and calculated XRD powder data for the original (O) and dehydroxylated (D) WT5-B and Ballaker

samples, spacing in A.

WT5-B sample Ballaker sample
(o] D (o] D

b w . - . w - = -
020 4.500 4.521 4.495 4.552
110 4.455 4.46 4.496 4.49 4.456 4.46 4.508 4.50
021 4.099 4.083 4147 412
111 3.862 3.87 3.879 3.874

1121 3.690 3.70 3.655 263 3.719 3.73
112 3.574 .
022 3342 3.360 3343 3.376
003 3.330 3.35 3.350 3.555 3328 3.335 3.370 3.372
112 3124 3.09
1121 3.087 3.10 3.073 : 3.087 3.09
113 2.875 2.88 2.860 2.866
130 2.604 2.598
200 2.560 2559 2.585 2.565 2.565 2.595 2.588
131 2.554 : 2.554
202 2.452 5451 2.440
131 2.451 ' 2.458 2455
201 2.385 2.345 2.396 2.397 2.395
132 2.382 2.383 2.375 2.382 2.433 2405
040 2250 2.260 2.247
220 2.227 2.241 2.244 2.251 2.228 2.240 2.254 2.257
132 2.226
202 2.136 2.151
133 2.133 2.135 2.126 2.136
060 1,500 1.500 1.507 1.507 1.500 1.500 1.517 1.517

! Corresponds to the two strongest reflections for a t-1M illite variety.
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Figure 7. The XRD curves for the WT5-B sample heated at (a) 300°C, (b) 600°C, and (¢) 650°C; d-values are given above

the corresponding peaks.

3.59 A (112)and 3.12-3.13 A (112) (Drits et al 1993a).
The near superposition of reflections with the same
indices, but corresponding to different illite poly-
morphs explains peak broadening (Figure 8a). Thus,
the Ballaker illite consists of two coexisting illite va-
rieties with the proportion of the cv-1M modification
prevailing over the tv form. The XRD curve for the
sample heated at 750°C (Figure 8b) is characteristic of
the tv illites. Using the d-values for 112, 112, d(001),
and d(060) values, the unit cell parameters for the de-
hydroxylated sample were calculated (Table 1). Table
2 compares the d.,, and d,, values. The value of Iccos@/

al = 0.413 indicates the transformation of the original
cv 2:1 layers into tv dehydroxylated 2:1 layers in the
heated sample.

The powder pattern for sample 1603 is typical for
tv illites (Figure 9a). Note reflections 112 at 3.65 A
and 112 at 3.075 A. The value of Iccosf/al = 0.39
indicates tv-sites. The sample contains minor micro-
cline reflections at 3.80 A, 3.47 A, 3.26 A, 3.02 A and
2.92 A. The pattern for the dehydroxylated sample
resembles the major diffraction features characteristic
of the original sample (Figure 9). Using d-values for
003, 060, 112 and 112 reflections, the unit cell param-
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Figure 8. The XRD curves for the Ballaker illite sample recorded at (a) room temperature and (b) after heating at 750°C,

d-values are given above the corresponding peaks.

eters for the dehydroxylated structure were determi-
nated (Table 1).

Temperature dependence of the unit cell parameters

The change in unit cell parameters with respect to
temperature may be determinated by previously pub-
lished data and data presented here for samples whose
structure and chemistry were determined unambi-
giously. Tables 1 and 3 compare the unit cell param-
eters for the original and heated samples. These tables
contain the data for cis-vacant WT5-B and Ballaker
samples, and for the tv muscovite, illite and pyro-
phyllite described, respectively, by Guggenheim et al
(1987), Tsipursky et al (1985), Wardle and Brindley
(1972). Relationships between the sample temperature
and the b parameter observed during “in situ” mea-
surements are shown in Figure 10 for synthetic mus-
covite and Ballaker illite and in Figure 11 for mont-
morillonite. Figure 10 also shows the temperature
dependance for two muscovite samples described by
Guggenheim et a/ (1987). Figure 11 contains the b
parameter values obtained by Heller-Kallai and Roz-
enson (1980) for the Wyoming montmorillonite sam-

ple heated in open crucibles at different temperatures
and cooled by air.

The tv muscovite and tv illite sample. As expected the
cell parameters of the dehydroxylated aluminous di-
octahedral tv 2:1 layer silicates have higher values,
than those of the original samples (Tables 1 and 3,
Figure 10). Moreover, Tables 1 and 3 reveal a set of
relationships between the unit cell parameters of the
muscovite and illite samples in their original (a,, b.,
Co» Bo) and partially or completely dehydroxylated (a,,
b4, ca, By) states: B, = B,, a/a, = by/by, = c,/cy de-
pending upon temperature of sample heating. For this
reason, the values of Iccos@/al do not change during
dehydroxylation.

