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Titanium pillared montmorillonite was prepared by the sol–gel method with the precursor of isopropyl
titanate. Subsequently, the Ti-pillared montmorillonite was modified by �-aminopropyltriethoxysilane
(APTES) in three solvents with different polarities. Combining with X-ray diffraction pattern, Fourier
transform infrared spectroscopy, thermal analysis, scanning electron microscopy, and nitrogen
adsorption–desorption, the structure, morphology, specific surface area, and pore-size distribution
of the product were discussed. The distance of (001) lattice planes achieved 11.46 nm after titanium
pillaring, accompanied with the increased specific surface area and pore size. The hydrolysis of
APTES was easy to conduct in the presence of anhydrous ethanol and methanol. Since the water
molecules on the surface of titanium oxide can be replaced by alcohol, the hydrolysis of APTES
was promoted and the samples have high silane loading amounts in ethanol and methanol systems.
However, due to the molecular repulsion, the water molecules tend to enter the interlayer channel of
titanium pillared montmorillonite in cyclohexane system. This inhibited the bonding between silanes
and interlayer titanium oxides, resulting in a lower grafted amount. Therefore, by choosing different
solvents, the grafting amount of silane on the Ti-pillared surface could be adjusted.

Keywords: Montmorillonite, Titanium-Pillared, Solvents, �-Ammoniapropyltriethoxysilane,
Silyation.

1. INTRODUCTION
Montmorillonite is a kind of clay mineral with natural
nanostructure, which is widely distributed and possesses
many unique properties, such as cation exchange capac-
ity, large specific surface area, dispersity and rheology.
Therefore montmorillonite is widely used as adsorbent,1

functional materials,2 nanocomposite materials,3–5 etc.
Montmorillonite has a 2:1 layer structure and its structure
unit consists of two tetrahedral sheets of [SiO4] and one
octahedral sheets of [AlO2(OH)4]. Its interlayer space can
be reshaped and the interlayer hydrated cation6–9 can be
exchanged, which results in good adsorption performance
for heavy metal ion and cationic dyes.10�11 However, pris-
tine montmorillonite usually has some limitations, such as
small interlayer spacing. In order to enlarge the application
fields, montmorillonite usually need to be modified.

∗Author to whom correspondence should be addressed.

Early research commonly focused on a single-type mod-
ification, like inorganic pillaring and organic modifica-
tion. For inorganic pillaring, metal cations intercalate into
the interlayer spacing through ion exchange, and then are
immobilized by calcination under a certain temperature.12

Montmorillonite can obtain a larger interlayer spacing and
specific surface area after inorganic pillaring. The interca-
lation of metal oxides could enhance the adsorption capac-
ity, but its hydrophilic surface still restrains the removal
of hydrophobic organic contaminants. For organic modi-
fication, surfactants are usually used in order to enhance
the organic affinity. The cationic surfactant is exchanged
into the interlayer space, making the surfaces hydrophilic
and enhancing the adsorption capacity of organic pollu-
tants. Since there is no stable bonding between cationic
surfactant and montmorillonite, cationic surfactant can
easily leach out with the fluctuation of pH and ionic
strength, leading to secondary pollution.5�13�14 In order
to enhance the combination between organic matter and
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montmorillonite, researchers have used organic silane to
modify montmorillonite. Organic silane can form covalent
bonds with silanol (–SiOH), aluminol (–AlOH) in mont-
morillonite surface via hydrolysis, improving the stability
of the organic montmorillonite.15–18 In previous organic
silane modification studies of clay minerals, toluene or
organic solvent-aqueous solution were usually used as the
reaction medium, and the concerns are mainly focused on
the structure and adsorption capacity of the modified prod-
ucts. However, it received little attention for the effects
of other reaction mediums on amount of grating and the
manner of grafting.4�19 The influence of different disper-
sion mediums for silane modified montmorillonite was
proposed by Shanmugharaj.20 There were investigations
on the effects of �-ammoniapropyltriethoxysilane to the
modification of montmorillonite in different polar solvents
(ethanol, toluene) to modify montmorillonite. Su et al. dis-
cussed the influence of polarity to the amount and behav-
ior of silane grafting on montmorillonite and inspected the
expansion process of the interlayer grafting product in dif-
ferent solvent.21

