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Abstract: In this study, the influence of the structural defects of kaolinites on the 

intercalation processes of urea and dimethyl sulfoxide (DMSO) is explored. Four samples of 

kaolins with kaolinite of varying levels of crystallinity were subjected to DMSO and Urea 

intercalation. Analyses including X-ray diffraction (XRD), Fourier-transform infrared (FTIR) 

spectroscopy, and differential scanning calorimetry coupled to gravimetric analysis (DSC-

TGA) were used for characterization. From these analyses, the structural defects of the 

samples were evaluated using Hinckley index (HI), Slope Ratio (SR), factor P0 and R2 test. 

The change in the size of the coherent scattering domain was not influencing the number of 

layer per crystallite indicating a preservation of the structural order and the same intercalation 

mechanism for both molecules.  For both urea and DMSO intercalation, the intercalation 

ratios (IR) were positively correlated to their crystallinity. This positive correlation of the IR 

to HI is also observed for P0 and SR. The correlation to the associated defect shows that the 

defects due to random translation of the sheet that are associated to the R2 factor, have almost 

no influence on the intercalation ratio. Hence, only defects in the plane affect the intercalation 

ratio and this is in line with the crystallinity influence. 

Keywords: Kaolinite; Crystallinity; Structural Defects; Intercalation 

1. Introduction 

The development of composite materials with low environmental impact requires the use 

of biocompatible and/or biodegradable components. In the case of polymer-clay 

nanocomposites, the high specific surfaces associated with the lamellar structure of certain 

clays confer them a prominent position among the investigated fillers. This is particularly the 

case of smectites, which are easily exfoliated, ensuring their effective dispersion within 

polymeric matrix (Mbey et al., 2012; LeBaron et al., 1999). 

Although widely available, kaolinitic clays are of less interest due to the high internal 

cohesion. Kaolinite is a 1:1 dioctahedral clay mineral having the ideal chemical formula of 
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Al2Si2O5(OH)4
 (Ouangrawa et al., 2007; Kogure et al., 2010; Dill, 2016). The kaolinite layer 

consists of alternating sheets of siliceous tetrahedral unit, alumina octahedral unit and an 

interlayer space (Mbey et al., 2019). Apart from the asymmetry between the sheets, the 

interlayer space of kaolinite consists of an upper octahedral gibbsite-like surface Al(OH)3 

linked to a lower siliceous tetrahedral surface through hydrogen bonds (Bergaya et al., 2006). 

These high-energy bonds result in a close packing of layers and hinder the infiltration of 

molecules or ions. This cohesion, which is responsible of poor swelling properties, leads to 

low specific surface areas for kaolinites. Hence, for an improved use of kaolinite as 

reinforcing phase in nanocomposite materials, one needs to ameliorate their 

delamination/exfoliation through intercalation of small polar molecules within the interlayer 

space. Various small polar molecules have been studied for direct intercalation, with the most 

well-known ones being dimethyl sulfoxide (DMSO) (Johnston et al., 1984; Mbey et al., 

2013), formamide (Frost et al., 2000), N-methylformamide (Makó et al., 2019), acetamide 

(Frost et al., 1999), hydrazine (Frost, et al., 2002), urea (Zhang et al., 2016; Elhadj & Perrin, 

2021) and imidazole (Albach et al., 2020). However, it was recently demonstrated that the 

intercalation process is influenced by crystallochemical parameters such as crystallinity 

(Mbey et al., 2020), which is structure defects dependent. Also, the removal of an intercalated 

molecules is influenced by the polarity of solvent used (Zogo et al., 2021), indicating as a 

reverse that, the polarity of the intercalated molecule influence the bonding energy of the 

intercalated complex. 