These relationships are satisfied especially well for
the muscovite samples whose unit cell parameters were
measured by Guggenheim er a/ (1987) with high pre-
cision. These results are rather unexpected because
heating of samples to different temperatures leads to
restructuring tv octahedral sheets of 2:1 layers, which
determine the value of IccosB/al. We should suggest
that for partially and completely dehydroxylated tv
muscovite and illite, the structural transformation of
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Figure 9. The XRD curves for the sample 1603 recorded at (a) room temperature and (b) after heating at 600°C, d-values

are given above the corresponding peaks.

their 2:1 layers does not change relative values of in-
terlayer displacements (ccosg/a = const) as well as ra-
tios of the unit lengths (c,/a, = cs/a.)-

The cis-vacant samples. The dependence of the b pa-
rameter on the temperature of sample heating for cv
montmorillonites differs significantly from that for the
tv 2:1 layer silicates (Figure 2). In situ measurements
show that the b parameter for montmorillonite does
not change (8.965 A) within the temperature interval
of 20°C to 400°C, and then decreases slowly between
400°C and 600°C. It rapidly changes to 8.942 A at
650°C. The further increase in temperature increases
the b parameter, the value of which is 8.985 A at 800°C
(Figure 11).

Figure 11 shows that the b parameter of the Wyo-
ming montmorillonite sample is equal to 8.97 A until
500°C, then it decreases to 8.93 A at 600°C, and sub-
sequently increases t0 9.01 A at 800°C. It is noteworthy

that Wyoming montmorillonites (Tsipursky and Drits
1984) consist of cv 2:1 layers. In situ measurements of
the WT5-B sample heated at different temperatures
shows that the increase of temperature increases the b
parameter.

DISCUSSION

The XRD data obtained here and previously pub-
lished for aluminous 2:1 layer silicates heated to high
temperatures are in agreement with the above models
for the structural transformation of tv and cv 2:1 layers
during dehydroxylation.

Unheated and dehydroxylated tv muscovites, illites,
and pyrophyllites have similar diffraction patterns. For
example, the oblique texture electron diffraction
(OTED) pattern of tv 1M illite sample after heating to
750°C contains two strong reflections (112, 112) in the
first ellipse (Tsipursky et al 1985). The same features
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Figure 10. The dependence between the temperature of sample heating and the b parameter. Muscovite 1 and 2 corresponds
to the samples from Panasqueira and Diamond mine described by Guggenheim ef al (1987) and muscovite 3 to the synthetic

muscovite.

are observed in the XRD patterns for the unheated and
dehydroxylated sample 1603 in which trans-vacant 2:1
layers dominate (Figure 9). This feature and the char-
acteristic value ccosf/a are diagnostic for the identi-
fication of the dehydroxylated tv 1M illite. The struc-
tural mechanism of dehydroxylation in beidelite con-
sisting of tv 2:1 layers is the same as for tv illites (Drits
et al 1994).

The dramatic differences of the XRD patterns for
the WTS5-B and Ballaker samples suggest that a struc-
tural transformation occurs from unheated cv 2:1 lay-
ers to dehydroxylated tv 2:1 layers due to the migration
of Al cations from the original trans-octahedral sites
(Figures 4, 5) to formerly unoccupied five-fold prisms.
The values of the Iccosf/al parameter obtained for the
unheated and heated samples also correlate with the
structural model of the dehydroxylated aluminous 2:1
layer silicates containing the Al cations in the five-fold
polyhedra. This is shown in Figure 2, in accordance
with the earlier work of Wardle and Brindley (1972)
and the crystal chemical model of Guggenheim (1990).
Unfortunately we have no pure cv-1M illite having
three-dimensional periodicity. It is likely that stacking
faults and the presence of different layer types in some

samples under study explain the observed discrepan-
cies between the experimental and calculated d(hkl)
values for the dehydroxylated samples (Table 2).

