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Abstract—The intercalation complex of a kaolinite from Cornwall, UK, with dimethylsulfoxide (DMSO)
was studied by high-temperature X-ray diffraction (HTXRD), differential thermal analysis (DTA) and
thermogravimetry (TG). The X-ray pattern obtained at room temperature indicated that intercalation of
DMSO into kaolinite caused an increase of the basal spacing of kaolinite from 7.14 to 11.19 AÊ . Heating
between 25 and 3008C caused the removal of the DMSO, which occurred over several stages. In a first
stage (25 �1258C), an expansion (from 11.19 to 11.28 AÊ ) followed by a contraction (from 11.28 to
11.19 AÊ ) is observed, at the same time as the intensity of the basal reflection decreased and was replaced by
a broad band extending from ~11 to ~7 AÊ . In a second stage (125 �2008C), the loss of DMSO did not lead to
changes in the HTXRD patterns; and finally, in a third stage, the loss of DMSO caused an important
increase in intensity and sharpening of the basal reflections of the kaolinite. These stages were also shown
by the DTA-TG curves for the complex. The TG curve indicated that the loss of ~15% of the intercalated
DMSO occurs below 1508C, and caused the disruption of the structure. The remaining molecules, forming
stronger bonds with the kaolinite surfaces, were lost between 150 and 3008C.
Key Words—Dimethylsul foxide, DTA-TG, HTXRD, Intercalatio n Complex, Kaolinite.

INTRODUCTION

The use of sheet silicates as selective catalysts for
organic synthesis, based on the ability of these silicates
to intercalate organic molecules, has received consider-
able attention (e.g. Thomas et al., 1977; Pinnavia, 1983).
Although most of the catalysts studied were smectites, it
is important to know the processes of intercalation and
release of the organic molecules in sheet silicates with
simpler chemical composition, such as kaolin minerals.

Kaolinite has been observed to intercalate a relatively
large number of polar organic compounds including
dimethylsulfoxide (DMSO), formamide, dimethylforma-
mide, N-methylformamide, acetamide, pyridine N-oxide,
etc. (MacEwan and Wilson, 1980). The kaolinite-DMSO
intercalation complex shows a basal spacing of 11.2 AÊ

and has been studied extensively by X-ray, thermo-
analytical and spectroscopic methods (e.g. González
Garcṍa and Sánchez Camazano, 1965; Olejnik et al.,
1968; Anton and Rouxhet, 1977; Adams and Waltl,
1980; Frost et al., 1998, 1999a). The structure of the
complex was determined by Thompson and Cuff (1985)
using spectroscopic and X-ray and neutron powder
diffraction data. In this structure, each DMSO molecule
is triply hydrogen bonded above the octahedral vacancy
in the gibbsite sheet of the kaolinite layer, and one
methyl group is keyed into the ditrigonal hole of the
tetrahedral sheet. The accommodation of the DMSO
molecules causes a significant horizontal displacement
of individual layers to achieve almost perfect overlap of

the octahedral vacancy by the adjacent ditrigonal hole.
Recently, based on Raman spectroscopic results,

Frost et al. (1998, 1999b) undertook a molecular
structural study of this complex and proposed a model
in which water and DMSO are intercalated. Two types of
DMSO, monomeric and polymeric, would be present in
the intercalate in such a way that every inner-surface
hydroxyl group would be individually hydrogen bonded
to one DMSO molecule.

