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Abstract Immobilization of smectite clay onto a desirable
surface has received much attention, since its nanospace
can be utilized for many applications in material science.
Here, we present an efficient method to functionalize sur-
face of bentonite nanoclay (BNC) through the grafting of
3-aminotriethoxysilane (APTES). Infrared spectroscopy
and elemental analysis confirmed the presence of organic
chains and amine groups in modified nanoclay. XRD
analysis confirmed grafting of APTES on the surface of
bentonite nanoclay without intercalation. The accomplish-
ment of the surface modification was quantitatively proved
by TGA analysis. Modified BNC can covalently couple
with different material surfaces, allowing its nanospace to
be utilized for intercalation of cations, bio-molecules, and
polymeric materials, to be used in advanced military
aerospace, pharmaceuticals, and many other commercial
applications.
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Introduction

The space in between two layers of smectite clay is in
nanometer scale, which is potentially suitable for the
accommodation of a range of guest molecules. This
nanospace in smectite clay plays an important role in dif-
ferent fields such as polymer nanocomposites, cation
adsorption, intercalation, and exfoliation [1-3]. Smectite
clay has also shown the ability to release intercalated
molecules as and when required [4]. It would be note-
worthy if smectite clay can be grafted on different surfaces,
while its nanospace is accommodated for special require-
ments such as targeted drug delivery, disintegrated agents
in drug formation, selective removal of heavy metal con-
taminants, applications in high-temperature environments,
and conducting polymers in wearable electronics. In
grafting of clay, chemical bonding is more stable and
durable compared to physical bonding.

Silane can be used to graft clay particles onto a range of
material surfaces [5, 6]. The hydroxyl groups in clay pro-
vide excellent sites for silane grafting. Hydroxyl groups in
broken edges of clay particles play a vital role in grafting
compared to hydroxyl groups in basal surfaces of clay [5].
Hydrolyzed silane can readily form siloxane bonds with
hydroxyl groups in basal surfaces and “broken” edges of
swelling clay minerals such as montmorillonite and ben-
tonite. In unrestrained conditions, silane can also be
physically adsorbed or intercalated with clay. Some X-ray
powder diffraction (XRD) data in the literature show an
expansion of nanospace in clay due to intercalation of
silane [7, 8]. Silane is very reactive with moisture in the air.
When silane is exposed to moisture, hydrolysis occurs
rapidly, forming self-condensed, water insoluble resinous
oligomer, and polymer structures. This has led to conduct
silylation in anhydrous organic solvents in inert gas
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environments. The rates of both silane hydrolysis and
condensation are influenced by variations in pH levels.
However, the optimum pH for hydrolysis is not optimum
for condensation. Finding the best balance between
hydrolysis and condensation is one of the keys to the
successful grafting of silane.

In a carefully controlled environment, silane-grafted
clay compounds contain special functional groups such as
—-NH, and —SH, which can be covalently bonded with
desirable surfaces [2]. Here, we report a simple one-pot
reaction of a silane-grafted BNC compound, which con-
tains —NH, for further immobilization on various surfaces.
In this study, surface characterization, expansion of nano-
space of BNC, and bond formation between APTES and
BNC were studied.

Materials and methods

A dispersion of BNC was obtained by dissolving 4 g of
nanoclay, hydrophilic bentonite nanoclay (Aldrich), in
100 ml of deionized water. Particles of BNC, 100 nm in
size, were obtained by ball milling (FRITSCH PUL-
VERISETTE 7 premium line grinder). 2 mmol dm ™ of
APTES solution was prepared by controlled dropwise
addition of APTES (Aldrich 99%) to deionized water. A
precipitation was obtained by 1 ml/min drop rate addition
of BNC to APTES solution without agitation in an ambient
environment. The slurry was immediately centrifuged
(Sigma 3-18) at 9000 rpm for 15 min and washed five
times with deionized water. The collected solid was finally
dried at 110 °C for 6 h. Modified and non-modified sam-
ples were characterized by Fourier transform infrared
spectrophotometry (FTIR), XRD, thermogravimetry (TG),
and scanning electron microscopy (SEM). XRD profiles
were recorded on a Bruker PW 1050 diffractometer using
Cu-Ko radiation (4 = 0.154 nm), over a 20 range of 3°—
70°, step size of 0.01, and a step time of 2 s. FTIR spectra
were obtained on a Bruker Vertex 80 coupled with Ram-FT
module (RAM II, DTGS detector, 4000-400 cm™! spectral
range, resolution of 4 cm™!, OPUS software). TGA was
carried out on an SDT Q600 thermoanalyser (TA Instru-
ment, sample mass ~ 10 mg; heating rate 10 °C/min;
nitrogen flow). SEM and energy dispersive X-ray spec-
troscopy (EDX) analysis were recorded using HITACHI
SU6600 microscope coupled with EDX detector.

Results and discussion
The above characterization methods were performed to

investigate the expansion of nanospace, covalent bonding,
and surface morphology of APTES-grafted BNC.

Y4
ﬁ @ Springer

XRD spectra a (BNC, Fig. 1a) and b (APTES-modified
BNC, Fig. 1b) show no significant shift in the typical peak
of (001) plane, which corresponds to the basal spacing of
clay [9]. Spectrum exhibits a peak at 20 = 7.8° corre-
sponding to the (001) plane, indicating the basal spacing of
1.47 nm. The immediately centrifuged and dried slurry
(spectrum b) exhibits the basal spacing of 1.59 nm. When
reaction time of the same was increased to 24 h with
constant agitation, the basal spacing increased to 2.01 nm
(spectrum c) showing a significant expansion of the
nanospace of BNC. This shows intercalation of APTES in
nanospace of BNC. However, the slight shift in the peak of
(001) plane in spectrum b confirms grafting of APTES on
broken edges of BNC. Furthermore, the clear difference in
the peaks corresponding to (001) plane in spectra b and c is
due to the difference in reaction conditions in the
methodology.

