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The intercalation of dimethyl sulphoxide (DMSO), pyridine (Py), ethanolamine (Ea), and N-
methyl formamide (NMF) molecules into the kaolinite interlayers led to an appreciable decrease of
3697 cm−1 of the hydroxyl band. The appearance of the peaks at 3662, 3541, and 3504 cm−1 proved
that the DMSO species are intercalated between the kaolinite layers through forming H-bonds with
internal-surface hydroxyl groups. The intensities of the 942 and 796 cm−1 bending peaks arising from
inner-surface hydroxyls decreased and new vibrational features appeared due to the intercalation of
the guest species. The d001 value of pure kaolinite was found at 7.18 Å, and the d001 values were seen
at 11.26, 11.62, 10.77, and 10.67 Å for kaolinite-dimethyl sulphoxide (K-DMSO), kaolinite-pyridine
(K-Py), kaolinite-ethanolamine (K-EA), and kaolinite-N-methyl formamide (K-NMF) composites,
respectively. The endothermic differential thermal analysis (DTA) peaks at a temperature of 108 –
334 ◦C reflected the changes in the physicochemical properties of the intercalated species. The ther-
mal stability increase followed the order of K-Py<K-NMF<K-Ea<K-DMSO. Based on the ther-
mal analysis data, the intercalation ratios of the composites above were determined as 80.0, 40.0, 81.6,
and 82.0 %, respectively. The specific surface areas are affected by the intercalation geometry of the
composites within the gallery spacing. The surface areas of the K-DMSO, K-Py, and K-EA complexes
increased whereas the surface area of K-NMF decreased with respect to that of untreated kaolinite.
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1. Introduction

Various processes such as acid activation, organo-
clay synthesis, intercalation, calcination, and pillaring
have been employed to obtain clay products of high
quality and desired properties [1 – 5]. An expansion of
these processes is the development of new application
areas, and the intercalation process is an important step
to synthesize the clay-based solid materials. The prepa-
ration method of the intercalation complexes may vary
depending on the structure, surface area, and swelling
capability of clay and the size, polarity, and binding
ability of the guest molecules. The guest species are
intercalated into kaolinite layers by overcoming the in-
teractions between the kaolinite layers and build H-
bonds with inner-surface hydroxyls and inner-surface
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oxygens. Intercalation complexes have been widely
used in paints, catalysis, membranes, liquid crystals,
automotive industry, electrical materials, and particu-
lar biomedical fields as ion exchangers, selective ad-
sorbents, catalyst, and reinforcing fillers [6 – 9].

Organic and inorganic molecules such as formamide
[10 – 14], N-methyl formamide (NMF) [15,16], potas-
sium acetate [17], acetamides [18, 19], hydrazine [11,
17, 20, 21], urea [22], dimethyl sulphoxide (DMSO)
[23 – 26], and short chain oil acids [27] may form
‘intercalation units’ within the unique structure of
kaolinite by overcoming the cohesive forces be-
tween the free surface hydroxyl groups whereas non-
reacting molecules of large size (benzamide [28,29],
cylic imides [30], lactam [31], alkoxysilanes [32],
pyridine [33], pyridine-carboxylic acids [34], alkyl-
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amines [35]) are entrained by the templates such
as DMSO, methanol, and NMF. In addition, the
nanocomposite materials prepared by the intercalation
of polymer via displacement technique exhibit thermo
stability, electric performance, and tensile and barrier
properties [36 – 39]. Therefore, considerable attention
has been paid to characterize the precursors to ordered
organo-clay composites formed on kaolinite-type min-
erals [40 – 45].

In the present study, the structural features of the
DMSO, pyridine, ethanolamine, and NMF species in-
tercalated by kaolinite were focussed by using X-ray
diffraction (XRD), Fourier transform infrared (FTIR),
thermogravimetry-derivative thermogravimetry (TG-
DTG), and differential thermal (DT) analyses and sur-
face area measurement techniques.

2. Materials and Methods

Kaolinite (K, Sigma, 212 µm), dimethyl sulphox-
ide (Fluka, 99.99 %), pyridine (Fluka, 98.00 %),
ethanolamine (Fluka, 99.00 %), and N-methyl for-
mamide (Fluka, 99.00 %) were used for preparing the
intercalation species.