The results of the study of the kaolinite-DMSO
complex by thermoanalytical methods (DTA-TG) indi-
cated a ratio of kaolinite (Si2Al2O5(OH)4):DMSO
ranging from 1:0.7 to ~1:1, in samples with increasing
degree of intercalation (e.g. Sánchez Camazano and
González Garcṍa, 1966; Weiss et al., 1966; Olejnik et
al., 1968; Johnston et al., 1984; Frost et al., 1999a).
Adams and Waltl (1980) studied the thermal decom-
position of a kaolinite-DMSO intercalate by thermo-
gravimetry. They determined two stages of mass loss,
the first below 1008C and the second at 2208C, when the
analysis was carried out in static air. Nevertheless, under
flowing dry nitrogen gas, all the DMSO was removed
below 1758C. The two stages of mass loss, which
represent 1% and 19% of the initial mass, respectively,
were ascribed to the loss of the loosely bound surface
material and the intercalated DMSO. Adam and Waltl
(1980) suggested that an exponential nucleation process
rather than diffusion control is the determining step in
the decomposition of the intercalate. Frost et al. (1998,
1999a) found three endotherms at 70, 113 and 1688C,
and three stages of mass loss. They observed the loss of
water at 708C and the loss of DMSO at 113 and 1608C.
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Study of the thermal decomposition of a kaolinite-
DMSO intercalate by HTXRD and DTA-TG provides
new data on the decomposition process which have not
been described previously.

EXPERIMENTAL

The sample used for making the complex was a
Cornwall kaolinite, supplied by Prof. E. Galán
(University of Sevilla, Spain), with Hinckley index of
1.00 (Hinckley, 1963). The kaolinite contains <5% mica
+ quartz impurities. The reagent was 98% pure DMSO
(PANREAC, Montplet and Esteban, S.A., Barcelona,
Spain). The kaolinite-DMSO intercalation complex was
obtained by placing an oriented sample of kaolinite in a
DMSO atmosphere, at 508C and for increasing time
intervals. The degree of intercalation, calculated as
(I (001)complex/( I(001)complex + I(001)kaolini te))6100
(Wiewióra and Brindley, 1969), was time dependent
but the maximum intercalation was obtained after 2 �3
days. After 3 days the degree of intercalation remained
practically unchanged. It should be noted that in
preparation of the kaolinite-DMSO intercalate by pre-
vious workers (Anton and Rouxhet, 1977; Johnston et
al. , 1984; Frost et al., 1998), intercalation was achieved
by direct mixing of kaolinite with DMSO.

Both natural kaolinite and the intercalate were
analyzed using HTXRD, and thermoanalytical techni-
ques: DTA and TG.

The HTXRD patterns were obtained with a Siemens
D-5000 diffractometer, using CuKa radiation at 40 kV and
30 mA, step size = 0.028 and a counting time of 1 s per

step. The heating rate was 48C/s and the samples heated to
a particular temperature were held at that temperature for
600 s, prior to the XRD pattern being acquired. The
diffraction patterns were obtained at varying temperature
intervals (between 5 and 508C) according to the expected
modifications in the various temperature ranges, indicated
by the DTA-TG curves. Thermal analyses were carried out
using a Rigaku-Thermoflex instrument (TG-8110)
equipped with a TASS 1000 station. Al2O3 was used as
a reference material. The DTA and TG curves were
recorded simultaneously in a static air atmosphere at a
heating rate of 108C/min.

RESULTS

Intercalation of DMSO into kaolinite resulted in the
almost complete expansion ot the clay (92%) from a
basal spacing of 7.14 to 11.19 AÊ (Figure 1). This spacing
agrees with those reported previously (González Garcṍa
and Sánchez Camazano, 1965; Olejnik et al., 1968). The
complex obtained displays a sharp 001 reflection as well
as weaker higher-order 00l reflections. The patterns also
show the presence of non-basal reflections in the
18 �2382y and 35 �4082y zones of the diagrams, similar
to those observed by Jacobs and Sterckx (1970) and
Adams (1978). On the other hand, the intense reflection
at 2.27 AÊ is due to the Pt holder.

