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Abstract: The present study deals with the relation between crystalline order in kaolinites and
their ability to intercalate DMSO. Raw clays and kaolinite–DMSO complexes are analyzed using
FTIR, XRD powder diffraction and differential scanning calorimetry and thermogravimetric analysis
(DSC-TGA). The crystallinity is accessed using the Hinckley index (HI) from the raw clays’ XRD
patterns and the p2 factor from their FTIR spectra. The intercalation ratio is evaluated from XRD
and compared among the samples. The thermal analyses show a decrease in the dehydroxylation
temperature in the DMSO–kaolinite complexes, indicating a decrease in the interlayer cohesion that
may be useful to improve the delamination of kaolinite. The analysis of the coherent scattering
domain size in the raw and the DMSO-intercalated samples indicates that the ordering is not affected
during the DMSO intercalation. From these results, it is deduced that DMSO intercalation is favored
by an increased crystallinity, as revealed by the intercalation ratio from XRD and the DSMO release
during DSC-TGA analysis.
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1. Introduction

Clays are widely used as mineral fillers in composite plastic materials due to their layered shape
and their ability to disperse within the polymer matrix [1–4].

Although clays of the smectite group are the most suitable for such uses because of their intrinsic
capacity to expand and to delaminate into individual clay platelets [4–6], their availability as industrial
minerals is limited by their relatively scarce geological deposits. On the other hand, kaolinites are
ubiquitous clays, already exploited as industrial minerals [7–9], and despite their reduced expandability,
they must be regarded as potential candidates for composite materials [10–12].

The crystalline network of the kaolinite layer Al2Si2O5(OH)4 is formed by the superposition
of one sheet of aluminum hydroxide in octahedral symmetry and one sheet of silicium oxide in
tetrahedral symmetry. Thus, a kaolinite layer has asymmetrical basal planes with siloxane and
aluminol groups. The superposition of kaolinite layers generates strong hydrogen bonds between the
siloxane groups of one layer and the aluminol groups of the next layer and, hence, strong cohesive
energy between the layers [13,14]. Kaolinite particles, therefore, occur as non-expandable, large layer
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stacks of low anisotropy, which explains the lack of interest up until now for their use as mineral fillers
in polymer–clay composites.

A promising strategy to achieve expansion of kaolinite is the intercalation of molecules that
build hydrogen bonds with both siloxane and aluminol groups but are also easy to replace by water
molecules [12]. Various approaches are used to carry out intercalation. These include solution
intercalation [12], homogenization intercalation (wet mixing) [15] or mechanochemical processes [16]
There are few organic molecules that can be directly intercalated within kaolinite. This is the case
for dimethylsulfoxide(DMSO), N-methylformamide, acetamide, formamide, potassium acetate and
ammonium acetate [17–22]. In the present study, we used the non-toxic and cost-effective DMSO.

The molecular mechanism of DMSO intercalation has been recently revisited using molecular
dynamics simulation. The modeling confirmed that intercalation involves the hydroxyl groups of
the octahedral vacancies functioning as H-donors towards the S=O group of DMSO, whereas the
hydrophobic Si=O groups of the ditrigonal cavities of the tetrahedral surface attract the methyl groups
of DMSO [23,24].

Natural kaolinite minerals are characterized by several types of imperfection, which are likely
to influence the strength of the bonds between the surface groups and the DMSO molecules, such as
chemical substitutions in the crystal network and by stacking faults. It is mainly the geologic origin that
determines these imperfections. Thus, kaolinites of hydrothermal origin have low rates of substitutions
and high stacking order, whereas sedimentary kaolinites are more substituted and show degraded
stacking order.

That is why the intercalation is possibly influenced by some crystal-chemical parameters of the
kaolinite. Hence, it is hypothesized that the intercalation of a molecule of DMSO is influenced by the
crystallinity of the sample.

The present work was carried out on four kaolinites samples selected for different origin and
crystalline order. The effect of DMSO intercalation on structural order was investigated by X-ray
diffraction (XRD), Fourier-transform infrared spectrometry (FTIR), Brunauer–Emmett–Teller (BET)
surface measurement and thermal analysis.

