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The effect of the temperature (175, 185, 195 and 220 °C) on the grafting of y-aminopropy! triethoxysilane
(APTES) on the interlayer hydroxyl groups of kaolinite pre-intercalated with DMSO were investigated
using Fourier transform infrared spectroscopy, X-ray diffraction, thermal analysis and elemental analysis.
The APTES-modified kaolinite prepared at 220 °C showed a structure with high content of APTES and high
thermal stability, in which the APTES molecules were grafted on to the inner-surface hydroxyl groups of ka-
olinite and arranged in the form of cross-linked monolayers. The APTES-modified kaolinites prepared at 175,

Keywords:

1<3J(;lmite 185 and 195 °C exhibited inhomogeneous interlayer structure with pseudo-bilayer arrangements composed
~y-Aminopropyl triethoxysilane of grafted APTES molecules and hydrogen-bound DMSO or APTES molecules coexisting with monolayer ar-
Grafting rangements. The monolayer arrangement of APTES corresponded to the basal spacing of about 1.00 nm

and the pseudo-bilayer arrangement 1.73-1.89 nm. High reaction temperature was advantageous to the for-
mation of the monolayer arrangement by promoting the exchange of the DMSO molecules by APTES mole-
cules in the interlayer space of kaolinite, as well as the transformation of hydrogen-bound APTES

molecules into grafted molecules.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Over the past decades, organoclay has attracted numerous atten-
tions in clay science (Gelfer et al., 2004; Hanley et al., 2003; Hedley
et al., 2007; Lagaly et al.,, 2006; Xi et al., 2007a), environmental engi-
neering (Beall, 2003; Churchman et al., 2006; Groisman et al., 2004;
Nir et al., 2006; Stathi et al., 2007; Sun and Jaffé, 1996) and materials
science (Dennis et al,, 2001; Liu et al., 2005; Ruiz-Hitzky and Van
Meerbeek, 2006). Various methods were proposed to prepare orga-
noclays and the related organoclay-based materials: ion exchange
(Lagaly and Beneke, 1991; Xi et al., 2007b), intercalation (Komori et
al., 1999; Lagaly, 1986;) and grafting reactions (He et al., 2005;
Heinrich et al., 2002; Meerbeek and Ruiz-Hitzky, 1979; Park et al.,
2004; Ruiz-Hitzky and Rojo, 1980; Ruiz-Hitzky et al., 1985; Tonlé et
al., 2008; Tunney and Detellier, 1993). Organoclay prepared by graft-
ing show excellent chemical, structural and thermal stability because
of the covalent bonds between grafted molecules and the clay miner-
al matrix, enabling promising applications such as environmental re-
mediation (Letaief et al., 2008; Mercier and Detellier, 1995) or
nanocomposites (Isoda et al., 2000; Moet and Akelah, 1993).

The most widely used clay minerals in the preparation of surface-
grafted organoclays are the 2:1 clay minerals, such as montmorillonite
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(Mercier and Detellier, 1995; Park et al., 2004; Shanmugharaj et al.,
2006; Song and Sandi, 2001), Laponite (Herrera et al., 2005; Park et
al., 2004; Wheeler et al.,, 2005) and hectorite (Guerra et al., 2010). In
contrast, kaolinite received less attention for grafting reactions. The
interlayer aluminol groups of kaolinite are available for the grafting re-
actions, the external specific surface area of kaolinite is very small as
compared to the interlayer surface area, and the contribution of the hy-
droxyl groups at the edges or surface defects for the grafting reactions is
modest.

For an interlayer grafting of kaolinite, the hydrogen-bound inter-
actions between the structural unites have to be overcome. For this
reason, compounds with high dipole moments such as dimethyl sulf-
oxide (DMSO) should be firstly intercalated into kaolinite before the
subsequent grafting. Some researchers had conducted studies on the
interlayer grafting of kaolinite (Brandt et al., 2003; Letaief et al.,
2008; Tonlé et al., 2007, 2011; Tunney and Detellier, 1993, 1996)
with ethylene glycol, ethylene glycol methyl ether, 1, 2-propanediol
and 1, 3-propanediol. Some other researchers had also reported the
grafted reactions between the inner-surface hydroxyl groups of kao-
linite and the small alcohol molecules, such as methanol, ethanol-
amine, D-sorbitol, adonitol, butanediols, hexanol etc. (Gardolinski
and Lagaly, 2005a, 2005b; Itagaki and Kuroda, 2003; Murakami et
al., 2004).