The absence in Figure 1, of a band between 15 and
3082y, as observed by Frost et al. (1998), interpreted as
being due to the presence of a kaolinite-DMSO complex
showing a certain degree of amorphicity, is noted. A
similar band, due to the excess of reagent, was observed

Figure 1. X-ray pattern of the oriented kaolinite-DMSO intercalation complex obtained at room temperature. The more intense
reflections of the complex have been labeled as well as the Pt reflections. K: kaolinite; c: complex.
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by Ruiz Cruz and Franco (2000a,b) in the X-ray pattern
of the kaolinite-hydrazine intercalation complex. The
lack of this band in the pattern of the kaolinite-DMSO
complex probably indicates that the method used in this
study for the intercalation considerably reduces the
excess of reagent.

HTXRD study

The HTXRD patterns obtained at increasing tem-
peratures are shown in Figure 2 which reveals a slight
increase in intensity of the complex reflections between
room temperature and 508C, due to the loss of adsorbed
molecules (water + DMSO). This probably leads to a

better order in the packing of the kaolinite-DMSO
complex. From this temperature upwards, the evolution
of DMSO occurs over several stages: (1) In the range
60 �1258C, partial removal of the DMSO causes a
gradual decrease in intensity of the reflections of the
complex, especially for the reflections 001 and 003
(Figures 2 and 3). Nevertheless, this intensity decrease is
not accompanied, as expected (Adams and Waltl, 1980),
by the concomitant increase in the intensity of the
kaolinite reflections. A slight dilation of the structure
perpendicular to the layers (from 11.19 to 11.28 AÊ ) is
observed between room temperature and 708C. On the
contrary, between 70 and 908C, a contraction of the

Figure 2. Selected HTXRD patterns obtained after heating in the range 25 �6008C.
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basal spacing from 11.28 to 11.19 AÊ occurred
(Figure 3). The disappearance of the reflections of the
complex between 100 and 1258C indicates the destruc-
tion of the ordered structure, and causes a wide band
between ~11 and ~7 AÊ . This process is also revealed by
the loss of definition of the non-basal reflections. (2) In
the range 150 �2008C, all the patterns show a very
similar aspect, where the band of the complex is hardly
visible, and the intensity of the kaolinite reflections
remains almost unchanged (Figures 2 and 4). This
behavior indicates a slow loss of DMSO, but does not,
however, restore the kaolinite reflections. (3) A notable
increase in intensity and sharpening of the kaolinite
reflections is observed in the patterns obtained between
200 and 3008C, which suggests a new loss of DMSO
(Figures 2 and 4). In this temperature interval, the better
definition of the non-basal reflections also reveals the
structural rearrangement of the kaolinite.

Above 4008C the gradual decrease in intensity of the
basal reflection of the kaolinite indicates the beginning
of the dehydroxylation process (Figures 2 and 5).

DTA-TG study

The DTA-TG curves of the kaolinite-DMSO complex
and the DTA curve of the untreated kaolinite are shown in
Figure 6. Heating the complex at a continuous rate causes,
as a first stage, an intense loss of mass, which is
accompanied by an endothermic system. This system
includes two well defined endothermic effects, centered at
65 and 2008C, respectively, and a third, weak endothermic
effect, at ~1008C, which appears as a shoulder on the first
endothermic effect. The first endotherm corresponds to a
slow loss of mass (at 30 �848C) which represents ~3.74%
of the initial mass. In the second stage (at 84 �1508C) the
mass loss is also slow and represents ~3.36% of the initial
mass. In the third stage the loss of mass is quicker and
represents ~19% of the initial mass. Assuming that the
first mass loss (<1008C) corresponds to the loss of
adsorbed molecules, the TG curve allows us to estimate a
molar ratio for kaolinite:DMSO of ~1:1.05 after this stage
of mass loss. This ratio becomes 1:0.9 after heating at
1508C.

Figure 3. Selected HTXRD patterns obtained after heating in the range 50 �1258C. The more intense reflections of the complex have
been labeled. K: kaolinite; c: complex.
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The low-temperature endothermic system is followed
almost immediately by two weak exothermic effects, at
350 and 3608C, which probably correspond to a
reorganization of the kaolinite layers.