3 g K was mechanically stirred with 40 ml DMSO
at 25 ◦C for two days in a 50 ml flat-bottomed glass
flask and the supernatant was separated by centrifuga-
tion at 2000 rpm. The solid product (K-DMSO) was
washed with ethanol two times and dried at 60 ◦C for
two days to eliminate the excess of DMSO [23, 40].
The displacement technique (from K-DMSO compos-
ite) was used to prepare the Kaolinite-Pyridine (K-
Py) intercalate. 1 g K-DMSO was thoroughly mixed
with 40 ml pyridine at 60 ◦C for one day under nitro-
gen atmosphere. The supernatant was discarded and
the precipitate was washed with ethanol. The solid
product was dried at 60 ◦C for two days and sieved
to 212 µm [33].

1 g K was thoroughly mixed with 40 ml ethanol-
amine at 60 ◦C for one day under nitrogen atmosphere.
The supernatant was discarded and the precipitate was
washed with ethanol. The solid product (K-EA) was
dried at 60 ◦C for two days at and sieved to 212 µm.

1 g K was thoroughly mixed with 40 ml NMF
at 60 ◦C for one day under nitrogen atmosphere. The
supernatant was discarded and the precipitate was
washed with ethanol. The solid product (K-NMF) was
dried at 60 ◦C for two days and sieved to 212 µm [16].

FTIR spectra of the bentonite samples were
recorded in the spectral region of 4000 – 200 cm−1

on a Mattson-1000 FTIR spectrometer at a reso-
lution of 4 cm−1. XRD patterns were taken on a
Rigaku 2000 automated powder diffractometer using
Ni-filtered CuKα radiation (λ = 1.54050 Å; 40 kV
and 40 mA). Bragg’s law, defined as nλ = 2d sinθ ,
was used to calculate the crystallographic spacing (d)
of the bentonite samples. Thermal analysis runs were
performed simultaneously on a Rigaku TG 8110 ther-
mal analyzer combined with TAS 100 (range: 25 –
1000◦) under nitrogen flow (80 ml/min) at a heating
rate of 10◦/min. Calcinated α-alumina was taken as the
reference. Surface areas were measured by adsorption
of a special gas mixture (30 % N2 + 70 % He) at 77 K
using a Quantachromosorb instrument. The samples
were outgassed at 120◦ for two hours prior to the sur-
face area measurements.

3. Results and Discussion

3.1. XRD Data of Samples

The d001, d020, d11̄0, d111̄, d11̄1̄, and d002 diffrac-
tions of the raw kaolinite are seen at 12.32, 19.84,
20.32, 21.08, 21.44, and 24.84◦ (2θ ) with the dis-
tances of 7.18, 4.47, 4.37, 4.21, 4.14, and 3.58 Å, re-
spectively (Fig. 1a). When the kaolinite interact with
the guest species, an expansion is observed along the
c-axis only [17, 39]. New peaks appearing at a dis-
tance of 11.27 and 3.76 Å under 7.84 and 23.80◦ (2θ )
(Fig. 1b) signify that the DMSO molecules are di-
rectly intercalated into the kaolinite mineral in agree-
ment with the data reported in the literature [23 – 26].
The basal spacing of kaolinite expands from 7.18
to 11.27 Å (an increase by 4.09 Å), and it may be pro-
posed based on this expansion that one of the methyl
groups of DMSO is keying into ditrigonal holes of
the siloxane layer [23, 26, 43, 44]. Direct intercalation
of pyridine molecules into interlamellar spacing of
kaolinite was not successful but they were inserted
into the kaolinite interlayer by replacement of the pre-
intercalated DMSO species. The d001 peak of the re-
sultant K-Py composite was observed at 7.60◦ (2θ )
with a distance of 11.62 Å (Fig. 1c). Keying of pyri-
dine species into the inner layers of kaolinite resulted
in an increase of the d001 value by ∼ 4.44 Å along
the c-axis which is below the expected basal spacing
value of kaolinite. Since the molecular size of pyri-
dine (6 – 7 Å) is bigger than this value, the pyridine
species has to be tilted slightly with respect to the inter-
layer plane [33]. The d001 value of the K-EA complex
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Fig. 1. XRD patterns of (a) Kaolinite,
(b) Kaolinite-DMSO, (c) Kaolinite-Py,
(d) Kaolinite-Ea, and (e) Kaolinite-NMF.