Meanwhile, some researchers conduct composite mod-
ification by combining the advantages of inorganic and
organic modification of montmorillonite. Li et al. syn-
thesized an inorganic–organic montmorillonite by using
polyhydroxy-aluminum (iron) cations and cetyltrimethyl
ammonium bromide (CTAB) and investigated its adsorp-
tion capacity for the herbicides 2,4-dichlorophenoxyacetic
acid and acetochlor.22 Al-Asheh et al. discussed the
removal of phenol in aqueous solution with differ-
ent types of activated bentonites, and compared the
adsorption capacities of the pristine, single-modified
(aluminum polyhydroxycations, CTAB, or cyclohexane)
and composite-modified (CATB/Al) bentonite.23 Although
these composite materials combined the advantages of
both inorganic and organic modified montmorillonite and
had broad application prospects, its defect—the leakage
of interlayer surfactant molecules with the changes of pH
and ionic strength—was not actually overcome. In order
to obtain more stable products, organosilanes were cho-
sen to substitute these surfactants products. These novel
organic–inorganic composites would have various proper-
ties by using the silanes with different functional groups,
thus improving the adsorption capacity of targeted pollu-
tants and obtaining nanocomposites with unique optical
and electrical properties. Since the influenced factors are
complex during the preparation, and few consensuses are
reached for the structure and modification mechanism, rel-
evant research should be further conducted.
In this study, hydroxy-titanium cations were introduced

into the interlayer of montmorillonite by ion exchange,
and titanium-pillared montmorillonite was obtained after
calcination. Then, silane-modification was conducted in
the solvents with different polarities, such as cyclohex-
ane, anhydrous ethanol, and methanol. Finally, the effects

of solvents and the formation mechanisms for these sily-
lated products were discussed on the basis of the char-
acterization of structure and morphology. This research is
conducive to the application of montmorillonite for the
removal of environmental pollutants and the synthesis of
clay mineral-polymer nanocomposites.

2. EXPERIMENTAL SECTION
2.1. Materials
Ca-montmorillonite (Mt) used in this study was
obtained from Inner Mongolia, China. �-aminopropyl-
triethoxysilane (APTES) was purchased from Sigma-
Aldrich (≥98%). Titanium (IV) isopropoxide was
purchased from Sigma-Aldrich (≥95%). All reagents were
of analytical grade and used.

2.2. Sample Preparation
2.2.1. Synthesis of Ti-Pillared Montmorillonite
Three grams of montmorillonite was dispersed in 150 mL
isopropanol for 3 h, then 72 mL of titanium (IV)
isopropoxide-isopropanol mixtures (17 v/v%) was added,
followed by the dropwise addition of 100.5 mL of iso-
propanol and water mixture (60:40 v/v) under vigorous
stirring at ambient temperature. After incubation for 2 h,
the solid product was rinsed with isopropanol for three
times, then separated by centrifugation and dried at 65 �C
for 12 h. The powders were calcined at 400 �C for 4 h
to obtain titanium-pillared montmorillonite (designated as
Ti-Mt).

2.2.2. Silylation with APTES
Ten grams Ti-Mt and 5 mL APTES were mixed by stirring
in 200 mL solvent, and then the mixture was refluxed at
105 �C for 20 h. The polar solvents used were ethanol and
methanol, and the nonpolar solvents were cyclohexane.
The silyated products were separated by centrifugation,
washed with the solvent for six times, and then dried at
80 �C (designated as Ti-Mt-C-A, Ti-Mt-E-A, Ti-Mt-M-A
for the products prepared in cyclohexane, ethanol and
methanol, separately).

2.3. Characterization Method
X-ray diffraction (XRD) analysis was performed on an
X-ray diffractometer (PANalytical EMPYREAN). The
scanning range (2�) was 0.5�–10�. Cu target was used.
Scanning step is 0.013� step−1 and scan speed is
0.034� step−1. Accelerating voltage is 40 kV with an accel-
erate current of 40 mA. The basal spacing was calculated
from the 2� values by Bragg equation.
FTIR spectra were collected on a Bruker VERTEX

70 Fourier transform infrared spectrometer. The scanning
range is 400–4000 cm−1 with a resolution of 4 cm−1 and
64 scans.
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Thermogravimetric analysis was performed on a NET-
ZSCH STA 449 F3 Jupiter thermal analyzer in the tem-
perature range of 40–1200 �C with a heating rate of
10 �C min−1 and flow velocity of high-purity argon as
purge gas at 60 mL min−1.