Kaolinites commonly exhibit defects related to the vacancy of one or more atoms and 

isomorphic substitutions. Research on this mineral indicates that the kaolinites with the fewest 

defects are those with the highest levels of crystallinity (Hinckley, 1962; Parker, 1969; Van 

Der Marel & Krohmer, 1969; Cases et al., 1982; Tchoubar et al., 1982). The most well-known 

of these defects are defects on the entire plane (𝑎,⃗⃗⃗  𝑏⃗ ) or plane of the sheets (Hinckley, 1962; 
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Van Der Marel & Krohmer, 1969; Cases et al., 1982; Tchoubar et al., 1982; Brindley & Kao, 

1986), defects involving random translation of the sheets stacking faults (Liétard, 1977; 

Hughes & Brown, 1979; Cases et al., 1982;Aparicio & Galan, 1999) and defects in the 

stacking of layer along the coherent scattering domain (Cases et al., 1982; Tchoubar et al., 

1982; Amigo et al., 1994).  

In a previous work (Mbey et al., 2020), it is shown that crystallinity influence the 

intercalation of DMSO. Given that, crystallinity in kaolinite is evaluated by diverse 

parameters which are associated to a typical defect, the present work is focused on bringing in 

an insight on the type of defect that mainly impact the intercalation and the relationship 

amount the various defects types in affecting the intercalation. The use of more than one 

intercalating molecule is also explored as a control for a potential bias that may arise from the 

intercalating molecule. To this end, intercalation is done using DMSO ((CH3)2SO) and urea 

((NH2)2CO) as intercalating molecules due to their high polarity, non-toxic nature, and 

availability. Theoretical simulations of the intercalation mechanisms of these molecules 

demonstrate that the intercalation of DMSO into the interlayer space of kaolinite is primarily 

facilitated by stronger hydrogen bonds formed between the oxygen of the sulfonyl group 

(S=O) in DMSO and the hydrogen atoms of the alumina hydroxyls (Al(O-H)3) in the 

octahedral site (Zhang et al., 2015, 2018). Other interactions such as low-energy apolar 

attractions between the methyl groups (-CH3) of DMSO and the tetrahedral site, also persist 

(Zhang et al., 2018). As for urea, its retention within the interlayer space of kaolinite is 

ensured by the various hydrogen bonds it forms with the octahedral and tetrahedral sites. Urea 

possesses a carbonyl (C=O) group and two amino (NH2) groups, establishing hydrogen bonds 

respectively with the hydrogens of octahedral hydroxyls and the basal oxygens of the 

tetrahedral sites (Kristóf et al., 2018; Zhang et al., 2017). Additionally, the nitrogen atom in 
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the amino group (NH2) also forms hydrogen bonds with the hydrogen atoms of the Al(O-H)3 

hydroxyls. 

The present work mainly focused on the understanding of the origin of the crystallinity 

influence on the intercalation of small polar molecules within the kaolinite interlayer. To this 

end, the investigation of the intercalation of urea and DMSO in four samples of kaolinites 

with varying crystallinity was done. The structural defects of the kaolinites was assessed 

using Hinckley index, Slope Ratio, P0 and R2 tests. These parameters are evaluated from X-

ray diffraction (XRD), thermal analyses (DSC-TGA) and Fourier Transform Infrared (FTIR) 

spectroscopy, respectively. The intercalation level achieved is analyzed regarding the 

influence of structural/crystallographic factors to provide insight into their relationship with 

the modification of layer staking and/or structural modification upon intercalation.  

2. Materials and Methods: 

Four kaolinitic clays samples indexed K1, K2, K3 and K4 respectively from Cameroonian 

localities of Etoa, Koutaba,  Mayouom and from the Huber deposit in Georgia (U.S.A) 

(Schroeder and Shiflet, 2000; Ngon-Ngon et al., 2009; Poutouenchi et al., 2018; Mbey et al., 

2019). The chemical composition from previous studies is given in Table S1 (supplementary 

material) and the kaolinite content in all the samples is > 55 %. The samples were wet sieved 

at 45 µm, dried at ambient temperature ((28 ± 1) °C) then manually crushed and sieved at 160 

µm before being stored in closed glass jars. For the intercalation process analytical grade 

DMSO (99 % purity) and urea (98 % purity) were used. 