2. Materials and Methods

Two reference kaolinites from the Clay Minerals Society (MAC and Kga2), one kaolinite
from the Charente deposit (France) (GZA4) and one kaolinite from Cameroon (MY3) were used.
The characteristics of the samples are shown in Table 1. All the samples were wet sieved over a 40-µm
mesh. The obtained cakes were dried at room temperature and then in an oven for 24 h at 70 ◦C and
were stored in polyethylene bags before experimentation.

Table 1. Crystallite size (D); specific surface area (SSA); Hinckley index; number of layers per crystallite
(NL/Crystallite) and intercalation ratio.

Samples MY3 MY3-D MAC MAC-D KGa2 Kga2-D GZA4 GZA4-D

d001 (Å) 7.20 11.26 7.20 11.35 7.20 11.35 7.21 11.48
D (Å) 169 292 439 518 339 434 262 373

SSA (m2/g) BET 25.9 20.3 18.7 18.0 21.0 19.4 24.9 25
External SSA (m2/g) t-plot 25.7 20.4 17.4 16.0 20.6 18.1 22.9 22.7

Microporous SSA (m2/g) t-plot 0.3 0 1.0 0 0 0.6 1.1 0
Hinckley Index (HI) 1.05 / 0.86 / 0.44 / 0.57 /

p2 1.04 1.13 1.23 1.13
Number of Layer/Crystallite 23 26 61 46 47 38 36 33
Intercalation ratio (I.R) (%) / 96 / 88 / 71 / 73

The DMSO–kaolinite complexes were prepared following a method adapted from
Gardolinski et al. (2000) [25] and modified by Mbey et al. (2013) [12]. A DMSO to clay mass
ratio of 20:3 was used. Water was added in the system at a percent to DMSO volume <10%. The



ChemEngineering 2020, 4, 66 3 of 10

mixture was refluxed for 1 h at 70 ◦C and then kept for 7 days before the clay was separated from the
solution through filtration. The cake was left for DMSO evaporation for 7 days and then placed in an
oven at 70 ◦C for drying to a constant weight. The dry sample was then crushed and sieved at 100 µm
prior the analyses.

2.1. X-ray Diffraction

Powder X-ray diffraction patterns were recorded using a D8 Advance Bruker diffractometer
equipped with a Co Kα radiation (λ = 1.7890 Å) operating at 35 kV and 45 mA. The diffraction patterns
were obtained from 1.5 to 32◦ at a scanning rate of 0.035◦ per 323.9 s.

The coherent scattering domain (D) was calculated from the X-ray patterns using the full width
at half maximum height of the d001 reflection and the Scherrer equation. It should be noted that the
Scherrer equation is used assuming a unique coherent scattering domain for d001 diffraction peaks in
each sample.

From the XRD patterns, the Hinckley crystallinity index (HI) was evaluated [26].The heights of
the 110 and the 111 peaks above a line drawn from the trough between the 020 and 110 peaks to the
background just beyond the 111 peak are measured. The sum of these measurements is the numerator
and it is divided by the height of the 110 peak above general background (Figure 1).
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Figure 1. Calculation of the Hinckley crystallinity index for kaolinite [26].

2.2. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra were recorded in diffuse reflectance mode using a Bruker Fourier Transform
Interferometer IFS 55. The spectra were recorded in diffuse reflectance mode from 4000 to 600 cm−1

with a resolution of 4 cm−1. The spectra were obtained as an accumulation of 200 scans. Potassium
bromide (KBr) pellets containing ~10% of the powder clay were obtained by pressing (10 tons/cm2)
manually ground mixtures of the clay and oven-dried potassium bromide.