was determined as 10.77 Å at 8.20◦ (2θ ) which de-
notes the penetration of the ethanolamine species into
the interlayer space of kaolinite (Fig. 1d). On direct in-
sertion of NMF into the interlamellar spacing of kaoli-
nite, a very strong peak with the distance of 10.67 Å
corresponding to the newly formed diffraction plane
is observed at 8.28◦ (2θ ). Furthermore, the diffraction
peaks belonging to the d001 and d002 planes of kaolinite
are observed at 12.40◦ (2θ ) and 24.92◦ (2θ ) with the
distances of 7.13 and 3.57 Å, respectively (Fig. 1e).
The intensities of these peaks, which were observed
for all intercalated complexes here, decreased with the
increase of the intercalation ratio. The observation of
new diffractions and the expansion of the interlayer
spacing of kaolinite by 4.09, 4.44, 3.59, and 3.49 Å

Table 1. d001 distances of intercalation complexes, interlayer
expansion (∆d), and intercalation ratio (IRa) values deter-
mined from XRD data and thermal analysis data.

Sample d001 ∆d IRa based on IRa based on
(Å) (Å) XRD data (%) thermal analysis data (%)

K 7.18 – – –
K-DMSO 11.27 4.09 89.0 80.0
K-Py 11.62 4.44 50.0 40.0
K-Ea 10.77 3.59 92.6 81.6
K-NMF 10.67 3.49 93.0 82.0

(∆d) along the z(c)-axis, respectively, following the in-
sertion of the DMSO, Py, EA, and NMF species may
be taken as a clear evidence to the proceeding of a suc-
cessful intercalation processes. The intercalation ratios
calculated from the XRD data of these species are 89,
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Fig. 2. FTIR spectra of (a) Kaolinite,
(b) Kaolinite-DMSO, (c) Kaolinite-Py,
(d) Kaolinite-Ea, and (e) Kaolinite-NMF.

50, 92, and 92 %, respectively [28]. The amount of the
NMF species intercalated by kaolinite is higher than
the other molecules (Table 1).

3.2. FTIR Spectra of Samples

The kaolinite mineral has four IR-active bands cen-
tered at 3697, 3671, 3650, and 3623 cm−1, originat-
ing from different hydroxyl groups (Fig. 2a) [46 – 48].
In the raman spectrum of the kaolinite mineral, an ad-
ditional raman active but not IR-active band exists at

3684 cm−1 [49, 50]. The three higher frequency vi-
brational peaks belong to the stretches of the inner-
surface hydroxyl groups whereas the peak at a lower
frequency (3623 cm−1) corresponds to the inner-sheet
hydroxyl groups. The 3697 and 3671 cm−1 bands are
attributed to coupled antisymmetric and symmetric vi-
brations [46 – 49]. The peak at 3650 cm−1 originates
from the combination of the OH2 and OH4 groups or
adsorbed water species [51]. The peak at 3684 cm−1

depends on the orientations and positions of both the
inner-sheet and inner-surface hydroxyl groups. This
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peak has also been observed due to the orientation
of the H-bonds between the inner-surface hydroxyls
and the siloxane layer in vicinity [12]. However, the
peak at 3650 cm−1 may be assigned to the out-of-
phase analogue of the in-phase vibration located at
3684 cm−1 [50].

The insertion of DMSO into the interlayer spac-
ing of kaolinite resulted in a significant decrease
of the intensity of the inner-surface hydroxyl band
at 3697 cm−1, and three new sharp peaks emerge
at 3662, 3541, and 3504 cm−1 (Fig. 2b). The changes
in the intensities and positions of these peaks de-
pend on the interlayer characteristics of the clay min-
erals [27]. When the intercalation ratio of DMSO
is increased, the peak at 3697 cm−1 loses intensity
whereas the peaks at 3662, 3541, and 3504 cm−1