The specific surface areas of the different samples
were determined by BET method from N2 adsorption–
desorption isotherms at 200 �C (Quantachrome iQ2 Ana-
lyzer). The pore volume and pore size were calculated by
BJH method. Before the adsorption measurement, the sam-
ples were evacuated at 200 �C under nitrogen gas for 20 h.

Morphology observation of the samples was performed
in a FEI Scios scanning electron microscope (SEM) with
an energy dispersive spectrometer. The powders were fixed
on the holders with glue, and then purged with compressed
air to remove the non-glued powders.

3. RESULTS AND DISCUSSION
3.1. XRD
Figure 1 shows the XRD patterns of the pristine mont-
morillonite, titanium pillared montmorillonite and silylated
samples. The observed characteristic diffraction peak cor-
responds to the (001) lattice plane reflection of montmo-
rillonite. The broad peak of the (001) reflection (2� =
5�8�, d = 1�50 nm) of Mt with weak intensity (Fig. 1(a))
underwent an obvious shift to smaller angles after tita-
nium pillaring. The basal spacing for Ti-Mt is 11.46 nm
(Fig. 1(b)), which suggests the existence of titanium oxides
in the interlayer spaces. The estimated diameter of TiO2 is
10.5 nm, which is calculated from the thickness of a sin-
gle montmorillonite layer of 0.96 nm, and is accordance
with the previous research.24 The sharp diffraction peak
of Ti-Mt (Fig. 2(b)) at 25.3� (2�) displays a diffraction
pattern characteristic of anatase.

By comparing silane-modified samples (Figs. 1(c–d))
with Ti-pillared montmorillonite, the broadening of the

Figure 1. Small-angle XRD patterns of pristine Mt (a), Ti-Mt (b) and
silylated Ti-Mt prepared in cyclohexane (c), ethanol (d), methanol (e).

Figure 2. Wide-angle XRD patterns of pristine Mt (a), Ti-Mt (b).

Figure 3. The FTIR patterns of the samples.

(001) reflection peak of Ti-Mt-C-A prepared in cyclohex-
ane indicated the increase of amorphous contents in the
modified sample. The interlayer distance decreased signif-
icantly. This could be caused by the structural collapse
after a long time of reflux. For Ti-Mt-E-A and Ti-Mt-M-A
(Figs. 1(d–e)), no distinguishable diffraction peaks were
found.

Table I. Positions and assignments of the main FTIR adsorption peaks.

Band Band position/
position/cm−1 Assignments cm−1 Assignments

3620 Al(Mg)–OH stretching 1560 NH2 bending
of structure

3428 O–H stretching 1509 CH2 bending
of water

2934 CH2 asymmetric 1426 CH2 bending
stretching

2854 CH2 symmetric 1088 Si–O stretching
stretching

1631 H–O–H bending 1033 Si–O–Si stretching
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Figure 4. The TG/DTG patterns of the montmorillonite and the tita-
nium pillared montmorillonite.

3.2. FTIR Spectra
The FTIR of samples were tested in order to further
explore the bonding and loading of organic silane on Ti-
pillared montmorillonite. The infrared spectra of the sam-
ples are shown in Figure 3. The positions and assignments
of the infrared absorption peaks are shown in Table I.25–27

Table II. Mass losses of the montmorillonite, of titanium pillared mont-
morillonite samples in different temperature ranges.

Sample 40–400 �C 400–700 �C

Mt 10�01 3.75
Ti-Mt 3�85 0.45

Table III. Mass losses of the silylated samples between 300 and
500 �C.

Sample Ti-Mt-C-A Ti-Mt-E-A Ti-Mt-M-A

W/% 1.72 4.12 4.59

Figure 6. N2 adsorption–desorption isotherms of montmoril-
lonite, titanium-pillared montmorillonite and composite modified
montmorillonite.

Compared with FTIR spectrum of the pristine montmo-
rillonite (Fig. 3(a)), the intensity of the hydroxyl stretch-
ing vibration of Al(Mg)–OH at ca. 3620 cm−1 and that of
water at ca. 3428 cm−1 diminished for Ti-Mt (Fig. 3(b)),
which is caused by the dehydration and dehydroxylation
during calcination. The intensities of the peaks among
1000–1200 cm−1 significantly decreased after titanium

Figure 5. The TG/DTG patterns of the APTES modified samples.
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Table IV. Specific surface area, pore size and pore volume of mont-
morillonite, titanium-pillared montmorillonite and composite modified
montmorillonite.