The DMSO intercalation complexes were synthesized using the approach by Mbey et al., 

2013 (Mbey et al., 2013). Different mixtures of kaolin and DMSO with a mass ratio of 

kaolinite to DMSO of 1:3 were prepared in the presence of 9 % (mass basis) of distilled water 

at ambient temperature. The mixtures were agitated in closed jars and the suspensions were 

left to stand for a period of 14 days before being filtered and air-dried at ambient. The dried 
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materials were ground before being placed in polyethylene bags and coded as K1-D, K2-D, 

K3-D and K4-D respectively for samples K1, K2, K3 and K4 intercalated with DMSO.  

 For kaolinite-urea complexes, 20 g of kaolinite and 11.7 g of crystalline urea are mixed 

by manual grinding in a mortar for 30 minutes and hydrated with 10 mL of distilled water. 

The manual grinding is chosen to avoid the particle size reduction and disordered complex 

structure when using mechanical grinding in a planetary mill (Mako et al., 2009). The 

resulting pastes were hermetically sealed and placed in a controlled temperature water bath at 

70 °C for 30 minutes before being stored at ambient for 14 days. The obtained slurries are 

dried at room temperature in the laboratory, then ground before being placed in polyethylene 

bags and coded as K1-U, K2-U, K3-U and K4-U respectively for samples K1, K2, K3 and K4 

intercalated with urea.  

2.1. Fourier Transform Infrared (FTIR) 

The infrared spectra of samples were acquired in diffuse reflectance mode using a 

BRUKER Alpha P Fourier-transform spectrometer. These spectra were recorded between 400 

and 4000 cm-1 and obtained as an accumulation of 40 scans. 

The stretching  bands of outer and inner O-H of kaolinite at 3697 cm-1 and 3619 cm-1 are 

used for the  evaluation of interlayer cohesion using the Parker's P0 test (Parker, 1969). It is a 

measure of the internal cohesion resulting from the extent of hydrogen bonding between the 

sheets which is based on the ratio of the relative intensities of those bands (Equation 1). The 

better the crystallinity of a kaolinite sample, the greater the extension of H-bonding and hence 

a greater internal cohesion.  

𝑃0 =
𝐼

𝐼0(3619 cm−1)⁄

𝐼
𝐼0 (3697 cm−1)⁄

        (Equation 1) 

Where I/I0 refers to the relative intensity of the corresponding band on the FTIR spectra. 

2.2. X-Ray Diffraction  
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The X-ray diffraction patterns of the kaolin powders were obtained at the University of 

Lorraine, using a Bruker D8 advance diffractometer equipped with a Cu Kα radiation (λ = 

1.5406 Å) operating under a voltage of 40 kV and an intensity of 30 mA. The diffraction 

patterns were recorded at a step size of 0.034772° for a step time of 576 seconds over a 2 

theta range of 2.5° to 65°.  

The size of the coherent scattering domain (D) was calculated using the full width at half 

maximum (height) () of the reflection associated to the d001 basal spacing  and the Scherrer’s 

equation (Equation 2) (Patterson, 1939). Assuming the same level of disordered in the 

direction associated to the reflection used, the coherent scattering domain is assimilated to the 

pseudo-crystal size (Kwimi et al., 2023).The number of layers per crystallite (NL) is obtained 

by dividing the coherent scattering domain thickness by the basal spacing associated to the 

reflection used to calculate the coherent scattering domain size. This parameter allows for the 

evaluation of structural changes after intercalation (Mbey et al., 2013). 

D (Å) = 
𝐾𝜆 

𝛽cos𝜃
             (Scherrer's equation)                               (Equation 2)     

     K = 0.89 (constant), λ = 1.5406 (Å) the X-ray wavelength  

     β = Reflection full width at half maximum 

  θ = Scattering angle 

The Hinckley index (HI) is obtained from reflections as illustrated  on Figure 1a and the 

calculation is done using equation 3 (Hinckley, 1962). The HI is used given that in all the 

samples, the kaolinite content is > 20 % (Supplementary material Tables S1 and S2) as 

recommended by Aparicio and Galán (1999) for samples containing quartz (which presence 

interfered with the effective value of the HI). From figure 1b, it is illustrated the parameters 

associated to the reflections that allow calculation of the R2 factor using equation 4.The HI  is 

related to the defects in the entire plane of the sheets and it is lower when the possibility of 

displacement of the vacant octahedral site is high (Cases et al., 1982). The closer the value of 
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HI is to 1, the better the material is crystallized. The R2 allows for the evaluation of stacking 

faults in the (𝑎,⃗⃗⃗  𝑏⃗ ) plane due to random translation  of sheets (Plançon & Tchoubar, 1975). 