become stronger [23, 52]. The inner-layer hydroxyl
stretching peak at 3623 cm−1 is not affected by the
presence of DMSO species in general [52]. How-
ever, the intensity of this peak changes when the
kaolinite-DMSO complex is formed [25]. This means
that the DMSO species interact with the relatively free
inner-surface hydroxyl groups and thus, new hydro-
gen bonds are built in a three-dimensional structure
wherein the DMSO species are triply H-bonded and
situated above the vacancies in the octahedral sheet
of the kaolinite [23, 25]. The antisymmetric and sym-
metric C-H stretching peaks at 2994 and 2913 cm−1,
the antisymmetric CH3 deformation peaks at 1438,
1414, and 1404 cm−1 and the symmetric deformation
CH3 peak at 1314 cm−1 of pure DMSO molecules
shift to 3022 and 2937 cm−1; and to 1429, 1409,
and 1395 cm−1 and 1319 cm−1, respectively, after
intercalation of DMSO (Table 2) [53]. The shifts to
low energy regions of these C-H stretching and bend-
ing vibrations are caused by the repulsion between
the carbon atom of the methyl group and the neigh-
bouring dipoles (the OH groups and the surface oxy-
gen atoms of the clay) [25, 43, 44]. In addition, the
bending mode of the inner-surface hydroxyl (Al-O-
H) groups at 942 cm−1 is weakened following the in-
sertion of DMSO. The presence of the ν(S=O) peak
at 1033 cm−1 and the absence of the symmetric C-S
vibration in the spectrum of the K-DMSO composite
point out that the H-bonding occurs through the oxy-
gen atom of the DMSO molecule.

The treatment of the K-DMSO composite with pyri-
dine caused the disappearance of the characteristic
peaks of DMSO, the decrease of the intensity of the
hydroxyl peak at 3697 cm−1 and gave rise to the emer-

Table 2. Peak assignments of vibrational features of K-
DMSO, K-Py, K-EA, and K-NMF complexes.
Peak assignment Experimental [53] Experimental

DMSO K-DMSO
νCH 2994 3022
νCH 2913 2937
δHCH + τHCSC 1438 1429
δHCH + τHCSC 1414 1409
δHCH 1314 1319

Py K-Py
νCH 3079 –
νCH 3029 –
νCH 3002 –
νC +νNC +δCNC +δHCN 1580 1599
δHCN +δHCC +νNC +νCC 1484 1490
δHCC +δHCN 1440 1442
δHCN +δHCC 1384 –

Ea K-Ea
νOH 3642 3550
νNH 3351 3356
νNH 3286 3311
νCH 2935 – 2863 2946 – 2889
δHNH 1601 1619
δHCH 1457 1530
δHCN +δHOC + τHCCO 1360 1383

NMF K-NMF
νNH 3295 –
νCH 3067 3073
νCH 2944 2953
νCH 2878 2907
νO=C 1689 1682
δHCH + τNCNC +δHNC 1545 1533
δHCO 1387 1381
νNC +δHNC +δOCN 1249 –

ν : stretching; δ : in plane bending; τ : torsion.

gence of new peaks at 3642 and 3545 cm−1 in the OH
vibrational region (Fig. 2c). The peak at 3642 cm−1

originates from the formation of H-bonding between
pyridine and inner-surface hydroxyl groups of kaoli-
nite. The weakening of the stretching and deforma-
tion peaks of the inner-surface hydroxyls at 3697
and 942 cm−1, respectively, prove the formation of H-
bonding. The H-bonded pyridine species gave rise to
the peaks at 1440 and 1590 cm−1 whereas the pyri-
dine species coordinated to the Lewis and Bronsted
acidic centres result in the peaks at 1450, 1610, 1490
and 1540, 1490, 1635 cm−1, respectively (Fig. 2c and
Table 2). These bending peaks are expected to be af-
fected by the interlayer positions of the adsorbed pyri-
dine species. Hence, the intensity variations and shifts
to higher frequencies of the Si-O-Si stretching peaks
depend on the strength of the interactions between the
oxygen plane and the intercalated pyridine species.
Thus, the shift of the peak belonging to pure pyridine
at 1440 cm−1 to 1442 cm−1 and the appearance of
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Table 3. Thermal analysis data of K, K-DMSO, K-Py, K-EA,
and K-NMF complexes.
Sample Temperature range Mass loss DTAmax.