In recent years, some efforts in using organosilane for the interlayer
grafting of kaolinite were made because the functional groups of orga-
nosilane can provide versatile properties such as organophilicity
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(Garea et al., 2008), metal affinity (Tan et al., 2011) and enzyme immo-
bilization (Hernando et al, 2007; Kim et al, 2006; Kobayashi and
Matsunaga, 1991). Avila et al. (2010) prepared the y-mercaptopropyl
trimethoxysilane-grafted kaolinite and Tonlé et al. (2007) used the
y-aminopropyl triethoxysilane (APTES) grafted kaolinite as coating
of platinum electrodes for the use as electrochemical sensor. As
the size of most organosilane molecules is much larger than that of
the short chain alcohols, rigorous reaction conditions have to be ap-
plied to achieve interlayer grafting. These conditions included nitro-
gen atmosphere, high reaction temperatures, and pure organosilane
as the solvent (Kobayashi and Matsunaga, 1991; Tonlé et al., 2007,
2011). Yuan et al. (2008) reported that under mild reaction condi-
tions APTES could not enter the interlayer space of kaolinite or tubu-
lar halloysite.

The influence of the reaction temperature during the grafting re-
actions needs to be clarified because of the previous studies (Avila
et al, 2010; Tonlé et al., 2007). Tonlé et al. (2007) prepared the
APTES-grafted kaolinite below 195 °C, a temperature slightly below
the boiling point of APTES. The grafted derivative displayed the 001
reflection at 1.64 nm, which was proposed as the result of either the
APTES species arranged in a nonflattened-configuration or the forma-
tion of a bilayer APTES. Avila et al. (2010) reported the APTES-grafted
kaolinite prepared below200 °C. The products showed two reflections
with d values of 18.4 and 9.96 A and were assigned to the first-order
and second-order basal reflections or to two different arrangements
of the interlayer silane molecules. In the present study, kaolinite
was reacted with APTES at 175, 185, 195 and 220 °C The temperatures
of 175 and 185 °C are below the boiling point of the DMSO (189 °C).
The upper limit of the temperature was selected as 220 °C because
at this temperature the reaction mixture is boiling but pyrolysis of
APTES will not occur.

2. Materials and methods
2.1. Materials

The raw kaolinite (Kt) was obtained from Maoming, Guangdong
Province, China, and used as received without further purification.
Its chemical composition (mass %) was: SiO,, 46.75; Al,0s3, 39.15;
Fe,05, 1.02; Ca0, 0.21; MgO, 0.10; K,0, 0.25; Na,0, 0.26; MnO, 0.01;
TiO,, 0.32; P,0s, 0.04; ignition loss, 11.92. y-aminopropyl triethoxysi-
lane (98%) was purchased from Sigma-Aldrich. Dimethyl sulfoxide
(DMSO), isopropanol, and 1, 4-dioxane were of analytical grade puri-
ty (above 99.7%, Sinopharm Chemical Reagent Co., Ltd) and used as
received.

2.2. Preparation of the DMSO-intercalated kaolinite

About 10.0 g kaolinite was dispersed in a mixture of 60.0 mL
DMSO and 10.0 mL distilled water. The dispersion was stirred and
refluxed at 150 °C for 12 h, followed by aging at room temperature
(about 25 °C) for 12 h. The solid material was separated by centrifu-
gation and washed for 3 times with 1, 4-dioxane and isopropanol
(2 times) to eliminate the excess DMSO. The product was air-
dried at 60 °C for 24 h, and ground to powder. The final DMSO-
intercalated kaolinite is denoted as Kt-D.

2.3. Grafting reaction

A dispersion of Kt-D (2.0g) in 10.0 mL of APTES under N,
atmosphere was refluxed at 48 h at 175, 185, 195 and 220 °C.
The products were centrifuged and washed 6 times with isopropanol
and dried at 80 °C for 12 h (Kt-D-A/175, Kt-D-A/185, Kt-D-A/195,
and Kt-D-A/220).