The R2 parameter increases with the absence of defects. 

 
Figure 1: Calculation of HI (a), R2 Factor (b) from XRD and SR from DSC (c) 

𝐻𝐼 =
𝐴+𝐵

𝐴𝑡
         (Equation 3) 

𝑅2 =
1 2⁄ (𝐾1+𝐾2)−𝑘

1 3⁄ (𝐾1+𝐾2+𝑘)
        (Equation 4) 

The degree of DMSO and urea intercalation into the various kaolinites was evaluated by 

calculating the intercalation ratios from Equation 5. This parameter is obtained using the 

intercalation reflection intensity and the residual Kaolinite basal reflection intensity in the 

kaolinite intercalated complex (Mbey et al., 2013, 2020). For this calculation, the degree of 

orientation of the intercalated and non-intercalated particles is assumed to be the same (Mbey 

et al., 2013). 

𝐼𝑅 =
𝐼001 𝑖𝑛𝑡𝑒𝑟𝑐𝑎𝑙𝑎𝑡𝑒

𝐼001 𝑖𝑛𝑡𝑒𝑟𝑐𝑎𝑙𝑎𝑡𝑒
 + 𝐼001 𝐾𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒

× 100     (Equation 5) 

Here 𝐼001 𝑖𝑛𝑡𝑒𝑟𝑐𝑎𝑙𝑎𝑡𝑒
represents the intensity of the intercalate d001 reflection and 

𝐼001 𝐾𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒
represents the residual kaolinite d001 reflection intensity. 

2.3 Thermo gravimetric analysis (TGA) and differential scanning calorimetry 
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Thermal analyses were conducted using a combine TGA-DSC device LINSEIS STA PT-

1000. Ten milligrams (10 mg) of each sample were placed in alumina crucible and heated at a 

rate of 10°C/min, from room temperature to 800°C. 

From the DSC curves, the band of kaolinite dehydroxylation allows the determination of a 

crystallinity factor related to defects in the OH plane. This factor, known as the Slope Ratio 

(SR), is determined using equation 6 and the slopes as illustrated on figure 1c. The SR is 

obtained as the ratio of the maximum slopes of the descending and ascending branches of the 

endothermic bands characterizing the dehydroxylation process (Liétard, 1977; Cases et al., 

1982; Bich et al., 2009). A SR of  1 is associated to the absence of defects in the OH planes 

and indicates that water molecule diffusion out of the structure is difficult, whereas SR greater 

than 1 indicates the ease of water molecule formation and diffusion during dehydroxylation 

which is associated to the presence of surface defects (Liétard, 1977;Bich et al., 2009; 

Richard et al., 2021). 

𝑆𝑅 =
tan𝛼

tan𝛽
=

𝑎

𝑏 
         Equation 6 

3. Results and Discussion 

3.1- Mineralogical Analysis of the Raw Samples 

The mineralogy of the different samples shows Kaolinite as the major clay mineral with 

small amounts of Muscovite (Figure 2). In K2, the reflection marked T is associated to trace 

of smectite layers that may also include a muscovite-kaolinite interstratification 

(Pountouenchi et al., 2018; Mbey et al., 2019). Associated minerals included Quartz (Q), 

Anatase (A) and Goethite (Go). 