Sample SBET/(m
2/g) DBJH (nm) VBJH (cc/g)

Mt 79�49 3.13 0.15
Ti-Mt 152�45 5.80 0.25
Ti-Mt-C-A 150�99 5.41 0.24
Ti-Mt-E-A 148�19 3.71 0.18
Ti-Mt-M-A 130�14 4.44 0.19

pillaring, because many titanium oxides occupied the inter-
layer space, which reduce the proportion of SiO2 content
in the titanium-pillared samples.

In the FTIR spectra of the silylated products
(Figs. 3(c–e)), several new adsorption peaks emerged.
These provided supporting evidence for the existence of
APTES in the surfaces of montmorillonite. The vibration
at 2934 cm−1 and 2854 cm−1 are attributed to the asym-
metric and symmetric stretching vibration of –CH2, the
bending vibration of –NH2 at ca. 1560 cm−1 and the
deformation vibration of –CH2 at ca. 1509 cm−1.21�29

The decrease of –OH vibration, a frequency shift of the

vibration from 1088 cm−1 (Si–O vibration) to 1033 cm−1

(Si–O–Si vibration) and the sharpening of Si–O–Si vibra-
tion peaks with the increase of solvent polarity are all
proof of the bonding of APTES with montmorillonite.28

According to the IR spectra, the sequence of the silane
loading amounts is Ti-Mt-M-A>Ti-Mt-E-A>Ti-Mt-C-A.

3.3. Thermal Analysis
Thermogravimetric analysis provided a simple and effec-
tive way for measuring the amount of loaded silane and
the different types of water in the samples. The TG/DTG
curves of the samples without and with silylation are
shown in Figures 4 and 5, respectively.
For pristine montmorillonite (Mt) and titanium pillared

montmorillonite (Ti-Mt), the mass losses below 400 �C
were caused by the evaporation of water adsorbed on the
surface and interlayer space of the samples (Fig. 4, and
Table II). The dehydration process of Ti-Mt lasts for a
longer period than that of Mt, since the diverse pore struc-
ture of Ti-Mt restrained the escape of water molecules. The
mass loss between 40–400 �C is 3.85% for Ti-Mt, which
is much less than 10.01% for Mt. This is the result of

Figure 7. SEM images of the samples with/without modification. (a) Mt; (b) Ti-Mt; (c) Ti-Mt-C-A; (d) Ti-Mt-E-A; (e) Ti-Mt-M-A.
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Figure 8. SEM and EDS images of the samples with/without modification.
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intercalation and calcination, which has removed most of
the physical adsorbed water and interlayer water. The DTG
peaks emerging at about 610 �C are caused by dehydroxy-
lation. During 400–700 �C, the mass loss of Ti-Mt (0.45%)
is significantly less than that of Mt (3.75%), which indi-
cates the pillaring process would decrease the amounts of
hydroxyl in Ti-Mt. This is also evidence that the inter-
layer substance is titanium oxide rather than a hydroxyl
compound.

Figure 5 is the TG/DTG curves of silane-modified sam-
ples. Most of the modified products have three peaks
of mass loss. The peaks at about 100 �C are mainly
caused by desorption of solvent molecules, as well as
by a small amount of physical adsorbed and interlayer
water. The mass loss above 600 �C is due to the depletion
of hydroxyls.18�28 The DTG peak near 410 �C resulted
from the decomposition of the ethoxyl groups in organic
silane.25 The mass losses of the silane modified samples
between 300–500 �C are shown in Table III. Ti-Mt-M-A
has the highest loading amount of silane, which is consis-
tent with the results of FTIR analysis.

3.4. Specific Surface Area, Pore Size and Pore Volume
The N2 adsorption–desorption isotherms of all samples is
of type IV with hysteresis loops (Fig. 6) indicating the
mesoporous structures.29�30

The BET specific surface area of pristine montmoril-
lonite is 79.49 m2/g and the pore diameter is 3.13 nm.
After pillaring, the numbers were both nearly doubled
(152.45 m2/g and 5.80 nm for Ti-Mt). Titanium pillaring
can significantly increase the specific surface area and pore
size, which is in accordance with the results of XRD.