2.4. Hydrolysis and condensation of APTES

The hydrolyzed product of APTES at ambient condition was used
as a reference sample. It was prepared according to the following pro-
cedures: 3.0 mL APTES solution was dried at ambient condition (the
room temperature was about 25 °C and the relative humidity was
about 77%) for 12 h. The dried product (denoted as Hydro-A) was a
white solid which was also ground to powder. Hydro-A samples
were heated at 200, 300, 400, and 600 °C for 4 h under N, atmosphere
(Hydro-A/200, Hydro-A/300, Hydro-A/400, and Hydro-A/600).

3. Characterization

The CHNS elemental analyses were performed on an Elementar
Vario EL III Universal CHNOS elemental analyzer. The content of
loaded APTES (Mapres, mmol silane/g sample) was determined by
Mapres = Wn /My, where Wy was the content (mass %) of nitrogen
obtained by the elemental analysis. My was the molar mass of N
(14.01 g/mol). The content of DMSO in the modified kaolinite was
derived from the sulfur content.

Infrared spectra were acquired on a Bruker Vertex-70 Fourier
transform infrared spectrometer using 64 scans with a resolution of
2 cm™ ', The specimens for the measurements were prepared by mix-
ing the sample powder with KBr at an appropriate ratio and pressing
the mixtures into transparent pellets.

X-ray diffraction patterns were obtained on a Bruker D8 advanced
diffractometer (Cu Ko radiation, A =0.154 nm, 40 kV, 40 mA). The
scan rate was 1° (26)/min.

Thermal analyses were performed on a Netzsch STA 409 PC instru-
ment under nitrogen flow (60 mL/min) at a heating rate of 5 °C/min.
Approximately 20 mg of sample was used in each run.

4. Results and discussion
4.1. Elemental and FTIR analysis

The contents of the introduced APTES and the residual DMSO in
the modified kaolinites are shown in Fig. 1. The amount of APTES in-
creased with the reaction temperatures and Kt-D-A/220 exhibited
the largest loading (0.67 mmol/g). In contrast with that, the content
of DMSO in the APTES-modified samples gradually decreased with in-
creasing reaction temperature. Kt-D-A/220 contained only a small
amount of DMSO (0.20 mmol/g) (Fig. 1). Thus, the intercalation of
APTES in kaolinite proceeded by displacement of DMSO, and a high re-
action temperature was advantageous for promoting both processes.

The FTIR spectra of kaolinite, DMSO-intercalated kaolinite and the
APTES-modified kaolinite samples are presented in Fig. 2a. The fre-
quency and assignments of the main vibrations are listed in Table 1.
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Fig. 1. The content of DMSO and APTES in the modified kaolinites.
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Fig. 2. FTIR spectra of (a) kaolinite, DMSO intercalated kaolinite and the APTES-modified kaolinites; and (b) Hydro-A and its heat-treated samples.
Table 1

Positions and assignments of the IR vibration bands of the APTES-modified kaolinites
(Avila et al., 2010; Tonlé et al., 2007; Yuan et al., 2008).

