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Abstract: This study focused on the deintercalation of dimethyl sulfoxide (DMSO) from a kaolinite–
DMSO complex in various solvents. The use of kaolinite as filler in polymer–clay composite generally
faced the difficulty of kaolinite dispersion due to its high cohesion. For improved dispersion of
kaolinite within a given matrix, previous intercalation of small polar molecules is usually done
prior to its displacement during composite-making. The influence of the solvent polarity on the
deintercalation in analyzed here to understand its role during the deintercalation process. The
intercalation of the DMSO was done by solution-mixing and its displacement was done in distilled
water, ethyl acetate, and acetone. The products of deintercalation were analyzed using Fourier
transform infra-red (FTIR), powder X-ray diffraction (XRD), and differential scanning calorimetry
(DSC). The weakening of the kaolinite cohesion after DMSO intercalation is demonstrated through
the broadening of the diffraction peak associated with the kaolinite on XRD patterns. From FTIR
spectra, the weakening is associated with the displacement to low wavenumbers of the Si–O or Al–O
vibration bands within the kaolinite–DMSO complex. The kaolinite dehydroxylation temperatures
from DSC show that the rate of DMSO displacement affects the ordering of the recovered kaolinite.
The crystallite size of the kaolinite is reduced from the raw to the recovered kaolinite after DMSO
displacement, indicating an exfoliation of the kaolinite. From these results, it is found that the removal
of the DMSO from the kaolinite–DMSO complex is influenced by solvent polarity. The higher the
polarity, the greater the removal of the DMSO from the complex. Solvent polarity affects the rate
of DMSO displacement, which influences the ordering of the recovered kaolinite. It is suggested
that solvent polarity can be used to control the removal rate of DMSO, which may be key to the
dispersion of the kaolinite platelets.

Keywords: kaolinite; intercalation; exfoliation; polarity; DMSO

1. Introduction

Clays are industrial materials used in many domains, such as paints, inks, rubbers,
ceramics, and building materials. When developing eco-friendly plastics, to deal with
pollution problems associated with fossil-based plastics, the use of biopolymers has been
explored by scientists worldwide. The sensitivity of biopolymers to fluid diffusion and
their low mechanical responses requires the use of fillers during the reinforcing phase [1].
Clay materials are among the most explored candidates for such uses. The interest in
clays is due to their strong anisotropy and specific surface that influence the filler–matrix
interactions [2,3]. Among clays, swelling clays, such as montmorillonite, Laponite, or
Hectorite, are widely explored, given that their exfoliation, which favors their dispersion
within the polymer matrix, is more easily achieved [4–7]. Kaolinite, despite its great

J. Compos. Sci. 2021, 5, 97. https://doi.org/10.3390/jcs5040097 https://www.mdpi.com/journal/jcs

https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://orcid.org/0000-0002-3519-7136
https://doi.org/10.3390/jcs5040097
https://doi.org/10.3390/jcs5040097
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jcs5040097
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/2504-477X/5/4/97?type=check_update&version=1


J. Compos. Sci. 2021, 5, 97 2 of 10

abundance and purity of deposits [8], remains more scarcely explored [3,9]. However,
improving its use is cost-effective, given its abundance.

The asymmetric structure of the kaolinite layer, due to the overlay of tetrahedral and
octahedral sheets within the layer, induces strong superimposed dipoles that, together
with hydrogen bonds between the silica ring and the aluminum surface, give a strong co-
hesive energy to the mineral [10,11]. This cohesive energy makes the kaolinite layer almost
non-expansive, and hence poorly dispersible. To improve its use as fillers in polymer–clay
composites, the exfoliation of the kaolinite layer is a key factor [12]. Kaolinite intercalation
with small polar molecules, such as dimethyl sulfoxide (DMSO), urea, or formamide, is
well known in the literature [13–17]. The intercalated kaolinites are used as intermediates
in composite-making [6,9,14,15,18,19]. The development of kaolinite–polymer compos-
ites is still challenging, as the dispersion of kaolinite to nano size is not easily achieved.
The kaolinite–DMSO intermediate is used in many studies [3]. The preparation of the
kaolinite–DMSO intermediate is done in various ways, including solution intercalation [12],
homogenization intercalation (wet mixing) [20], or mechanochemical process [21]. As the
intercalation within the kaolinite layer is also variable, Mbey et al. (2020) [22] recently ex-
plored the influence of kaolinite crystallinity on the intercalation of DMSO and established
that increased crystallinity is favorable for DMSO intercalation.