The specific surface areas of Ti-Mt-C-A, Ti-Mt-E-A,
and Ti-Mt-M-A are 150.99 m2/g, 148.19 m2/g, and
130.14 m2/g, respectively (Table IV). Compared with Ti-
Mt, there is a decrease for these silylated samples, since
the silane occupied some pore structure. Furthermore, the
little decrease indicated that the silane modifications in
these solvents retain the original pore structure of tita-
nium pillared montmorillonite well. Ti-Mt-C-A that was
prepared in cyclohexane possess the largest specific sur-
face area, pore size and pore volume, since it has the low-
est loading amounts of silane. The samples prepared in
ethanol and methanol have relatively low specific surface
area and pore volume, because the APTES molecules fill
the mesoporous structure of titanium pillared montmoril-
lonite, hindering the N2 access into the channel of titanium
pillared montmorillonite.31�32 These results also demon-
strate the high silane loading of Ti-Mt-M-A in agreement
with the infrared spectra and the thermal analyses.

3.5. SEM
The pristine montmorillonite consist of “corn flake-
looking” particles from the SEM image in Figure 7(a).27

After titanium pillaring, the stacking of layers become

more regular (Fig. 7(b)). Combined with the results of
EDS (Fig. 8) and XRD, this suggests that the final product
is titanium pillared montmorillonite rather than a mixture
of titanium oxides and montmorillonite particles, since no
particles that contain titanium without aluminum and sil-
icon are found. The samples with APTES modification
present a chip-shape. Some cracks occurred on the surface
of Ti-Mt-M-A, because more APTES molecules are loaded
in this sample, and the montmorillonite was encapsulated
by the silanes. The silane layer breaks during the drying
of this sample.

3.6. Grafting Mechanism
According to the results that we obtained and the mech-
anisms proposed by Day et al.,33 the potential processes
that occurred between the silane and the titanium-pillared
montmorillonite in different solvents were proposed in
Figure 9. Since calcination removes most of the physi-
cally adsorbed water in titanium pillared montmorillonite,
the hydrolysis of APTES was significantly controlled by
the behaviors of the few water molecules in the different
solvents, thus affecting the silane loading amounts.34

The experimental results show that the alcohol system
is more effective to the silane-grafting process. Alcohol
can form ethoxides on the surface of titanium oxide by
means of replacing the surface water molecules on the tita-
nium oxide (Fig. 9(b)), which increases the concentration
of water in the system to promote the APTES hydrolysis.
The diffusion efficiency of water molecules in the alcohol
system is much better than that in cyclohexane; thus, the
silanol molecules are easier to form and more accessible
to reactive sites on pillared montmorillonite.35 However,
the water molecules tend to enter the interlayer channel
of titanium pillared montmorillonite in the cyclohexane
system due to the molecular repulsion between water and
cyclohexane, which can greatly reduce the exposure of
APTES with water molecules, causing the hydrolysis reac-
tion to be more difficult to carry on. Thus, fewer loading
amounts of silane exist in the final products prepared in
cyclohexane.

Figure 9. Schematic representation of the reactions between the tita-
nium pillared montmorillonite and the alkoxysilanes.
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4. CONCLUSION
Titanium pillared montmorillonite was modified with
�-aminopropyltriethoxysilane (APTES) in different sol-
vents. The results show that titanium pillared montmo-
rillonite with attached APTES in interlayer surface was
prepared successfully. The methanol system is more con-
ducive to the silane-grafting process, and the products pos-
sess a high loading amount of APTES. Alcohol could
increase the possibility that APTES contact with water
will promote the grafting reaction between APTES and
titanium pillared montmorillonite. However, the water
molecules tend to enter the interlayer channel of the pil-
lared montmorillonite in the cyclohexane system and are
difficult to contact with silane due to the molecular repul-
sion. Therefore it is unbeneficial to silylation in cycohex-
ane. These results suggest that the solvent used has an
important influence on the structure and grafting mecha-
nism of the silylated products. Therefore, the silane load-
ing amount could be controlled by choosing an appropriate
solvent. These composites have broadened prospects in the
future of environmental pollutants and the preparation of
clay mineral-polymer nanocomposites.
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