Position (cm~!)  Assignments Position (cm~') Assignments

3697, 3654 Inner-surface AlI-OH 1107 Si— 0 symmetric
stretching stretching

3621 Inner Al- OH 1033, 1009 Si- 0 asymmetric
stretching stretching

2978 C-Hs; asymmetric 914, 912 Inner Al-OH
stretching deformation

2939, 2936, 2934 C-H, asymmetric 797 Si— 0 symmetric
stretching stretching

2906 C-Hj; symmetric 755 Si- O stretching,
stretching Si—-O0-Al translation

1634 O-H deformation of 695, 689, 688 Si— O stretching
absorbed water

1557 N-H, deformation 645 Al- 0 stretching,
(scissoring) Si—O-Al translation

1432, 1429 CH, deformation 538 Si—-0-Al

deformation

1385 CH, deformation 472 Si—-0-Si
(wagging) deformation

1319 C-H, twisting 432 Si— 0 deformation
vibration

These assignments were based on previous reports on kaolinite
and APTES-modified materials (Avila et al., 2010; Tonlé et al.,
2007; Yuan et al., 2008). Kt displayed the typical stretching vibra-
tions of the inner-surface hydroxyl groups at 3697, 3669 and
3653 cm™ !, and that of the inner hydroxyl groups at 3621 cm™~ .
Two new bands in the spectrum of Kt-D (3504 and 3540 cm ™)
should result from the bonding of the DSMO molecules with the
inner-surface hydroxyl groups of the kaolinite layers (Frost et al.,
1998). The stretching vibrations related to the hydroxyl groups were
obviously affected by the guest molecules (Fig. 2a). New bands of asym-
metric C—Hs stretching (3022 cm™!), symmetric C—Hs stretching
(2936 cm™!), asymmetric C—H; deformation (1445-1414cm™"') and
symmetric C—H; deformation (1319 cm™ ') reflected the existence of
the DMSO molecules in Kt-D (Johnston et al., 1984).

The APTES-modified kaolinite samples exhibited some new vibra-
tion bands (Fig. 2a), including the asymmetric stretching vibrations of
C-H;and C-H, at 2978 and 2938 cm ™ !, the N- H, deformation vibra-
tion at 1557 cm™ !, the deformation C— H, vibration at 1429 cm ™!, the
deformation (wagging) vibration of C—H, at 1385 cm™ !, and the twist-
ing vibration of C—H, at 1319 cm ™~ '. The spectra of all APTES-modified
kaolinites showed decreasing intensities of the OH stretching vibrations
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Fig. 3. X-ray powder diffraction patterns of kaolinite, DMSO intercalated kaolinite and
the APTES-modified kaolinites.

(3697 and 3669 cm™!) of the inner-surface Al-OH groups as com-
pared to the spectrum of Kt, suggesting that the modification was ac-
companied by the consumption of inner-surface Al- OH groups. These
results indicated that grafting has taken place between the inner-
surface Al-OH groups and the hydrolyzed APTES.

Grafting transformed the Si—O-Si stretching vibrations (1107,
1033 and 1009 cm~!) gradually into one broad vibration band
(Fig. 2a), indicating that the Si—O skeletal bands were dramatically

a .

Top view

DMSO

Intercalation

perturbed by the introduced APTES. These changes gave some addi-
tional support for the grafting of APTES.

Fig. 2b presented the FTIR spectra of heated Hydro-A. The N-H,
stretching vibrations of Hydro-A were observed at 3362, 3294 and
3179 cm™ ', and the bending vibration was at 1595 cm ™ '. Hydro-A/200
showed a spectrum similar to that of Hydro-A. In the case of
Hydro-A/300, the N—H, vibration bands disappeared, indicating
the removal of the amino groups by combustion. Thus, intensities
of the C—H vibrations decreased. In the spectrum of Hydro-A/400
the C—H vibration bands were very weak, and for Hydro-A/600
were almost absent. This indicated that the thermal decomposition
of the C-H groups occurred at 300-600 °C.

4.2. XRD results

Kt showed the typical XRD pattern of kaolinite with the character-
istic basal spacing of 0.71 nm (Fig. 3a). Kt-D showed an enlarged basal
spacing of 1.12 nm (Fig. 3b), due to the intercalation of the DMSO
(Olejnik et al., 1970). The intercalation degree (L.R.) was 95%, calculat-
ed from: LR.=1I;/(Ix + I}), where I is the intensity of the 001 reflec-
tion of the unreacted kaolinite, I; is the 001 reflection of the DMSO
intercalated kaolinite (Lagaly et al., 2006).

Several new reflections were observed in the XRD patterns of the
APTES-modified kaolinites. Kt-D-A/175 (Fig. 3c) showed two weak
reflections with d value of 1.73 and about 1.00 nm, respectively.
These reflections were intensified in the XRD pattern of Kt-D-A/185
(Fig. 3d) and became intense and symmetric in that of Kt-D-A/195
(Fig. 3e). However, only the reflection with d=1.00 nm remained
in the XRD pattern of Kt-D-A/220 (Fig. 3f).