The use of kaolinites in the reinforcing phase in polymer–clay (nano)composites are
rare [3–6,9,23,24]. However, some recent works indicates that the use of kaolinite can be
improved if convenient dispersion is achieved [3,9,25]. These studies used kaolinite–DMSO
as an intermediate to improve the dispersion of clay within a polymer matrix. The study of
kaolinite–DMSO complexes shows that the intercalated molecule influences H-bonding
within the kaolinite layer, which results in a less cohesive structure [12]. In the present
study, it is proposed that the intercalation–deintercalation process can be of interest to
reduce the cohesion of the kaolinite crystallite. Given that the rate of deintercalation may
affect the kaolinite structure, the removal of intercalated DMSO is carried out in three
solvents including water, ethyl acetate, and acetone. The media were chosen because of
their differences in polarity, as the driving out of DMSO is probably dependent on solvent
polarity. X-ray diffraction (XRD), Fourier transform infra-red (FTIR), and thermal analysis
were used to analyze the kaolinite–DMSO intercalate and the products of deintercalation.

2. Materials and Methods
2.1. Materials

An alluvial clay from the Lokoundjé subdivision was used. This was previously
characterized in a study by Ndjigui et al., 2018 [26]. The sample was wet-sieved at 75 µm
to increase its kaolinite content. The collected cake was dried to constant weigh at ambient
temperature for one week before being crushed and kept in polyethylene bags. The sieved
sample was named GR375.

Analytical grade DMSO by Fluka was used for the preparation of kaolinite–DMSO
intermediates.

For the deintercalation, three solvents of different polarity were selected. The selection
was done according to the polarity of the intercalated molecule, here DMSO, whose relative
polarity is 0.444. The solvents’ relative polarities as extracted from Reichardt and Welten
2011 [27] are given in Table 1.

Table 1. Relative polarity of the solvents used.

Solvent Polarity Chemical Grade (Purity)

Distilled water 1
Acetone 0.355 Analytical (98%)

Ethyl acetate 0.228 Analytical (>98%)
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2.2. Methods

For the DMSO intercalated complex, a mixture made of 200 mL of DMSO, 20 mL
of distilled water, and 30 g of clay was placed in a glass jar. The resulting suspension
was maintained at the ambient temperature of the laboratory (28 ± 1) ◦C for ten days. A
manual shaking of 5 min was applied daily for each jar for ten days. The solid clay was
recovered from the suspension by centrifugation at 2000 rpm using a HERAUS MegaFuge
8 centrifuge by Thermo-Scientific. The collected cake was air-dried for five days before
being dried at 100 ◦C in an oven to constant weight. The DMSO intercalated sample was
codified GR375-D.

Displacement of DMSO from the kaolinite was performed using ethyl acetate, ace-
tone, and distilled water. The products were respectively labeled GR375-AE, GR375-AC,
and GR375-E.

For the GR375-AE preparation, 3 g of GR375-D was placed in 100 mL of ethyl acetate.
The mixture was refluxed at 70 ◦C (boiling temperature of ethyl acetate) for one hour. The
solid phase was collected after centrifugation at 2000 rpm and dried in ambient temperature
for 24 h, then at 100 ◦C, for 24 h, in an oven. For the GR375-AC sample, acetone was used as
a replacement for ethyl acetate and the same protocol was applied with the refluxing being
done at 57 ◦C (acetone boiling temperature). For GR375-E preparation, 3 g of GR375-D was
dispersed in distilled water and reflux at 95 ◦C.

X-ray diffraction of the various samples was performed at the Laboratory of Bioinor-
ganic Chemistry and Catalyze at the University of Dusseldorf (Germany) using a Bruker D2
Phaser diffractometer operating with a Cu-Kα radiation (λ = 1.54 Å) and under a voltage of
30 kV. The XRD patterns were recorded at a speed of 0.01 ◦/s in a 2-theta range of 5◦ to 70◦.

