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Intercalation of kaolinite under hydrothermal 
conditions 
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Intercalation of kaolinite with dimethylsulphoxide (DMSO) was carried out under 
hydrothermal conditions using a Parr bomb. The intercalated complex has been 
characterized by X-ray diffraction (XRD), Fourier transform-infrared spectroscopy (FT-IR) 
and thermogravimetric analysis techniques. It was found that the intercalation reaction is 
completed in 20 min and a high yield, ~ 90%, of kaolinite/DMSO intercalate was obtained. 
An expansion of the original c-axis spacing of 0.714 nm in kaolinite to 1.124 nm, as a result of 
incorporation of DMSO molecules into the kaolinite interlayers, has been observed by XRD 
studies. FT-IR analyses of the intercalated complex have established the nature of 
interactions between the host structures and the incoming DMSO molecules. The 
hydrothermal method of intercalation developed in this study can also be used for other 
systems. 

1. Introduction 
The phenomenon of intercalation refers to chemical 
incorporation of a foreign molecule into the structural 
moiety of a crystalline substance. Intercalation is a 
reversible process and may involve (i) exchange of 
cations from interlayer, (ii) adsorption of polar mole, 
cules through ion-dipole interactions, (iii) hydrogen 
bonding, and (iv) protonation. The kaolinite group of 
minerals have been intercalated by a variety of polar 
compounds because these complex materials possess 
unique rheological, surface and structural properties. 
These modified clays have wide applications as cata- 
lysts, catalyst supports, adsorbents, ion exchangers, 
fillers, etc. [1]. 

The layered structure of kaolinite consists of silica 
tetrahedral [SiO4] units stacked together with 
alumina octahedral [AIO6] units. In kaolinite min- 
eral, the sheets of silica tetrahedral units share a com- 
mon oxygen plane with one of the alumina octahedral 
surface. The layers are held together by hydrogen 
bonds between the oxygens in one layer and the 
hydroxyl groups in the next layer [2]. The hydrogen 
bonding between adjacent layers prevents expansion 
(swelling) of kaolinite beyond its basal spacing of 
0.714nm. However, this basal spacing can be ex- 
panded by incorporating polar organic compounds 
under different experimental conditions. The extent of 
interlayer spacing depends upon the size and arrange- 
ment of the incoming molecules. Dimethylsulphoxide 
(DMSO), formamide, hydrazine, potassium acetate 

and urea are known to intercalate into kaolinite 
directly from either the liquid or the melt (acetamide) 
or concentrated aqueous solution (>10M) [3-6]. 
Nitrobenzene, acetonitrile, glycol, and long-chain 
alkyl amines have also been intercalated by displace- 
ment reactions in which a previously intercalated 
compound was Substituted by the compound of inter- 
est [7]. Acetone has been incorporated into the inter- 
lamellar space of kaolinite by displacement reactions 
[3]. Other compounds which have been intercalated 
into kaolinite include dimethylselenoxide [8], 
N-methylformamide [9], salts of fatty acids [10], 
hydrazine [11, 12], pyridine N-oxide [33, alkali hati- 
des [13], pyridine [14], etc. In a recent review article, 
Bruce and O'Hare [15] have compiled a large number 
of inorganic intercalation compounds and discussed 
their physico-chemical properties. Table I shows a list 
of compounds with varying dipole moments and the 
basal spacings of kaolinite intercalates. 

However, a considerable amount of information is 
available in the literature on the structure and spectro- 
scopic properties of kaolinite/DMSO complex. 
A number of techniques, e.g. X-ray diffraction (XRD) 
[3, 8, 10, 12, 19-21], infrared (IR) [4, 8, 10, 22-24], 
solid-state nuclear magnetic resonance (NMR) (29Si, 
27A1 and 13C) [11, 19, 25], neutron diffraction [19], 
attenuated total reflectance [8] and Raman spectro- 
scopy [12] have been used to monitor the progress 
of intercalation and characterization of the orienta- 
tion of the intercalated molecules into the kaolinite 
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TABLE I Basal spacing of kaolinite intercalates obtained after 
treating with compounds having varying dipole moments 

Serial Compound Basal spacing, Dipole moment 
no. [3] d(001) (Debye Unit) 

(nm) 

1 Formamide 1.012 3.71 [16] 
2 N-methylformamide 1.070 3.83 [16] 
3 Dimethylformamide 1.212 3.82 [16] 
4 Acetamide 1.090 3.76 [16] 
5 N-methylacetamide 1.130 3.73 [16] 
6 Dimethylacetamide 1.230 3.81 [16] 
7 Pyridine N-oxide 1.252 4.28 [18] 
8 Acetone 1.118 - 
9 Dimethylsulphoxide 1.183 4.31 [17] 

interlayer. The intercalation of kaolinite by these com- 
pounds was generally accomplished after prolonged 
contact, sometimes over a period of many days, 
with the substrate at ambient as well as elevated 
temperatures. 