In FTIR, the stretching vibration domain of hydroxyl groups, characteristics of kaolinitic 

materials, is registered at 3694 cm-1, 3668 cm-1, 3648 and 3620 cm-1 (Figure 3). For each 

sample, the band at 3694 cm-1 is attributable to in-phase stretching vibrations of O-H groups 

at the sheet's surface. The bands at 3668 cm-1 and 3648 cm-1 are assigned to out-of-phase 
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stretching vibrations of surface O-H groups in the interlayer. All the samples, except for K3, 

exhibit characteristic spectra of disordered kaolinites due to the almost absence of hydroxyl 

bands at 3668 cm-1. The band at 3620 cm-1 is due to the stretching vibrations of inner O-H 

(Rouxhet et al., 1977; Mbey et al., 2019). The stretching vibrations of apical Si-O of different 

kaolinites are observable at around 1115 cm-1, followed by the band at 998 cm-1, which is 

assigned to Si-O-Si stretching vibrations. The deformation and translational vibration bands 

of Al-OH are located at 908 and 785 cm-1 respectively. The stretching vibration at 747 cm-1 is 

assigned to Si-O bonds (Mbey et al., 2013). 

 
  K: Kaolinite, M: Muscovite, Q: Quartz, A: Anatase, Go: Goethite, T: Interstratification 

Figure 2: XRD patterns of the raw samples. 
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

: Stretching vibrations ; : deformation vibrations. 

Figure 3: FTIR spectra of raw samples. 
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not the most crystalline, it rather has the largest particle size (D=327 Å). K3 has the better 

crystallinity with a relatively small size (D = 193 Å) and exhibits a high dehydroxylation 

temperature, although lower than K4 (Table I). This suggests that the dehydroxylation 

temperature of kaolinites depends not only on their crystallinity but also on their crystallite 

sizes. The value of the mass loss during dehydroxylation on the TGA curves (figure 4b) is 

less than the theoretical value for model kaolinite of 13.95 % (Ptácek et al., 2010). This 

difference is indicative that the kaolinite molecular formulas are not ideal in the studied 

samples. However all the mass losses are coherent with those obtained in the study of various 

kaolinitic materials (Ptácek et al., 2010; Mbey et al., 2021). The order of mass losses during 

dehydroxylation is K1<K2<K3<K4, while the means dehydroxylation temperatures evolves 

as follow K2<K1<K3<K4. Both orders seem to be correlated, except for K1. It is concluded 

that the mean dehydroxylation temperatures is dependent on the amount of structural water in 

such a way that the dehydroxylation mean temperature will increase with increasing amount 

of structural water. The low water loss registered from K1 is most probably due to a bias in its 

evaluation given the presence of considerable amount of goethite. This conclusion is coherent 

with the fact that the more there are O-H groups in the interlayer, the higher the H-bonds 

intensity and hence the need of energy for dehydroxylation. 
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Figure 4: Thermal analysis of the kaolin samples: a) DSC; b) TGA. 

3.3. Mineralogical Evolution upon Intercalation  

3.3.1. DMSO intercalation 

The intercalation of DMSO causes the kaolinite basal spacing d001 to increase from 7.15 Å 

to 11.15 Å (Figure 5). The basal distance variation of 4 Å is obviously associated to a 

monolayer intercalation of DMSO in the interlayer space of kaolinites as reported by other 

authors (Fang et al., 2005; Mbey et al., 2013). 

The FTIR spectra of kaolinite-DMSO complexes (Figure 6) show vibration bands of C-H 

bonds of DMSO methyl groups at 3055, 2960, 1445, 1440 and 1352 cm-1. The vibration band 

of the S=O sulfonyl group is observed around 950 cm-1. The hydrogen bonds established 

between the sulfonyl of DMSO and the surface hydroxyls of the different kaolinites are 

confirmed by the formation of a single absorption band at 3658 cm-1 (Johnston et al., 1984; 

Mbey et al., 2013). This band intensity follows the same trend as the IR from XRD and also 

supports the idea of increase intercalation with increase crystallinity (see section 3.4). 
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K: kaol; KD: Kaol-DMSO intercalate 

Figure 5: XRD patterns of DMSO intercalated samples: a) K1; b) K2; c) K3; d) K4. 
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: Stretching vibrations ; as: asymmetric stretching vibrations; s: symmetric stretching vibrations; : 

deformation vibrations; as: asymmetric deformation vibrations;s: symmetric deformation vibrations. 