For the differential scanning calorimetry (DSC), the equipment used was a coupled
TGA-DSC Metller Toledo (3-SARe system) operating at a speed of 5 ◦C/min from 25 to
1000 ◦C under a nitrogen atmosphere and a gas flow speed of 70 mL/min. The analysis
was done at the Technische Universität Berlin (Germany)

The infra-red radiation analysis of the samples was carried out at the Laboratory
of Applied Inorganic Chemistry at the University of Yaounde I using a BRUKER OPTIK
ALPHA spectrometer. Each spectrum was acquired as an accumulation of 20 scans.

3. Results
3.1. DMSO Intercalation: Structural Evolution by XRD, FTIR, and DSC

X-ray diffraction patterns (Figure 1) show the total displacement of the characteristic
d001 reflection peak of kaolinite from 7.14 Å to 10.90 Å. The increase in the interlayer space
is 3.76 Å and it is consistent with a monolayer insertion of the DMSO [28].
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Figure 1. XRD pattern of raw (GR375) and DMSO intercalated (GR375-D) kaolinite.
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An intercalation ratio (I.R) value of 60.6% is calculated by Equation (1), assuming, for
both expanded and unexpanded phase, the same degree of particle orientation [12,29]. The
intercalation ratio is low and, as proposed by Mbey et al. 2020 [22], it is coherent with a
poor crystallinity for the kaolinite sample.

I.R = [Ii (001)/(Ii (001) + Ik (001))] × 100 (1)

where Ii(001) is the d001 peak intensity due to intercalation; Ik(001) is the residual intensity of
kaolinite basal peak in the intercalated product and I.R is the intercalation ratio.

On the FTIR spectra (Figure 2), the O–H stretching bands at 3655 cm−1, 3696 cm−1

and 3621 cm−1 are attributed to kaolinite O–H stretching [12,30]. The absence of the band
usually observed around 3670 cm−1, is indicative of a poor crystallinity for the kaolinite [31].
After intercalation, the band around 3655 cm−1 in the raw sample his highly modified and
appears at 3658 cm−1 (Figure 2b), due to the modification of its H-bonding interactions,
which are now influenced by the sulfonyl group (S=O) from the DMSO. This modification
of the O–H stretching mode is evidence of the intercalation of DMSO within the kaolinite
structure [12]. This is confirmed by the C–H stretching bands at 3001 cm−1 and 2950 cm−1

(Figure 2a). The deformation bands of those C–H bonds are observed at 1439, 1410, and
1320 cm−1 (Figure 2c). The asymmetric deformations band of free water molecules at
1652 cm−1 is increased in the kaolinite–DMSO complex, indicating a co-intercalation of
water molecules which is confirmed by the O–H stretching bands at 3545 and 3471 cm−1

(Figure 2a). In the fingerprint region (Figure 2c), deformation bands for Si–O are registered
at 999 cm−1, in the raw sample and are shifted to low wavenumber in the complex at
997 cm−1. Also, Al–O at 909 cm−1 in the raw is shifted at 906 cm−1 in the intercalated
form. The shifting is associated to the modification of the H-bonding due to the sulfonyl
group from the intercalated DMSO. Their shifting to low wavenumbers is coherent with
low interaction energy in comparison to the interaction within the raw sample. These
interaction modifications are evidence of the kaolinite internal cohesion weakening, as also
established by Mbey et al., 2013 [12].
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The DSC curves of the raw and intercalated kaolinite sample are presented in Figure 3.
Three endothermic bands, centered around 70, 270, and 496 ◦C, are observed for the
raw sample (GR375). In the intercalated products (GR375D), five endothermic bands
are registered at 80, 129, 193, 270, and 493 ◦C. For both GR375 and GR375-D, the first
endothermic bands (70 ◦C for the raw and 80 ◦C for the intercalated) are associated with
the release of free water molecules in the samples (hydration water). The endothermic
band at 270 ◦C is associated with the conversion of goethite into hematite. The peak at
129 ◦C on the DSC of GR375-D is associated with the release of the co-intercalated water
molecules, which are ordered due to their linkage through H-bonding with the DMSO
and the clay internal surface. At 193 ◦C, the release of the intercalated DMSO is observed.
Given that this temperature is close to DMSO boiling temperature (189 ◦C), it is concluded
that DMSO has evaporated from the kaolinite–DMSO complex. Dehydroxylation of the
kaolinite and its conversion into metakaolinite is observed at 496 ◦C in the raw and at 493 ◦C
for kaolinite–DMSO complex (GR375-D). It is suggested that the intercalation of DMSO
weakens the interlayer interactions, as the dehydroxylation is lower in the intercalated
product. A similar result was reported using the controlled-rate thermal analysis by
Mbey et al., 2013 [12].
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Figure 3. DSC analysis of the raw (GR375) and the DMSO intercalated (GR375-D) kaolinite.