The temperature dependance of the b parameter found
for the cv montmorillonite samples agree with the model
of the dehydroxylation of these minerals. The structural
transformation of cv montmorillonite layers, which is
accompanied by the decrease of the b parameter, cor-
responds to the model shown in Figure 5. In this case,
the displacement of the Al, cations and O, anions toward
each other decreases the a and b parameters of the oc-
tahedral sheets. Interlayer cations in montmorillonite
structures do not restrict the tetrahedral sheets. These
sheets will adjust their lateral dimensions to those of the
octahedral sheets by tetrahedral rotation. The minimum
values of the b parameter of montmorillonite samples
(Figure 11) correspond to the temperature interval where
dehydroxylation occurs for most montmorillonites (near
700°C, Figure 11). The Wyoming montmorillonite has
a b parameter minimum corresponding to 600°C rather
than near 700°C probably because the measurement was
not performed at 700°C (Figure 11). Different conditions
of sample heating may also have an influence on the
dependance between the 4 and temperature values.
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The increase of temperature to 700°C provides cv
montmorillonite and illite samples with sufficient ther-
mal energy for the migration of the Al cations from
the trans-sites to vacant pentagonal prisms. Note that
the structural transformation produces a greater b value
than those for unheated samples. For example, the b

parameter values at 800°C were equal to 8.985 A for
the “in situ” sample and 9.01 A for the Wy sample.
Whereas for the unheated samples, the b values were
equal to 8.964 A and 8.97 A, respectively.

The temperature effect on the b cell parameter for
cv montmorillonite, illite-smectite and illite may be

Table 3. Temperature dependance on the unit cell parameters for muscovite samples (Guggenheim ez al 1987).

Tem(g(g)a“”e (i) (R) (Ii) (e) ccosf/a
muscovite, Panasqueira, Portugal

20°C 5.158 8.950 20.071 95.74 -0.390
300°C 5.170 8.970 20.171 95.71 -0.388
400°C 5.175 8.971 20.177 95.72 —-0.389
450°C 5.178 8.9763 20.193 95.70 —0.387
525°C 5.182 8.9835 20.232 95.75 ~0.391
650°C 5.189 9.004 20.256 95.74 ~0.390

muscovite, Diamond mine

20°C 5.200 9.021 20.072 95.71 —0.384
300°C 5.215 9.053 20.15 95.72 —0.385
400°C 5.221 9.067 20.18 95.73 —0.387
500°C 5.225 9.073 20.20 95.74 —0.386
600°C 5.229 9.081 20.24 95.72 -0.386
700°C 5.235 9.091 20.26 95.73 ~0.386
750°C 5.237 9.095 20.26 95.73 —0.386
800°C 5.240 9.102 20.28 95.73 —0.386
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explained structurally. In montmorillonite, tetrahedral
rotation is not restricted by the interlayer cation, and
it is a function primarily of the octahedral cation con-
tent of the 2:1 layers. In contrast, the tetrahedral ro-
tation in illite is restricted by the interlayer K cation.
Thus, during dehydroxylation, Al cations and anions
can adjust their positions readily in cv montmorillonite
but not in cv illites.

Indirect evidence for the models developed here is
found in the thermal effects observed for the rehy-
droxylated montmorillonites and illites described by
Grim (1968) and Mackenzie (1957). Each mineral
heated at the dehydroxylation temperature will regain
OH groups if subsequent cooling occurs in water vapor.
The rehydroxylation reaction O, + H,O — 2(OH) re-
constructs the six-fold coordination of Al cations. Be-
cause of the absence of the cation migration in the
dehydroxylated tvillites (Figure 2) their rehydroxylates
have the same structure as that of the original (Figure
1). For this reason, the loss of hydroxyls in rehydrox-
ylated illites occurs at nearly the same temperature
(500°C) as that of the initial dehydroxylation (550°C)
(Grim 1968).

For rehydroxylated montmorillonites, the loss of hy-
droxyls usually occurs at two different temperatures,
near 500°C and 650°C, despite the fact that DT curves
of the original samples contain one endothermal peak
near 700°C. To explain these thermal effects, we as-
sume that during heating of the initial sample the struc-
tural transformation involving the loss of hydroxyls
and the migration of the Al cations into vacant pen-
tagonal sites occurs only for a portion of the sample.
The structural transformation of the other portion cor-
responds to the first stage of dehydroxylation of cv 2:1
layers without cation migration (Figure 4).

Thus, a cv montmorillonite sample transforms after
rehydroxylation to a mixture of two montmorillonites,
one having tv and the other cv 2:1 layers. It is likely
that the sizes of the two peaks (500°C, 650°C) in DT
curves of the rehydroxylated montmorillonite reflect
the proportions of tv and c¢v layers. The occurrence of
endothermal peaks at 570°C and 713°Cin the DT curve
of the Ballaker illite (Mackenzie et al 1949) probably
reflects the fact that the sample is a mixture of the tv
and cv 2:1 layers. Moreover, the weak peak at the lower
temperature correlates with a smaller proportion of the
tv-1M illite variety in the sample.

Let us consider possible reasons for different dehy-
droxylation temperatures for tv and cv aluminous di-
octahedral 2:1 layer silicates. The particle size and crys-
talline perfection are important. For example, strong
differences in dehydroxylation temperatures for tv
muscovites (800 to 900°C) and tv illites (500 to 600°C)
is related to the high dispersion of illite particles. This
assumption can not explain high dehydroxylation tem-
peratures for cv montmorillonites and cv illites.