Figure 6: FTIR spectra of DMSO intercalated samples: a) K1; b) K2; c) K3and d) K4. 
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C-N bond are found at 1463 cm-1 and 1165 cm-1. For each sample, the intensification of the 

band at 1626 cm-1 indicates the hydrogen bonds formed between the amino (-NH2) groups of 

urea and basal Si-O oxygen atoms of the tetrahedral sites. Moreover, on the spectra of K3, a 

decrease of the intensity of the band at 3668 cm-1 and the intensification of the band towards 

3655 cm-1 was associated to the hydrogen bonds formed between the carbonyl group of urea 

and the surface hydroxyls at the interlayer of the kaolinite. It is suggested that the decrease of 

this band intensity is not readily evidence in the other samples, due to the low amount of urea 

intercalated.  

K: Kaol; KU: Kaol-urea intercalate; *: reflections from excess surface urea 

Figure 7: XRD patterns of urea intercalated samples: a) K1; b) K2; c) K3 and d) K4 
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: Stretching vibrations ; as: asymmetric stretching vibrations; s: symmetric stretching vibrations; : 

deformation vibrations; as: asymmetric deformation vibrations;s: symmetric deformation vibrations. 

Figure 8: FTIR spectra of urea intercalated samples: a) K1; b) K2; c) K3 and d) K4. 
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disordered kaolinite. These results are also in agreement with the observations mentioned in 
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From the SR in Table I, the value closest to 1 is for sample K3 (0.92), indicating that this 

sample has the smallest amount of defects in the H-O plane. The cohesion order resulting 

from H-bonding as proposed from the SR, is the same as the crystallinity order from HI, 

which is in the following decreasing order: K3>K1>K4>K2. This agreement indicates that 

defects within the plane influence the H-bonding at the interlayer. It is suggested that the H-

bonds are enhanced with low surface defects in the plane.  

Contrary to SR and HI evolution, the R2 factor leads to the following crystallinity order 

K1>K4>K3>K2. The difference here is obviously linked to the type of defects associated 

with each test. As HI is related to defects in the (𝑎 ,𝑏⃗ ) plane, whereas R2 is related to random 

translation defects. It is then possible that the intercalation process may be favorable or not, 

depending on the type of defects in the kaolinite structure.  

The values for P0 (Table I) shows the following decreasing order: K3>K4>K1>K2. This 

order is in line with the HI, showing a good correlation with the internal cohesion factor P0. 

The slight difference brought by the P0 value of K4 is associated to the crystallite size of this 

sample, which contributes to the decrease of the internal cohesion, as also proposed by Cruz-

Cumplido et al. (1982). 

The intercalation ratios in the case of DMSO, lead to the following values 99 %, 83 %, 76 

% and 65 % respectively for K3, K1, K4 and K2 (Table I). The intercalation order in the 

samples is in line with the SR and HI and the linear correlation on figure 9a is high. This 

observation is in accordance with the study by Mbey et al. (2020), which shows that DMSO 

intercalation is favored by increased crystallinity. The R2 factor exhibits the least correlation 

with DMSO intercalation, whereas for P0, the correlation is acceptable (Figure 9a). It is then 

suggested that DMSO intercalation is more sensitive to defect within the plane (HI, SR), 

whereas it is almost not sensitive to random translation defects (R2). The good correlation 
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with P0 is then due to the fact that low defects in the plane favor cohesion and enhance the 

extent of H-bonding in the interlayer. 

The urea intercalation ratios are 97%, 55 %; 44 % and 38 % (Table I) respectively for K3, 

K1, K4 and K2, leading to the same order as for DMSO intercalation. However, the levels of 

intercalation are lower than for DMSO and this may be due to the intercalation process used. 