3.2. DMSO Deintercalation and Structural Evolution

The kaolinite–DMSO complex was subjected to deintercalation in ethyl acetate (GR375-
AE), Acetone (GR375-AC), and distilled water (GR375-E). The XRD patterns of the various
products are presented in Figure 4. It is noted that in distilled water there is a complete
removal of the intercalated DMSO as shown by the disappearance of the reflection peak at
10.90 Å, associated to the DMSO intercalation. The use of acetone and ethyl acetate leads
to a low displacement of DMSO, as indicated by the characteristic peaks of the DMSO
intercalation, which remain visible on their XRD patterns. Considering the relative intensity
of the reflection associated with the DMSO intercalation, it is observed that ethyl acetate
leads to lower removal of DMSO in comparison to acetone. In addition, the reflection
peak of the recovered kaolinite after deintercalation of DMSO is broadened, and this was
associated with a less ordered structure after deintercalation. The disordering is more
marked for the product treated in acetone.
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Figure 4. XRD patterns of the DMSO–Kaolinite (GR875-D) and the products of deintercalation in
water (GR375E), in ethyl acetate (GR375-AE), and in acetone (GR375-AC). Note: D = kaolinite–DMSO
complex; K: kaolinite.

The FTIR spectra are presented in Figure 5. From the global spectra (Figure 5a), the
disappearance of characteristic C–H stretching bands at 3001 cm−1 and 2950 cm−1 and
their deformation bands at 1439, 1410, and 1320 cm−1, on the GR375-E spectra, confirms
the total removal of DMSO after treatment in water. An enlargement of the O–H stretching
region (Figure 5b) demonstrates the partial removal of products treated in ethyl acetate
(GR875-AE) and acetone (GR875-AC). As proposed from XRD, the relative intensity of the
vibration band at 3658 cm−1 is coherent with less removal by treatment in ethyl acetate.
The product GR375-E, recovered after DMSO removal in distilled water, shows almost the
same features as the raw kaolinite (see Figure 2b), indicating a total removal of DMSO.
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From both XRD (Figure 4) and FTIR (Figure 5) analyses, the DMSO removal range is
as follows: water > acetone > ethyl acetate. It is concluded that, for the efficient removal of
intercalated DMSO, solvent polarity should be higher than that of DMSO.

The DSC result of the kaolinite dehydroxylation in the products of deintercalation
are plotted in Figure 6. The region of 450 ◦C to 550 ◦C is presented, given that it is within
this range that dehydroxylation occurred. Below 450 ◦C, thermal behavior is the same as
previously depicted (see Figure 3, Section 3.1).
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Figure 6. DSC dehydroxylation of the raw kaolinite (GR375); the kaolinite–DMSO (GR375-D) and the
deintercalation products in water (GR375-E), in ethyl acetate (GR375-AE) and in acetone (GR375-AC).

The registered dehydroxylation temperatures are 480, 493, and 502 ◦C, respectively
for GR375-AE, GR375-AC, and GR375-E. When these temperatures are compared to that of
the intermediate GR375-D, for which the dehydroxylation temperature is 493 ◦C, it appears
that the weakening of the kaolinite structure is preserved by the existence of the kaolinite–
DMSO complex. Although partial removal occurs in acetone (GR375-AC) as well as in
ethyl acetate (GR375-AE), the difference in the dehydroxylation temperature is far from
negligible. It is suggested that the rate of the DMSO removal influences the organization of
the kaolinite structure. The lowest dehydroxylation temperature (480 ◦C) registered for
GR375-AE is proposed to be due to a rate of removal that affects the clay platelet orientation,
leading to increased disordering. Conversely, rapid removal promotes an orderly return of
clay sheets in their preferred orientation, which favors conservation of the initial structural
organization. This justifies the highest dehydroxylation temperature (502 ◦C) registered
for GR375-E, which was also associated with the departure of intercalated ions in the raw
samples. In acetone, the slow rate of removal leads to minor evolution of the structure
in both regions (DMSO–kaolinite and recovered kaolinite upon DMSO removal). That
is why the dehydroxylation temperature (493 ◦C) obtained is comparable to both GR375
and GR375-D dehydroxylations, which were respectively registered at 496 ◦C and 493 ◦C.
The polarity of the removal media influences the structure of the recovered kaolinite, as
revealed by the variation of the dehydroxylation temperature.