The endothermic effect observed in the range
470 �6208C corresponds to dehydroxylation of kaolinite,
as indicated by the mass loss observed in the TG curve.
This effect appears at a slightly lower temperature than
that observed in the DTA curve of the untreated kaolinite
(Figure 6).

The results are similar but not identical to those
published by Frost et al. (1999a). The differences are
mainly related to both the temperature of the endother-
mic effects and the relative intensity of these, which can
be related to the different methods of preparation of the
complex and to the different rate of heating.

DISCUSSION

For the correct interpretation of the HTXRD and the
DTA-TG data, there is a question about the possible
presence of water molecules in the intercalate, as
proposed by Frost et al. (1998, 1999a,b). It is difficult
to prove the presence or the absence of water in the

intercalate, even using spectroscopic methods, since
small amounts of adsorbed water are usually present in
the spectra of clay minerals obtained in atmospheric air.
A series of FTIR spectra of the kaolinite-DMSO
complex obtained at increasing temperatures reveal
that a band representing a small amount of water is
present in the spectrum obtained at 258C whereas the
water band (at 1639 cm �1) decreased notably in the
spectra obtained above this temperature. These results,
which are in accordance with those of Frost et al. (1998,
1999a) do not prove, however, that water is intercalated.

The loss of a monolayer of water molecules, present
in the model established by Frost et al. (1998, 1999a)
would cause a contraction of the basal spacing of the
order of 1 AÊ , as observed, e.g. during the loss of water
from the kaolinite- and dickite-hydrazine complexes
(Ruiz Cruz and Franco, 2000a,b) in which the water loss
leads to the formation of dehydrated complexes with
well-defined basal spacings. This behavior is not
observed during heating of the kaolinite-DMSO complex
suggesting that intercalated water, if it exists, must be
filling holes between the DMSO molecules.

Our interpretation is based on the hypothesis that
water (adsorbed or intercalated) is lost in the first stage of

Figure 4. Selected HTXRD patterns obtained in the range 150 �3508C, showing the behavior of the basal reflections of kaolinite.
K: kaolinite.
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heating whereas from 60 �708C only DMSO is lost. This
interpretation is also based on the data by Frost et al.
(1999a), which indicated that the most water is lost below
808C. The high-temperature X-ray patterns (Figures 2 �5)
as well as the DTA-TG data (Figure 6) indicate that
removal of the DMSO occurs over several stages.

Heating between 25 and 508C (Figures 2 and 3)
causes the loss of the DMSO + water molecules loosely
bonded at the surface of the particles. This loss causes an
increase in intensity of the complex reflections and gives
rise to a well defined endothermic effect, centered at
658C. This DTA peak shows a very variable intensity in
the DTA curves obtained from complexes with several
kaolinites and dickite, suggesting that the amount of
adsorbed molecules depends heavily on the particle size.

The X-ray patterns obtained after heating between
50 �1258C (Figure 3) reveal, in the fi rst stage
(50 �708C), a dilation of the structure (from 11.19 to
11.28 AÊ ), which is followed, at ~908C, by a slight
contraction (from 11.28 to 11.19 AÊ ), at the same time as
the reflections decrease in intensity. The observed
contraction may be related to the loss of ~3.4% of the
initial mass, which would cause a different arrangement
of the DMSO molecules in the interlayer space of the

kaolinite, as observed Raupach et al. (1987) in the
kaolinite-DMSeO intercalate. The weak endothermic
effect observed at ~1008C reflects these changes. It is
also possible, as suggested by Yariv (pers. comm., 2001)
that the ordered kaolinite-DMSO intercalation complex
is only stable when it contains the necessary amount of
water. The loss of the basal reflection of the complex
probably indicates that the kaolinite now forms a single-
layer complex.