The correlation of the intercalation ratio to the HI, SR, P0 and R2 are given on figure 9b. As 

observed in the case of DMSO, low defects in the plane are more favorable to the 

intercalation, whereas random translation related to R2 has almost no influence. The stacking 

defects from random translation of the sheets do not directly affect the intercalation of urea or 

DMSO. 

Table I: Some structural parameters of raw kaolinites and their intercalation complexes. 

d001: basal distance; D: Crystallite sizes; NL: Number of layers per crystallite; HI: Hinckley index; SR: Slope 

Ratio and IR: Intercalation Ratio. 

After DMSO intercalation, the increase of coherent scattering domain (D) in all the 

samples approaches that of intercalated samples with urea (Table I). These nearly identical 

increases reflect the preservation of the stacking order and the same intercalation model. The 

number of layer per crystallite in the DMSO-intercalated samples is remaining almost 

constant in both cases. The small differences observed are due to distortions of the sheets 

(Mbey et al., 2020). This nearly constant structural evolution suggests a preservation of 

structural organization within the samples. 

Samples K1 K1-D K1-U K2 K2-D K2-U K3 K3-D K3-U K4 K4-D K4-U 

d001 (Å) 7.15 11.15 10.7 7.19 11.2 10.7 7.15 11.15 10.7 7.14 11.15 10.7 

D (Å) 257 468 462 177 284 382 193 254 229 327 454 457 

NL 36 42 43 25 25 36 27 23 21 46 41 43 

HI 0.43 / / 0.18 / / 0.74 / / 0.33 / / 

Test R2 0.94 / / 0.57 / / 0.65 / / 0.66 / / 

Test P0 0.84 / / 0.69 / / 1.24 / / 0.87 / / 

SR 1.38 / / 1.84 / / 0.92 / / 1.52 / / 

IR (%) / 83 55 / 65 38 / 99 97 / 76 44 
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Figure 9: Plot of crystallinity indexes as a function of: a) DMSO intercalation levels; b) urea 

intercalation levels. 

4. Conclusion 

 This study was focused on the assessment of the influence of the structural defects of 

kaolinites on the intercalation of DMSO and urea. Four kaolin samples, coded K1, K2, K3 

and K4, with relative high kaolinite content were used. Their mineralogical characterization 

confirm the dominance of Kaolinite, sometime associated to Muscovite and trace smectite as 

associated clay minerals. 

 The Hinckley index (HI), the slope ratio (SR), the R2 factor and the P0 test were used 

as parameters related to various types of defects. Both the HI and the SR follow the same 

order, K3<K1<K4<K2, among the four kaolinitic samples used. This same classification is 

related to the fact that HI is due to defect in the plane whereas the SR is related to the defect in 

the O-H plane. The P0 test is related to the internal cohesive forces within the distinct layers 

and follows the order: K3<K4<K1<K2. Regarding the HI or the SR, the P0 ranking difference 

between K1 and K4 was assigned to the size of the pseudo-crystallite of each sample. 

Considering the R2 factor, no direct correlation to order parameters could be achieved.  Given 

that R2 is related to random defects due to sheets translation, such a randomization is not 

linkable to the order structural parameters. 
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The presence of the intercalated compound induces change in the H-bonding mode at the 

interface as revealed by the analysis of their FTIR spectra. From XRD, it is find that both urea 

and DMSO intercalate as monolayer within the clay structure. The change in the coherent 

scattering domain is coherent with a conservation of the layer stacking ordering as revealed 

by the number of sheet per layer, before and after intercalation. The various intercalation 

ratios are in order K3>K1>K4>K2. This indicates improved intercalation with increase 

crystallinity as indicated by the HI, SR and P0. The correlation to various defects parameters 

shows that absence of defect in the plane (related to HI and SR) and optimal extent of H-

bonding (P0) at the interlayer are highly correlated to the intercalation. The R2 factor rather 

shows no significant correlation to other parameters and regarding the intercalation, there 

seems to be no influence of the R2 on the intercalation. It is then concluded that the lesser the 

defect in the plane and hence the greater the extent of H-bonding, the better the intercalation 

within the kaolinite layer.  
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