The influence of the DMSO removal on the kaolinite structure evolution was accessed
by calculating the crystallite size using the Scherrer equation. The thickness of the coherent
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scattering domain was calculated and assimilated to crystallite size. The reflection peak of
the d001 of the kaolinite mineral is used for the calculation. In the DMSO–kaolinite (GR375-
D), the reflection at 10.9 Å, related to the displaced the kaolinite d001 upon intercalation, is
used. The number of layers per crystallite is estimated by dividing the coherent domain
size by the value of the d-spacing associated to the reflection peak used. The results are
presented in Table 2.

Table 2. Crystallite apparent size and number of layers.

Sample Crystallite Size L (Å) Number of Layer/Sheet

GR375 80 11
GR375 D 130 12

GR375 AC 50 07
GR375 AE 48 07
GR375 E 45 06

The number of sheets per layer of GR375 and GR375D is almost the same, indicating
that the intercalation of DMSO does not affect the ordering within the kaolinite layer as
previously reported [22]. After intercalation, the removal of the DMSO leads to recovered
kaolinites with crystallite size less than that of the raw sample (GR375). This reduction
of the crystallite size from the raw to the recovered kaolinite after displacement of the
intercalated DMSO, indicates that kaolinite is exfoliated. All the solvents lead to almost
the same size of crystallite, indicating that the displacement mechanism does not affect
the exfoliation. It is suggested that the driving force involved is the same. The breakage
of the existing H-bonding by the intercalated DMSO is the key to the exfoliation. When
coupled to the DSC results, the dispersion of the exfoliated kaolinite will be influenced by
the solvent polarity, which determines the rate of the DMSO removal from the kaolinite–
DMSO complex.

4. Conclusions

This work examined the displacement of the intercalated DMSO from a kaolinite–
DMSO complex using solvents of different polarity. In polymer–clay composites, the use
of kaolinite as filler is limited because of its high cohesion. Most studies using kaolinite as
filler proceed through an intermediate, which is a kaolinite intercalated with small polar
molecules. The displacement of the intercalated molecule in a later step is then used for
composite preparation. Therefore, the analysis of the solvent polarity on the deintercalation
is of interest for understanding the mechanism favorable to kaolinite exfoliation, and for
improving dispersion in a given matrix. The various products were analyzed using XRD,
FTIR, and DSC. From the results obtained, it is shown that the intercalation of DMSO
weakens the clay cohesion. The deintercalation is shown to be total in distilled water,
whereas in acetone and ethyl acetate, partial removal of DMSO is observed. The crystallite
size is small in kaolinites recovered after DMSO removal, indicating an exfoliation of the
kaolinite layer after intercalation–deintercalation, and their values do not vary with the
solvent used. It was concluded that the breakage of the existing H-bond by DMSO during
intercalation is the driving force for the exfoliation. Solvent polarity affects the rate of the
DMSO removal, and this affects the structure of the recovered kaolinite. The structure
ordering induced by the deintercalation is influenced by the rate of DMSO removal, which
is dependent on the solvent polarity. Highly polar solvents lead to rapid DMSO removal,
which promotes an orderly return of the kaolinite sheet and preserved the structural
organization. For solvents of low polarity in comparison to DMSO, disordering may be
induced when the polarity is somehow comparable to that of DMSO. In general, solvents
of polarity higher than that of DMSO may lead to complete removal of DMSO, whereas
those with polarity lower than that of DMSO will lead to partial removal. A convenient
choice of a solvent may be of help in achieving an increased disordering of the recovered
kaolinite after deintercalation. An increased disordering of kaolinite is of interest for the
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improvement of kaolinite dispersion in a composite matrix in which kaolinite is used as
a filler.
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