The X-ray patterns obtained between 150 �2008C
(Figures 2 and 4) reveal that the modifications are scarce
in this temperature range, where the kaolinite reflections
remain unchanged. An intensity increase of the kaolinite
reflections is, however, observed from 2008C. This
behavior can be explained on the basis of the DTA-TG
curves, although some differences in the temperature
intervals, ascribed to the different thermal regimes, are
observed. The TG curve indicates that the loss of the
intercalated species in the temperature range 100 �1508C
is small, whereas an increase in slope is observed from
1708C. This later stage of mass loss, which represents
19% of the initial mass, concludes at ~3508C, and is
shown in the DTA curve, by the presence of a new, well
defined endothermic effect.

Figure 5. Selected HTXRD patterns obtained in the 400 �6008C range. K: kaolinite.
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Thus, the HTXRD patterns and the DTA-TG curves
indicate that the loss of the intercalated molecules occurs
over a number of well differentiated stages. During the
two first stages, the mass loss is only ~3.5% of the initial
mass, but it causes the disruption of the structure of the
complex. It is important to note that, in contrast to the
kaolinite-DMSeO complex, where an ordered structure
with a kaolinite:DMSeO ratio of 1:0.5 has been
identified (Raupach et al., 1987), in the case of the
kaolinite-DMSO complex, the disappearance of the
ordered structure occurs when the kaolinite:DMSO
ratio is 1:0.9, near the ideal ratio determined in the
ordered complex (Thompson and Cuff, 1985). However,
this process does not lead to the restoration of the
kaolinite structure. On the contrary, this restoration is
observed from 2008C, when ~40% of the intercalated
DMSO has been lost.

These stages of removal of DMSO suggest either the
presence of two, structurally different, DMSO molecules
in the initial complex, as proposed by Frost et al. (1998,
1999a,b) or a change in bond strength, after the loss of
part of the intercalated species. In any case, it seems that
the ordered kaolinite-DMSO intercalation complex is
only stable when all the positions are occupied.

Heating above 3008C (Figure 5) causes the progres-
sive ordering of kaolinite, as revealed by both the
sharpening and the increase in intensity of the basal
kaolinite reflections. Nevertheless, these reflections are
notably broader than those of the untreated kaolinite,
even in the pattern obtained at 4008C (Figure 7). This

shows that the number of layers in the fundamental
domains, calculated using the Scherrer formula (Cullity,
1956), decreased notably (from ~59 to ~37 layers per
diffraction domain) as a consequence of the intercala-
tion-deintercalation process. On the basis of our data,
and as indicated by the broadening of the basal
reflections and the shape and definition of the non-
basal ones (Plançon and Zacharie, 1990), the structural
modifications of kaolinite appear to be more important
than previously assumed (e.g. Olejnik et al. , 1968).
Similarly, kaolinite dehydroxylation occurs in a tem-
perature range lower (by ~208C) than that observed for
the untreated kaolinite (Figure 6), in accordance with the
reported trend in kaolinites with different degrees of
ordering (Mackenzie, 1970) as well as in kaolinite-K
acetate intercalates (Gábor et al., 1995; Ruiz Cruz and
Franco, 1999) and kaolinite-hydrazine intercalates (Ruiz
Cruz and Franco, 2000a,b).

CONCLUSIONS

The HTXRD patterns and the DTA-TG curves of the
kaolinite-DMSO intercalation complex indicate that
removal of the intercalated species occurs over several
stages, which cause: (1) the slight contraction of the
basal spacing (at ~908C); (2) the formation of disordered
structures (between 70 and 1258C), probably consisting
of interstratification of intercalated and non-intercalated
layers; and (3) an increase in intensity and sharpening of
the kaolinite reflections (from 2008C). This behavior

Figure 6. DTA and TG curves of the kaolinite-DMSO (K-D) intercalation complex, and DTA curve of untreated kaolinite (K).
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indicates that the loss of a small amount of the
intercalated molecules causes the disruption of the
ordered structure of the complex at the same time as
the remaining molecules form stronger bonds with the
kaolinite surfaces.
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Complejos interlaminares de caolinita y haloisita con
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