(◦C) (%) (endo)
K 397 – 628 12.9 504

950 – 990 0.0 987(exo)
K-DMSO 50 – 203 18.24 166

235 – 606 13.07 512
950 – 990 0.0 984(exo)

K-Py 50 – 199 9.0 108 – 156
400 – 540 12.1 507
950 – 990 0.0 984(exo)

K-Ea 50 – 195 9.36 154
195 – 400 6.24 334
400 – 545 9.73 474
950 – 990 0.0 978(exo)

K-NMF 50 – 203 15.35 144
366 – 615 17.50 475
950 – 990 0.0 987(exo)

the peak at 1599 cm−1 show the H-bonding between
the intercalated pyridine species and inner-surface hy-
droxyl groups since the pyridinium species do not have
any prominent peak in the ring frequency region but the
H-bonded pyridine species exhibit a number of peaks
in this region [54 – 60].

Following direct intercalation of ethanolamine into
kaolinite layers, the intensity of the hydroxyl peak
at 3697 cm−1 decreased and new peaks at 3550,
3421, 3356, and 3311 cm−1 were observed (Fig. 2d).
The peaks at 3356 and 3311 cm−1 which are at-
tributed to the N-H stretches of K-EA species are ob-
served at 3351 and 3286 cm−1 for liquid ethanolamine
and shifted to higher frequencies during the inter-
calation process. However, there seemed no inten-
sity changes of these peaks and it is understood that
the ethanolamine molecule is bound to the surface
OH groups of kaolinite by H-bonding and the vibra-
tional peak emerged at 3421 cm−1 in parallel with this
which originates from the intercalated ethanolamine
species proves the occurrence of a successful inter-
calation process. The stretching peak of the inter-
layer hydroxyl groups at 3623 cm−1 was not af-
fected by the process. The C-H stretching peaks which
appeared at 2935 and 2863 cm−1 for pure liquid
ethanolamine shifted to the higher frequencies of 2946
and 2869 cm−1. The N-H stretching, the C-H bend-
ing and C-H stretching peaks of liquid ethanolamine
at 1601, 1457, and 1360 cm−1 shifted to 1619, 1530,
and 1383 cm−1, respectively, for K-EA complex, as a
result of the intercalation process (Table 3). The NH
deformation peak at 1670 cm−1 shifted to higher fre-
quency due to the repulsion between the NH group

of the intercalation complex and oxygen atoms of the
siloxane layers.

The intensity of the OH peak of kaolinite at
3697 cm−1 decreased strikingly and a new vibrational
feature developed at 3423 cm−1 on intercalation of
NMF molecule into the interlayer spacing (Fig. 2e). In
addition, there occurred no variations in the stretching
peak at 3623 cm−1 of inner-sheet hydroxyls of kaolin-
ite. The significant intensity loss of the peak of inner-
surface hydroxyls at 3697 cm−1 and the emergence
of a new feature at 3423 cm−1 at the expense of the
former peak show that the intercalation of the NMF
species occurs through H-bonding. The maximium in-
tensity loss of the peak at 3697 cm−1 compared to
other kaolinite complexes in this study points out that
the NMF molecule interacts primarily with the per-
pendicular inner-surface hydroxyl groups. The C=O
stretching peak of liquid NMF at 1689 cm−1 shifted
to 1682 cm−1 for the K-NMF complex, which indi-
cates that the binding occurs through the carbonyl oxy-
gen of the molecule. But, the CN stretching peak of liq-
uid NMF at 1387 cm−1 was observed at 1381 cm−1 for
the K-NMF complex (Table 2). If the NMF molecule
was bound to kaolinite via the oxygen atom of car-
bonyl, the C-N stretching peak would be expected to
shift to the higher frequency. This means that the NMF
molecule forms an H-bonding with inner-surface hy-
droxyls via the carbonyl oxygen and it also forms an H-
bond with the oxygen of the siloxane layer via the NH
group. This type of binding may explain the frequency
increase of the C-N stretching peak. In addition, the
N-H deformation peak of liquid NMF at 1544 cm−1

is seen at a lower frequency at 1533 cm−1; the C-
H stretching peaks of liquid NMF at 3067, 2944,
and 2878 cm−1 shifted to 3073, 2953, and 2907 cm−1,
respectively, whereas the C-H deformation peaks
at 1460 and 1415 cm−1 are located at 1458
and 1415 cm−1, respectively, following the intercala-
tion of the NMF species. Furthermore, the intensity
loss of the bending peak of the inner-surface hydroxyl
at 942 cm−1 verifies that the NMF molecule forms H-
bonds with inner-surface hydroxyls of kaolinite.