Guggenheim et al (1987), Koster van Groos and
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Guggenheim (1987, 1989) and Guggenheim (1990) were
the first to use detailed crystal chemical approach to
explain thermal reaction from structural approach. In
particular, they considered the dehydroxylation of alu-
minous dioctahedral tv 2:1 layer silicates by consid-
ering the dynamics of the process. Based on Pauling’s
rules, they suggested that during partial dehydroxyla-
tion at relatively low temperatures the formation of
pentagonal prisms occupied by Al cations increases the
Al-OH bond strength in the Al octahedra having one
or two shared edges with the pentagonal prisms. The
OH groups that bonded more strongly with Al cations
require additional thermal energy for the dehydroxy-
lation process to proceed. Each step of dehydroxylation
creates structural fragments with a new proportion and
mutual disposition of five-fold and six-fold coordi-
nated polyhedra, increasing the AlI-OH bond strength,
with the result that more thermal energy is required
for the next step of the reaction. The process of de-
hydroxylation as proposed by Guggenheim et al (1987)
explains both the asymmetry and broadness of the en-
dothermic peak. However, their model does not com-
pletely explain the significant differences of dehydrox-
vlation peak temperatures for montmorillonites and
illites because it does not consider cv illites and cv
montmorillonites. The model derived by Guggenheim
for tv dioctahedral aluminous phyllosilicates is com-
pletely consistent with the model described.

One possible reason for high dehydroxylation tem-
perature of cv montmorillonite and illites may be re-
lated to the structural features of their 2:1 layers. Com-
parison of structural models for tv and cv octahedral
sheets (Figures 1 and 2) shows that the main differences
consist of different distances between adjacent OH
groups. According to most single crystal structural re-
finements of Al-rich dioctahedral micas (Bailey 1984)
the shared OH-OH edges in tv 2:1 layers have bond
length of 2.45 A +£0.05A. Whereas, the length of the
non-shared OH-OH edges in cv 2:1 layers are expected
to be considerably longer (2.85-2.88) A. Perhaps the
probability for hydrogen to jump to the nearest OH
group to form a water molecule strongly depends on
the distance between the adjacent OH groups. The
shorter the distance, the lower the thermal energy re-
quired for the dehydroxylation of OH pairs. Therefore,
a considerable lengthening of the OH-OH edges for cv
2:1 layers in comparison with the OH-OH edges for
tv 2:1 layers may be the major factor responsible for
the higher dehydroxylation temperature of cv mont-
morillonites and cv illites. Thus, despite extremely high
dispersion and very low crystallinity of montmorillon-
ites, the structure of their cv 2:1 layers provides a re-
sistance to thermal decomposition. In general, the de-
hydroxylation of aluminous cv layer silicates is a het-
erogenous process related to the redistribution of Al-O
and Al-OH bond strengths as Al cations migrate to
empty five-coordinated sites.
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The absence of any correlation between the propor-
tions of illite and smectite interlayers in I/S samples
and the sizes of the two endothermic peaks in the cor-
responding DT curves (Cole and Hasking 1957) may
be explained also. According to Reynolds (1993) and
McCarty and Reynolds (1995) “fundamental” illite
particles in I/S samples consist of tv and cv layers
alternating in different proportions. Thus, the size of
each endothermic peak in the DT curves of I/S, prob-
ably reflect the proportions of tv and cv layers in the
samples under study.

The chemical composition of dioctahedral 2:1 clay
minerals also is important in dehydroxylation. For ex-
ample, for Fe-rich smectites (nontronites), and micas
(glauconites and celadonites), the rapid loss of hy-
droxyls begins at a lower temperature compared to Al-
rich samples. Tsipursky and Drits (1984), Drits (1987)
and Sakharov ef a/ (1990) showed that nontronites,
glauconites, and celadonites consist of tv 2:1 layers. It
seems likely that dioctahedral 2:1 clay minerals, in
which octahedral Fe dominates over other cations, al-
ways consist of tv 2:1 layers. The structural mechanism
of the dehydroxylation of nontronites, glauconites, and
celadonites have been studied by Tsipursky ez al/ (1985)
and Drits et al (1993b). They showed that in dehy-
droxylated Fe?t-rich dioctahedral tv 2:1 phyllosili-
cates, octahedral cations migrate from cis- to trans-
vacant sites. The main reason for the different behavior
of the Al-Fe3*-rich tv 2:1 layer silicates probably re-
lates to the steric limitations caused by the different
ionic sizes of Al and Fe3+.
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