2.3. Thermal Analysis

A coupled thermogravimetric analysis-differential scanning calorimetry (TGA-DSC) device
LINSEIS (model STA PT-1000) operating under an air flow was used for the thermal analysis.
The samples were placed in an alumina crucible and heated from ambient temperature to 800 ◦C at a
heating rate of 10 ◦C min−1.
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2.4. Nitrogen Adsorption: BET Specific Surface Measurement

Nitrogen adsorption–desorption isotherms at 77 K were recorded on a step-by-step automatic
home-built set-up. Pressures were measured using 0–1000 and 0–100,000 Pa Baratron-type pressure
sensors provided by Edwards. The nitrogen saturation pressure was recorded in situ using an
independent 0–100,000 Pa Baratron-type pressure sensor provided by Edwards. Prior to adsorption,
the samples were outgassed overnight at 110 ◦C and under a residual pressure of 0.01 Pa. Nitrogen
N55 (purity >99.9995%) used for experiments was provided by Alphagaz (France). Specific surface
areas (SSAs) were determined from adsorption data by applying the Brunauer–Emmett–Teller (BET)
equation and using 16.3 Å2 for the cross-sectional area of nitrogen. The error in the determination of
the SSA was estimated as +/− 1 m2/g.

In order to assess microporosity (openings below 2 nm), the t-plot method was applied. It allows
calculating the microporous volume and the specific surface area of a sample by comparison with a
reference adsorption isotherm of a non-porous material having similar surface chemistry.

3. Results and Discussion

3.1. XRD: Crystalline Changes

The mineralogical assemblage of the raw kaolinite samples, as shown on the X-ray diffractograms
(Figure 2), is mainly made of kaolinite, with small amounts of illite and rutile impurities. The illite
content is the highest in sample MY3. The XRD reflection at 16.33 Å was assigned in a previous
study [27] to a kaolinite–illite interstratification.
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Figure 2. XRD patterns of (a) the raw and (b) the DMSO–intercalated kaolinite samples.

After DMSO intercalation, the displacement of the reflections associated to the XRDbasal distance
d001 in kaolinite, from 7.18 to 11.26 Å, is coherent with a monolayer intercalation [24] of DMSO
molecules. The coherent scattering domain (D) is significantly increased for all the intercalated samples,
which clearly indicates that intercalation results in increased stacking order.

The intercalation ratio (I.R) (also called the degree of reaction) in the DMSO–kaolinite composite
was calculated using Equation (1).

I.R = I001intercalate/(I001intercalate + I001Kaolinite) × 100 (1)

where I001intercalate is the d001 peak intensity due to intercalation; I001Kaolinite is the residual intensity
of the kaolinite basal peak in the intercalated product.

As reported in a previous study [12], the relationship assumes the same degree of particle
orientation for both expanded and unexpanded phases. The values obtained are reported in Table 1.
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The expansion of the basal distance due to DMSO intercalation concerns from 71% of the clay sheets
in Kga2 to 96% of the clay sheets in MY3. Thus, kaolinites are, in general, very sensitive to DMSO
intercalation. The observed differences in the intercalation ratio can be related to the Hinckley index
(HI) (Table 1), which is an indicator of the crystalline order. The four studied clays can be separated
into two groups: MY3 and MAC have a high HI and I.R, whereas Kga2 and GZA4 have a significantly
lower HI and I.R. The closer the HI is to 1, the better the crystallinity. Hence, sample MY3 (HI = 1.05)
appears to be the most ordered sample, whileKga2 (HI = 0.44) is the least ordered one.

Considering the size of the pseudo-crystallite listed in Table 1 and the estimate of the number
of layers per crystallite, it appears that this number is almost constant. The slight differences were
associated to particle distortion. As the general feature indicates a constant number of layers, this may
indicate that the path of DMSO intercalation may be associated to the ordering (i.e., crystallinity)
within the clay sample. Looking at the intercalation ratio, it appears that higher crystalline order is
favorable to intercalation by DMSO, which justified the I.R values.

3.2. FTIR Analysis: DMSO-Clay Interactions

FTIR spectra (Figure 3) of the raw samples, already described elsewhere [27], displayed the
characteristic crystalline O-H stretching bands in kaolinite at 3697, 3666, 3651 and 3620 cm−1. The band
at 3697 cm−1 is assigned to in-phase stretching vibration of O-H groups at the surface of the clay sheets.
The bands at3666 and 3651 cm−1 are attributed to the surface O-H out-of-phase stretching vibration.
The band at 3620 cm−1 is known as the inner O-H stretching vibration. These four bands are reasonably
well defined, which indicates low rates of crystalline defects.