3.3. Thermal Analysis Data of Samples

An endothermic mass loss by 12.9 % with a DTA
peak at 504 ◦C corresponding to the dehydroxyla-
tion stage of kaolinite is observed in the temperature
range of 397 – 628 ◦C (Fig. 3a). The DTA peak centred
at 987 ◦C is not accompanied by any mass losses on the
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Fig. 3. DTA, DTG, and TG curves
of (a) Kaolinite, (b) Kaolinite-DMSO,
(c) Kaolinite-Py, (d) Kaolinite-Ea, and
(e) Kaolinite-NMF.

TG and DTG curves. A phase transition of dehydroxi-
lated kaolinite to γ-alumina and/or mullite is likely to
occur at this temperature [29]. For K-DMSO, a mass
loss by 13.1 % in the range of 235 – 606 ◦C on the DTG
curve and an exothermic DTA maximum of 984 ◦C
are observed similar to that of untreated kaolinite
(Fig. 3b). These peaks correspond to the dehydroxila-
tion of kaolinite and the formation of γ-alumina and/or
mullite similar to that of kaolinite. In addition to those
variations, a DTG maximum of 164 ◦C with a mass loss
by 18.2 % in the range of 50 – 203 ◦C on the TG curve
is observed (Table 3). This mass loss emerges as an en-
dothermic feature on the DTA curve and corresponds
to the intercalated DMSO species. Based on the inter-

calation ratio of DMSO which was determined as 80 %
using the thermal analysis results (Table 1), the struc-
ture of the K-DMSO complex may be represented by
the formulae Al2Si2O5(OH)4[(CH3)SO]0.8.

Following the replacement of the DMSO compos-
ites by pyridine species, the DTG peak at 507 ◦C and
the DTA peak at 984 ◦C are observed on the thermal
analysis curves of the newly obtained K-Py complex
(Fig. 3c). The peak maxima at 108 and 156 ◦C with a
total mass loss by 9.0 % indicate a two-step decompo-
sition process in the temperature range of 50 – 199 ◦C
(Table 3). The first stage which occurs with a mass
loss of 4.2 % in the range of 80 – 126 ◦C and the sec-
ond stage that occurs with a mass loss of 4.6 % in the
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range of 126 – 199 ◦C are due to the removal of the in-
tercalated pyridine species and indicate that pyridine
molecule interacts with the K-DMSO complex. Refer-
ring to the intercalation ratio of 40 % obtained from
the thermal analysis data (Table 1), the K-Py complex
may be represented by the formulae Al2Si2O5(OH)4-
(C5H5N)0.4.

On the TG curve of the K-EA complex which is
obtained by insertion of ethanolamine into the inter-
layer spacing of kaolinite, the mass losses by 9.5, 6.2,
and 9.7 % are observed in the temperature intervals
of 50 – 195, 195 – 400, and 400 – 545 ◦C, respectively
(Fig. 3d). These mass losses correspond to the en-
dothermic DTA peaks centred at 154, 334, and 474 ◦C,
respectively (Table 3). The dehyroxilation process oc-
curs in two steps when ethanolamine species are in-
tercalated into the interlayer spacing of kaolinite. The
DTA peak maxima of 154 and 334 ◦C which are ac-
companied by a total mass loss of 15.6 % are due to
the removal of ethanolamine molecules. Referring to
the intercalation ratio of 81.6 % based on this mass loss
(Table 1), the K-EA complex may be represented by
the formulae Al2Si2O5(OH)4(OHCH2CH2NH2)0.816.
The DTG peak centred at 474 ◦C is accompanied by
a mass loss of 9.7 % which originates from dehy-
droxilation of kaolinite. The exothermic DTA peak
at 972 ◦C belongs to the phase transition resulting in
γ-alumina and/or mullite structures similar to the in-
tercalation complexes above. In addition to this, a dis-
tinct endothermic feature which was centred at 882 ◦C
in the temperature range of 545 – 906 ◦C with a mass
loss by 8.8 % on the TG curve of the K-EA complex
may be inferred from dehyroxilation of kaolinite since
the dehyroxilation process of kaolinite takes place be-
tween 400 and 1000 ◦C.