The present study was undertaken to re-investigate 
the intercalation of DMSO into kaolinite under 
hydrothermal conditions in a closed system using 
a Parr  bomb. The primary objectives of this work 
were to (i) find reaction conditions to increase the 
rate of synthesis of the kaolinite/DMSO complex, 
(ii) increase the yield of the intercalation reaction, 
and (iii) analyse the resultant complexes using 
X-ray diffraction (XRD), Fourier transform-infrared 
spectroscopy (FT-IR)  and thermogravimetric 
analysis (TGA) techniques to gain a better under- 
standing of the mechanism of such an intercalation 
process. 

2. Experimental procedure 
2.1. Materials 
Kaolinite was obtained from the Ward's Natural  
Science Establishment, Inc., 46E 0995, kaolinite 
(China clay) powdered, Twiggs County, GA, USA. 
Analytical grade dimethyl sulphoxide (DMSO) 
(Fisher Chemical, USA) and methyl alcohol .(99%, 
Aldrich Chemical Company Inc., USA) were used. 

3. Characterization 
3.1. XRD 
XRD analyses were carried out using a CuK~ radi- 
ation (35 kV and 25 mA) on a Scintag XDS 2000 
diffractometer equipped with a graphite mono- 
chromator. The sample was filled into a circular hol- 
low aluminum holder. The XRD scans were run at 
0.05 ~ steps, and with a 1 s counting time, or 10 000 
counts, whichever came first. 

3.2. FT-IR 
Diffuse reflectance-infrared spectroscopy of the pow- 
dered sample was recorded using a Perkin-Elmer 
2000 F T - I R  instrument. After mixing 10 mg of the 
samples with 300 mg FT-IR-grade  KBr, the mixture 
was filled into a hollow steel holder. The samples were 
scanned 25 times in the region 4000-450 cm-  ~ and 
then averaged. The average spectrum was then correc- 
ted using the reflectivity spectrum of KBr powder run 
under identical conditions. The band positions were 
determined by fitting the Kube lka-Munk function. 

3.4. TGA 
Thermogravimetric analysis of intercalated samples 
was performed using a Dupont  990 thermal analyser. 
Dry helium was used as a stripping gas and the sample 
was heated at the rate of 0.5 ~ min-~. The sample 
was heated from ambient to ~ 1273 K. 

4. Results and discussion 
4.1. XRD results 
Typical XRD patterns of the kaolinite/DMSO inter- 
calates are shown in Fig. 1 and the corresponding 
basal spacings obtained after intercalation of kaolinite 
by DMSO are given in Table II. The peak at 1.124 nm 
is due to kaolinite/DMSO intercalate, and the rem- 
nant peak at 0.714 nm corresponds to the uninter- 
calated kaolinite. These results indicate the formation 
of kaolinite/DMSO intercalate with basal spacing in- 
creasing from 0.714nm to 1.124nm. From calcu- 
lations based on the formula given by Theng [26] as 
shown below 

2.2. Synthesis of the DMSO/kaolinite 
intercalate 

The DMSO/kaolinite intercalates were synthesized at 
constant temperature and pressure using a Parr  bomb 
(Parr Instrument Company, IL, USA). In the Parr  
Bomb, 10 ml DMSO was added to 1 g kaolinite. The 
Parr  bomb was tightly closed and placed in an oven at 
423 K for a definite period of time. After a given time 
period, the Parr bomb was removed from the oven 
and immediately cooled under tap water. Sub- 
sequently, the sample was filtered using a Whatman 
no. 42 filter paper. The residue was washed two or 
three times with methyl alcohol to remove excess 
DMSO. The clay was air-dried for 24 h. The dried 
samples were ground with a mortar  and pestle and 
stored in a glass vial for analysis. 

intercalation ratio = intensity (0 01)intercalate/ 
[intensity (0 0 1)kaolinite 
+ intensity(0 0 1)intercalate] 

(1) 

about 90% of the compound has been intercalated in 
an hour and ~ 10% of kaolinite layers has not been 
expanded. Similar calculations based on the areas 
under the 00 1 peaks also agree with the per cent 
intercalation. 