In the previous reports, Tonlé et al. (2007) and Avila et al. (2010)
prepared the APTES-modified kaolinites at 195 and 200 °C, APTES did
not decompose at these temperatures. That means the 1.00 nm basal
spacing did not result from the small grafted units formed by the de-
composition of APTES but should from the arrangement of flatly lying
APTES molecules in monolayer in the interlayer space of kaolinite
(Fig. 4d). This assignment was well supported by the lateral size of
the hydrolyzed APTES, whose lateral cross-section was about
0.33 nm according to a stereochemical calculation.
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Fig. 4. Schematic descriptions of the proposed bonding modes.
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The 1.73-1.89 nm spacing should result from some forms of bilayer
arrangements, which may consist of APTES and DMSO molecules. The
amino-head of APTES can be readily hydrogen-bound with the inter-
layer hydroxyl groups and the oxygen atoms of DMSO were also easily
hydrogen-bound with APTES, it is likely that the 1.73 nm d value of
Kt-D-A/175 resulted from a pseudo-bilayer arrangement of APTES mol-
ecules combined with hydrogen-bound DMSO. However, in the cases of
Kt-D-A/185 and Kt-D-A/195, the higher reaction temperatures promot-
ed the removal of DMSO so that more APTES molecules replaced DMSO
yielding the larger basal spacing of 1.81 and 1.89 nm. The above-
mentioned monolayer and pseudo-bilayer structures should coexist in
Kt-D-A/175 and Kt-D-A/185 (Fig. 4c). The 001 reflection in both cases
was broadened indicating low crystallinity and stacking order, which
further supports the inhomogeneous intercalation. It is noteworthy
that a small amount APTES might be also bound on the inner surface
of kaolinite by electrostatic interaction because the basic character of
the amine might cause proton transfer from the acidic hydroxyl groups,
resulting in an electrostatic interaction between — NH3™ and surface 0~
(Vrancken et al., 1995). However, the electrostatic interaction of
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perhaps a very few molecules evidently did not change the interlayer
distance of the kaolinite.

The monolayer arrangement of flatly lying APTES molecules corre-
sponding to a basal spacing of about 1.00 nm was well developed in
Kt-D-A/195. The reason might be that many hydrogen-bonds be-
tween APTES and the interlayer aluminol groups were formed and
APTES molecules condensed with the neighboring aluminol groups
(Vrancken et al., 1995). Note that the amine groups did not take
part in the grafting process, and the alkyl groups were pointed away
from the surface. Thus, the aminosilane molecules were turned over
from their initial amine-down position in hydrogen-bond state to a
final amine-up position. A similar mechanism of the formation of
covalent-bonds was verified by Linde (1990) and Vrancken et al.
(1995) in the system of aminosilane and SiO, under an anhydrous
condition. This process was promoted at 220 °C, and most of the previ-
ously hydrogen-bound APTES molecules were involved in the condensa-
tion with the interlayer aluminol groups of kaolinite and transformed into
the grafted state, because Kt-D-A/220 showed a homogeneous monolayer
structure as indicated by the dominant d-value of 1.00 nm.
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Fig. 5. TG and DTG curves (30-1000 °C) of (a) kaolinite and Hydro-A; (b) DMSO intercalated kaolinite; and (c, d, e, f) the APTES-modified kaolinites.
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4.3. TG analysis

The TG curve of Kt showed one major mass loss corresponding to
the DTG peak centered at 492 °C (Fig. 5a) and attributed to the dehy-
droxylation of kaolinite. Kt-D (Fig. 5b) exhibited two major mass
losses, centering at 488 and 205 °C. The former one resulted from
the dehydroxylation of kaolinite and the latter from the elimination
of DMSO (Frost et al., 1999). There was also a very minor mass loss
at about 82 °C. It is attributed to absorbed water introduced during
the DMSO intercalation.

Three mass losses were resolved in the TG/DTG curves of Hydro-A.
The first one in range of 30-180 °C with the DTG peak centered at
76 °C was attributed to the removal of absorbed water and APTES
molecules (Fig. 5a). The second one at 250-380 °C with the DTG
peak centered at 344 °C was assigned to the removal of nitrogenous
fragments during combustion. The mass loss between 430 °C and
about 600 °C may be attributed to the decomposition of the oxyethyl
groups. These assignments are in good agreement with the previous
study on the hydrolysis of APTES (Tonlé et al., 2007) and also sup-
ported by the FTIR results of the heated Hydro-A as discussed
above. As shown in Fig. 2b, all the N-H, vibration bands were
weakened in the spectrum Hydro-A/200 and disappeared in that of
Hydro-A/300. However, the decomposition of the C—H groups was
complete only at 600 °C.