Bentonite clay in nanoscale increases the hydroxyl
groups on the broken edges of its surface, facilitating a
rapid silylation. Dropwise addition of APTES to deionized
water reduces the ability to polymerize the resulted
uncondensed aminopropyl-functional silanetriol monomer.
Hence, these uncondensed silanols lead to react with
hydroxyl groups on the surface of BNC, forming a
stable Si—O-Si bond on drying. When a short time is given
for the reaction in low concentration of APTES, grafting
mainly occurs on the broken edges of BNC. When stirring
and increasing the reaction time, grafting reaction occurs
not only on the edge but also on the interlayer nanospace
[10].

Furthermore, delayering of clay can occur under low pH
levels. Adjustment of pH was unnecessary, since the
alkaline medium created by APTES catalyzed the silane-
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Fig. 1 XRD diffraction patterns of a BNC, b APTES-modified BNC,
and ¢ APTES-intercalated BNC
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Fig. 2 FTIR spectra of a BNC, b APTES, and ¢ APTES-modified
BNC

grafting process, which was an added advantage in silyla-
tion of BNC with APTES.

FTIR spectra (Fig. 2) confirm the formation of bonds
between APTES and BNC by the presence of characteristic
absorption bands relevant to bonding of APTES.

Successfully grafted APTES on BNC can be confirmed
by a group of absorption bands in 3000-2800 cm™' in
spectrum (c) (Fig. 2). This absorption is attributed to the
valence vibration v, . (CH) of propyl chain in APTES. Its
presence is also confirmed by a group of bands of weak
intensity in 1490-1300 cm™' region. Spectra (a) and
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(c) present the same set of absorption bands relevant to
inorganic structure of clay [11]. Since modified and non-
modified BNC contain water, there is a characteristic
absorption band of deformation vibrations of H,O mole-
cules at 1630 cm™' and a broad intense absorption band
above 3420 cm ™' due to vibrations of OH™ groups in water
molecules participating in the formation of hydrogen
bonds. In spectra (a) and (c), the strong broad band in
1100-900 cm ™! is attributed to valence vibration of Si-O
bonds in BNC. Moreover, peaks at 3300, 700, and
1340 cm™ ! correspond to the N-H stretching, C—H-bend-
ing vibrations, and Si—C stretching, respectively. These
peaks support the covalent bonding of APTES onto nan-
oclay. In spectrum (c), intensive bands in approximately
1200-1100 cm ™" represent the asymmetric stretching of
siloxane groups (Si—O-Si). These bands correspond to a
combination of Si—O-Si vibrational modes including those
of bonds formed between the silane and clay surface and
cross-linking between silane molecules on the surface [10].

EDX analysis in Fig. 3a shows the presence of signifi-
cant amount of carbon and nitrogen in APTES-modified
BNC, while the scanning electron microphotograph in
Fig. 3b shows the surface morphology of APTES-modified
BNC. These figures confirm that APTES has successfully
grafted on broken edges of BNC.

Thermogravimetric analysis was used to determine the
chemically grafted silane on BNC. The thermograms
together with derivative thermograms (DTG) for BNC and
APTES-modified BNC are shown in Fig. 4. DTG curve in
graph (b) shows weight losses occurring at two distinct
temperatures. The first weight loss (14.96%) occurring at
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Fig. 3 a SEM-EDX analysis of APTES-modified BNC. b SEM image of APTES-modified BNC
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100 °C was attributed to the loss of physically adsorbed
water, while the second weight loss (4.17%) occurring at
645 °C was attributed to the dehydroxylation of clay [11].
The weight loss (1.80%) observed in the range 200-500 °C
was attributed to the dehydroxylation of structural OH
groups in clay [11]. After the grafting of APTES, graph
(c) shows an initial weight loss (8.56%) taking place up to
150 °C. This can be attributed to the removal of adsorbed
surface water. Compared to graph (b), this lesser water
content in APTES-grafted BNC indicates that APTES has
grafted on BNC. The weight loss observed in the range
200-550 °C is mainly attributed to the thermal decompo-
sition of organic molecules [12]. The weight loss (8.49%)
observed in the range 400-575 °C corresponds to chemi-
cally bonded APTES on broken edges of BNC [5]. As in
unmodified BNC, the weight loss (2.92%) observed in the
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range 600-800 °C is due to the dehydroxylation of clay.
The final weight of APTES-modified nanoclay is greater
than unmodified nanoclay due to organic and inorganic Si
contents in APTES.

Conclusions

APTES-grafted BNC has been obtained by a rapid one-pot
reaction under mild conditions. XRD data confirmed
grafting APTES on broken edges of BNC, without inter-
calation. FTIR and TGA confirmed covalent modification
of APTES on BNC. Furthermore, SEM-EDX investigation
proved the presence of elements in APTES-grafted BNC.
This appears as a convenient green modification route to
produce APTES-grafted BNC, facilitating several
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applications such as nanoclay vehicles for targeted drug
delivery, selective removal of heavy metal contaminants,
and intercalation of conducting polymers in wearable
electronics.
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