K-NMF gives rise to a peak centred at 510 ◦C in
the range of 366 – 615 ◦C on the TG and DTG curves
which is accompanied by a mass loss of 17.5 %. This
loss which is represented by an endothermic DTA peak
at 475 ◦C belongs to the dehyroxilation of kaolin-
ite. The exothermic DTA peak at 987 ◦C shows the
formation of γ-alumina and/or mullite from kaolin-
ite (Fig. 3e and Table 3). Furthermore, the endother-
mic DTA peak centred at 144 ◦C is associated with a
mass loss of 15.4 % in the temperature range of 50 –
203 ◦C corresponding to the desorption of molecular
NMF species. Based upon the intercalation ratio of
NMF calculated as 82 % from the thermal analysis data
(Table 1), the K-NMF complex may be designated as
Al2Si2O5(OH)4(CH3NHCOH)0.82.

Table 4. Specific surface areas of intercalation complexes.

Sample Surface area (m2/g)
K 12.8±0.3
K-DMSO 14.6±0.3
K-Py 15.1±0.3
K-Ea 14.2±0.3
K-NMF 10.8±0.3

3.4. Surface Areas of Samples

The specific surface area of the kaolinite sample
used in this study was determined to be 12.08 ±
0.3 m2/g (Table 4), showing a mesoporous or macro-
porous structure rather than a microporous structure.
It may be seen from Table 4 that the surface areas of
the K-DMSO, K-Py, and K-EA complexes increase
while that of K-NMF decreases in comparison with
the surface area of kaolinite. The possible interca-

Fig. 4 (colour online). Schematic representation of Kaolinite-
DMSO.
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Fig. 5 (colour online). Schematic representation of Kaolinite-
Py.

lation geometries of DMSO, pyridine, ethanolamine,
and N-methyl formamide species within the inter-
layer spacing of kaolinite are illustrated as models
in Figures 4 – 7. The organic molecules are located
in the interlayer spacing form smaller pores (meso-
and micropores) and thus, increase the surface of pure
kaolinite depending on the amount of the interlayer
expansion and also the intercalation position of the
guest species within the interlayer spacing of the clay
mineral. The specific surface area of K-Py is big-
ger than those of K-DMSO and K-EA because of
the larger interlayer expansion and the formation of
smaller sized interlayer pores on the hydroxyl plane
as a result of the H-bonding between inner-surface
hydroxyls and pyridine species. The higher specific
surface area of K-DMSO compared with that of the
K-EA complex may be explained by the induction
of a greater expansion by the DMSO species inter-

Fig. 6 (colour online). Schematic representation of Kaolinite-
Ea.

calated in different geometries in the interlayer spac-
ing.

The K-NMF complex is expected to have a higher
surface area compared with that of kaolinite since its
interlayer spacing is larger than that of kaolinite. How-
ever, the smaller specific surface area of this com-
plex which is similar to that of the K-Benzamide com-
plex [29] implicates that the interlayer configuration
of the intercalated species is more effective than the
interlayer distance in determining the surface of the
organo-kaolinite complex. It is possible to say that the
larger the molecule the bigger the number of micro-
and mesopores blocked by the intercalated species.
The intercalation geometry of the NMF species within
the interlayers of kaolinite is shown as a model in Fig-
ure 7. The NMF molecule is bound both to the surface
hydroxyls in the hydroxyl plane and the oxygen atoms
in the oxygen plane through H-bonding in a bridging
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Fig. 7 (colour online). Schematic representation of Kaolinite-
NMF.

position that will decrease the strength of nitrogen ad-
sorption.

4. Conclusions

The following general conclusions may be derived
from the data of all the samples presented in this
study. The specific surface area was affected by the
intercalation geometry most during the intercalation
process. If the molecule interacted with a monolayer
and formed micro- or mesopores, the surface area
increased whereas the interaction with a double
layer prevented the access of inert gas (nitrogen)
to the pores and the surface area decreased. The
intensity decrease of the peak at 3697 cm−1 and the
variations in the intensity ratios of the peaks at 3697
and 3623 cm−1 during the intercalation processes are
related to the intercalation ratios of the molecules.
The intercalation ratios of the molecules determined
from the intensity ratio of these peaks followed the
order: NMF ∼= Ethanolamine > DMSO > Pyridine.
The intensity losses of the bending peaks of the
inner-surface hydroxyl and the M-OH groups of
kaolinite point out the presence of the interaction
between the intercalated species and the inner-surface
hydroxyl groups of kaolinite. Thermal analysis results
support the XRD data proving that the smaller the size
of the guest molecule the higher is the intercalation
ratio.
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