The per cent intercalated remains fairly constant 
even after 24 h reaction. This is a significant result, 
because intercalation was achieved in an hour, while 
others have reported a much longer reaction time for 
the same purpose [4, 10, 11, 19]. The rate of intercala- 
tion of DMSO into kaolinite under the present 
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Figure I XRD patterns of kaolinite/DMSO intercalates obtained 
under different reaction conditions. (a)373 K, 1 d; (b)423 K, 
30 min; (c) 423 K, i min; (d) 423 K, 4 h, and (e) 423 K, 18 h. 

TABLE II Basal spacing of kaolinite/DMSO intercalates under 
different reaction conditions 

Serial Temperature Time Basal spacing, Intercalation 
no. (K) (h) (001) (nm) (%) 

1 423 1 1.112 88 
2 423 2 1.120 90 
3 423 4 1.113 90 
4 423 6 1.116 90 
5 423 12 1.113 90 
6 423 18 1.125 90 
7 423 24 1.119 90 

hydrothermal conditions has been considerably en- 
hanced, although it has been previously reported that 
direct intercalation of most molecules may often be 
very slow [4]. The higher rate of the reaction is at- 
tributed to the presence of larger proportions of "free" 
substrate molecules under the applied hydrothermal 
conditions, because the DMSO aggregates in liquid 
state are transformed into a more disordered state at 
higher temperature [27]. The large dipole moment of 
DMSO causes association of the molecules in the 
liquid state, thereby hindering the insertion of these 
aggregates into the kaolinite interlamellar spaces. 
A rise in temperature is expected to bring more "free" 
DMSO molecules in contact with kaolinite due to 
higher frequency of collisions, and thus facilitate their 
insertion into the lattice space by increasing the rate of 
diffusion. 

4.2. FT-IR resu l t s  
The FT-IR data of kaolinite/DMSO complex, to- 
gether with the spectral data of DMSO [4] and pure 
kaolinite [27] are presented in Table III. The corres- 

pending FT-IR spectra of the kaolinite/DMSO com- 
plexes obtained after a varying period of contact time 
are shown in Fig. 2. The vibrational band assignments 
of the kaolinite/DMSO complex are in good agree- 
ment with those reported by others [4, 25]. For kao- 
linite, the band assignments are: 3690-3620 cm -1 
(O-H stretching vibration), 1117-1016 cm- 1 (Si-O 
in-plane vibration), 941-917cm -1 (A1-OH vibra- 
tion), 797-693 cm-1 (gibbsite-like layers of kaolinite 
vibrations) and 542-421 cm-1 (Si-O-A1 skeletal vi- 
brations). The band at 3965 cm-1 has been assigned 
to stretching vibration of two coupled inner-surface 
hydroxyl groups lying almost perpendicular to the 
(00 1) plane [5]. 

The bands for DMSO have been attributed to 
asymmetric CH stretching (2994 cm-1), symmetric 
CH stretching (29i3 cm-X), asymmetric CH3 defor- 
mation (1445-1414 cm-1), symmetric CH3 deforma- 
tion (1320-1288 cm-1), SO stretching (1057cm-1), 
CH3 rocking (953-896 cm- 1), asymmetric CS stretch- 
ing (699 cm- 1) and symmetric CS stretching 
(669 cm- 1) vibrations [4]. Close examination of the 
FT-IR results presented in Fig. 2 as well as in Table 
III reveal that with the exception of the 24 h sample 
there is no discernible difference between the other 
three samples, where the hydrothermal reactions were 
carried out for 45, 60 and 360 min duration at 423 K. 