The C-H bands due to DMSO are clearly observed on the FTIR spectra of intercalated products at
3018 and 2935 cm−1. Furthermore, sulfonyl (S=O) stretching bands are observable at 1429, 1392 and
1317 cm−1. The influence of the sulfonyl group of DMSO on the internal O-H stretching bands at
3666 and 3651 cm−1 in kaolinite is noticeable within the intercalated samples, where only one band is
observable at 3662 cm−1. The latter band is attributed to the hydrogen bonds between the internal O-H
of the kaolinite sheet and the sulfonyl group in DMSO. The appearance of this single and broad band
after intercalation is indicative of poor ordering and relatively weak interactions between the sulfonyl
and the external O-H.

Furthermore, the p2 factor was calculated from the relative intensity of the external O-H stretching
bands using Equation (2) below:

p2 =
I/I0
(
3666 cm−1

)
I/I0(3651 cm−1)

(2)

This factor is slightly lower than 1 in well-crystallized kaolinite and increases with an increase in
defaults within the kaolinite structure [28].

The calculated p2 values lead almost to the same crystallinity classification as per the Hinckley
index (see Table 1).The defaults are, in general, significant for all the samples as the p2 value is > 1 for
all the samples.

All the above observations clearly indicate that DMSO intercalation weakens the cohesive
strength between the clay sheets, which may favor the delamination of the kaolinite layer stacks
after intercalation.
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3.3. DSC-TGA: Interaction Energy and Quantitative Aspect

The DSC-TGA curves of the raw clays (Figure 4a,b) display a sharp endothermic peak at 523, 521,
253 and 527 ◦C for Kga2, GZA4, MY3 and MAC, respectively, characteristic for the dehydroxylation
of the kaolinite crystal structure and conversion to a metakaolin structure. These TGA curves are
typical of kaolinite clays. The dehydroxylation mass losses are within the range usually encountered
for kaolinite (9% to 14%). The Kga2 sample exhibited the highest percent loss of 12.6%, which was still
within the range observed for kaolinite. In the other samples, the mass losses were 10.6%, 10.4% and
10.3% for MAC, MY3 and GZA4, respectively. On the DMSO-intercalated clays, the dehydroxylation
band from DSC (Figure 4c,d), undergoes a slight shift towards a lower temperature, which is coherent
with reduced cohesion within the kaolinite sheets, as proposed from FTIR (Figure 3).ChemEngineering2020, 4, x FOR PEER REVIEW 8 of 11 
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Figure 4. DSC-TGA analysis of (a,b) the raw and (c,d) the DMSO–intercalated kaolinite.

The thermal release of the intercalated DMSO appears between 184 and 190 ◦C; these values
are, in general, lower than the boiling temperature of DMSO (190 ◦C), which could indicate that the
interactions between the DMSO molecules and the surface sites of the clay sheets are of lower energy
than the interactions between the DMSO molecules in solution. Furthermore, it can be inferred that all
the intercalated molecules are adsorbed to the clay surfaces and not condensed in the interlayer space,
which would have resulted in at least partial evaporation at 190 ◦C or higher. This endothermic band
is larger in MY3-D in comparison to the others, indicating a higher amount of intercalated DMSO,
which can be related to the higher crystalline order of this sample in the raw state. From the TGA
curve of the kaolinite–DMSO complex (Figure 4d), a ratio of the percent mass loss during DMSO
release to the percent mass loss of dehydroxylation leads to values of 0.79, 1.06, 1.97 and 2.68 for
Kga2-D, GZA4-D, MAC-D and MY3-D, respectively. These ratios follow the same ordering as the
intercalation ratios from XRD (Table 1), leading to the following order of increased DMSO intercalation:
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Kga2-D < GZA4-D < MAC-D < MY3-D. This classification also accounts for the size of the endothermic
band from DSC (Figure 4c) and corroborates the conclusion of an increased DMSO intercalation with
increased crystallinity of the kaolinite (see Table 1 for the values of Hinckley index). Furthermore,
when the DMSO is completely released, the dehydroxylation of the kaolinite from the kaolinite–DMSO
complex follows the same scheme as the raw kaolinite [29].