Kt-D-A/175 exhibited a large mass loss at about 257 °C (Fig. 5¢). It
is attributed to the volatilization of the intercalated organic com-
pounds, which were mostly hydrogen-bound so that they were vola-
tilized at a much lower temperature than the grafted APTES. They
mainly consisted of residual DMSO molecules, as well as small
amounts of hydrogen-bound APTES. This assumption is supported
by the analytical data. The content of DMSO in Kt-D-A/175, calculated
by elemental analysis, was 6.09%, but Kt-D-A/175 exhibited a mass
loss of 6.29% at 160-280 °C.

In the DTG curve of Kt-D-A/185 (Fig. 5d), the center of this mass
loss peak slightly shifted to about 267 °C and became more symmet-
ric, suggesting a higher content of hydrogen-bound APTES and less
DMSO. Accordingly, the DMSO content in Kt-D-A/185 was 4.29% but
the mass loss at 160-280 °C was 5.38%.

The mass loss corresponding to the dehydroxylation of kaolinite in
Kt-D-A/175, centered at about 475 °C, was smaller than that of Kt.
This implied that some inner-surface aluminol groups had been
grafted with APTES. The shoulder DTG peak at about 380 °C should
be attributed to the decomposition of the grafted APTES.

The major DTG peak at about 405 °C was showed in the case of
Kt-D-A/195 (Fig. 5e) is due to the decomposition of the grafted
APTES arranged in monolayer. The mass loss at about 263 °C was
smaller than for Kt-D-A/185. However, the monolayers structure
was well developed in Kt-D-A/195 as evidenced by the basal spac-
ing of 1.00 nm (Fig. 2e). This fact suggested that the bilayer struc-
ture with the basal spacing of 1.89 nm was mainly composed of
grafted APTES and the hydrogen-bound APTES whereas DMSO
was almost completely displaced.. The mass losses centered at 344
and 414 °C in the DTG curve of Kt-D-A/220 were caused by the de-
composition of the nitrogen-containing fragments and the pyrolysis
of the oxyethyl groups of the grafted APTES, because the monolayer
structure of APTES was dominant and DMSO was displaced. The
small mass loss at 264 °C indicated that the amount of hydrogen-
bound APTES was very small. A more quantitative interpretation
of the TG data t was difficult because the decomposition stages of
different APTES/DMSO species and the dehydroxylation of kaolinite
partially overlapped.

The above discussion indicated two major effects of the reaction
temperatures on APTES structure: (i) increasing reaction temperature
promoted the displacement of DMSO by APTES; (ii) the high reaction
temperature promoted the condensation on the silicon side of the
APTES and the subsequent formation of covalent bonds between

APTES and the inner surface of kaolinite. As a result, the interlamellar
pseudo-bilayer arrangement of APTES molecules was rearranged into
the monolayer arrangement.

In conclusion, the reaction temperature not only promoted the
grafting reaction but also the APTES arrangement. Several potential ap-
plications can be postulated. For example, the monolayer of grafted
APTES monolayer molecules may be used as a precursor for further
introduction of some functional guest molecules through hydrogen
bonding or electrostatic attraction, or for some adsorption purposes.
Moreover, organosilane modified kaolinites with adjustable properties
could be designed by simply changing the functional head-groups of
the silanes, enabling versatile uses of the organosilane/kaolinite
hybrids.

5. Conclusions

The reaction temperature had significant effects on the grafting of
APTES in the interlayer space of kaolinite. High temperature (220 °C)
accelerated the diffusion of APTES into the interlayer region and de-
sorption of DMSO out of the interlayer space. It also promoted the
condensation of the APTES groups on the silicon side with the
inner-surface hydroxyl groups of kaolinite and the subsequent inter-
lamellar grafting of APTES. A monolayer structure composed of
grafted APTES formed in the interlayer space below 220 °C. At lower
temperatures, a pseudo-bilayer structure composed of the grafted
APTES molecules and hydrogen-bound DMSO or APTES molecules,
together the monolayer structure was formed. These results demon-
strated that different interlayer structures can be obtained by simply
adjusting the reaction temperatures, enabling promising applications
of the kaolinite/APTES hybrid materials.
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