The O-H stretching band at 3621 cm- 1 is due to an 
inner hydroxyl group in kaolinite [4], and it is unlike- 
ly to be significantly affected by the inclusion of 
DMSO molecules in the interlamellar layers, because 
of its presence within the bulk of kaolinite structure. 
The relative intensity of this particular band remained 
unchanged upon intercalation and is unaffected when 
kaolinite is subjected to DMSO treatment (spectrum) 
at 423 K. The 3690 cm- 1 band in kaolinite upon in- 
tercalation has apparently been perturbed by the pres- 
ence of the DMSO guest molecules. The perturbation 
the 3690 cm- 1 band in kaolinite by about 5 cm- t unit 
is due to the close approach of the S =O linkage of the 
DMSO molecule towards kaolinite molecule [8]. The 
two bands at 3540 and 3505 cm -1 are due to the 
formation of moderately strong H-bonding between 
some of the inner-surface hydroxyls of the kaolinite 
and the sulphonyl oxygen [11, 12]. The 3646 cm -1 
band in kaolinite is absent from the kaolinite/DMSO 
intercalates. The absence (or drastic reduction in 
intensity) of this particular band with time of interca- 
lation has been related by Johnston et al. E24] to the 
extent of intercalation. The present study clearly 
shows that the intercalation was complete even after 
1 h, and is in good agreement with the XRD result 
presented above. The A1-OH vibrational bands ap- 
pear at 941 and 917 cm-1 [4] and their intensities are 
significantly reduced with intercalation, and the 
941 cm-1 band decreased more significantly than the 
917 cm- 1 band. The increased intensity and sharpness 
of the band at 1099-1114 cm71 and gradual reduction 
in intensity of the band at ,-~ 608 cm- 1 also indicate 
enhanced intercalation [4]. This is due to the bonding 
between the DMSO and the hydroxyl surface of the 
kaolinite sheets. The 941 cm-1 band is absent in the 
present experiment and the 917 cm- 1 band appears at 
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T A B L E  I I I  F T - I R  d a t a  of  pure  kaolinite,  pure  D M S O  and  k a o l i n i t e / D M S O  complex  
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Figure 2 F T - I R  spect ra  of  k a o l i n i t e / D M S O  complex  ob ta ined  un-  

der  different reac t ion  condit ions.  (a) 423 K,  45 min; (b) 423 K, 1 h, 

and  (c) 423 K, 24 h. 

907, 912, 914 and 916 cm-1 in the 45 min, 1, 6 and 
24 h, samples, respectively. These results clearly indi- 
cate the incorporation of DMSO into the layered 
structure of kaolinite. However, the shifting of the 
917cm-1 peak to the lower frequency region is due to 
the nature of hydrogen bonding in the kaolinite/ 
DMSO complex. The absence of the bands in the 
region 3000-1100cm -1 from the kaolinite/DMSO 
complex obtained after 24 h reaction is likely from the 
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decomposition of DMSO adsorbed on the surface of 
kaolinite due to longer exposure. 

4.3. TGA analysis 
TGA analysis of the kaolinite/DMSO complex under 
flowing helium at 2 ~ min-1 showed a stepwise de- 
composition of the intercalated compound. A loss of 

64% occurs at temperature > 873 K due to com- 
plete dehydroxylation resulting in the breakdown of 
kaolinite layered structure (Fig. 3). A net weight loss of 

20% at ,-~ 473 K is due to the removal of interca- 
lated DMSO from the interlamellar spaces in the 
kaolinite moiety. The weight loss corresponds to the 
formula, AlzSi2Os(OH)4(DMSO)o.vs, for the interca- 
late which is in agreement with the formula 
[A12SizOs(OH)4(DMSO)o.v4] reported by Adams 
and Watl [6] from similar analysis. The TGA results 
thus establish the stabilization of DMSO into the 
kaolinite layered structure. 

4.4. Effect of washing the kaolinite/DMSO 
complex 

The DMSO guest species was removed from inside 
that lattice by washing ten times with excess water and 
the d-spacing in kaolinite structure was practically 
restored, indicating that the DMSO/kaolinite interca- 
late unstable. 
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Figure 3 TGA profile of kaol ini te /DMSO complex. 

5. Conclusion 
The primary purpose of this work was to determine 
suitable experimental conditions to enhance the rate 
and yield of intercalation of kaolinite. The present 
results clearly indicate that the application of hy- 
drothermal conditions enhance the rate as well as the 
yield of kaolinite/DMSO complex. More than 90% of 
the treated kaolinite was intercalated, and all the in- 
tercalated sample exhibited a residual 0.714 nm reflec- 
tion in the XRD pattern. This is an important obser- 
vation, because all previous works reported a much 
longer time to achieve reasonably high yield of the 
intercalation reactions. However, the kaolinite/ 
DMSO complex was found to be unstable, because 
repeated washings with water removed DMSO from 
inside the interlamellar space of kaolinite. This obser- 
vation led us to believe that DMSO may be used as an 
entraining agent for intercalation of other compounds 
which cannot otherwise be easily intercalated into 
kaolinite or any other clay minerals. The potential 
uses of these modified clays as sinks for immobiliz- 
ation of organic pollutants may be justified by their 
unique adsorption properties and exchange proper- 
ties. 
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