The absence of an exothermic DSC band confirms that the DMSO is not thermally decomposed
during the heating process and it is released as an unbroken molecule. These observations suggest that
the DMSO intercalation in kaolinite is highly reversible and that no decomposition products remain in
the clay.

3.4. Nitrogen Adsorption and SSA: Textural Effects

The isotherms (Figure 5) are of type IV (mesoporous) according to the classification of the
international union of pure and applied chemistry (IUPAC) [30]. For both raw and intercalated series,
the adsorption–desorption hysteresis is very small, as it is usual for kaolinite. This hysteresis was
assigned to slit-shaped mesopores at the edges of the clay particles [31,32].
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Figure 5. Nitrogen adsorption isotherm: (a) raw kaolinite; (b) DMSO-intercalated kaolinite. Note:
The curves are offset for clarity. The shifting constant is 20 cm3/g.

A decrease in specific surface area (SSA) was observed (Table 1) for all the samples as a result
of DMSO intercalation. It can be observed from the t-plot data (Table 1) that the contribution of
microporosity to the total SSA is very low (equal to or below 1.1 m2 g−1) in all cases. The drop in
SSA after DMSO intercalation is, therefore, not due to micro-textural rearrangement, but rather to
competition for the most energetic surface sites occupied by DMSO. The most significant decrease in
SSA is registered for the MY3 sample, which also exhibits the highest crystallinity (as indicated by the
Hinckley index), the highest DMSO intercalation ratio (R.I) and the highest amount of intercalated
DMSO (Table 1, Figure 4).

There is, however, a slight textural effect of DMSO intercalation, as observed on the hysteresis
loop between the adsorption and desorption curves (Figure 5), especially in the case of Kga2. For this
clay, the hysteresis loop vanishes after intercalation, indicating a loss of mesopores (20–200-nm
opening), i.e., pores in which condensation of liquid nitrogen is hindered by the presence of DMSO at
the interface.

4. Conclusions

The present study focused on the relation between crystalline order in four kaolinites and their
ability to intercalate DMSO.
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After intercalation, XRD analysis shows an increase in the coherent scattering domain which
reveals an increase in the stacking order. The path of DMSO intercalation depends on the clay ordering,
as revealed by the number of layers per crystallite, which remains constant from the raw to the
intercalated form. The Hinckley index of crystallinity coupled with the intercalation ratio shows
that the higher the crystallinity, the higher the DMSO intercalation. The FTIR analysis evidences the
weakening of the clay layer interaction that may be favorable to the clay delamination for composite
making. Furthermore, the p2 factor, from FTIR, confirms the improved DMSO intercalation for better
crystallized kaolinite. Using DSC-TGA analysis, the clay sheet cohesion was shown to be weakened,
as also observed from FTIR analysis. DSC-TGA analysis showed that the DMSO in the kaolinite–DMSO
complex is released as unbroken molecules at temperatures varying from 184 to 190 ◦C.

It is concluded that clay sheet–DMSO interactions are weaker than DMSO–DMSO interactions
(in liquid DMSO). These relatively weak interactions explain the highly reversible intercalation of
DMSO in kaolinite. The TGA weight loss associated to the DMSO released, related to the weight loss
during kaolinite dehydroxylation, confirms the DMSO intercalation ratios from XRD and leads to the
same ranking of increasing intercalation. Nitrogen gas adsorption isotherms showed a decrease in SSA
and reduced accessibility to adsorption sites for nitrogen as a result of DMSO intercalation. The overall
results are coherent with increased DMSO intercalation in well-crystallized kaolinites.
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and editing, F.T., S.K. and J.-A.M. All authors have read and agreed to the published version of the manuscript.
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