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The cellulose/silica hybrid biomaterials are prepared by sol-gel covalent crosslinking process. The tetra-
ethoxysilane (TEOS) as precursor, y-aminopropyltriethoxylsilane (APTES) as couple agent, and 2,4,6-
tri[(2-epihydrin-3-bimethyl-ammonium)propyl]-1,3,5-triazine chloride (Tri-EBAC) as crosslinking agent,
are used in the sol-gel crosslinking process. The chemical and morphological structures of cellulose/silica
covalent crosslinking hybrids are investigated with micro-FT-IR spectra, nitrogen element analysis, X-ray
diffraction, SEM, AFM, and DSC. The results show that the cellulose/silica hybrids form new macromolec-
ular structures. In sol-gel process, inorganic particles are dispersed at the nanometer scale in the cellu-
lose host matrix, bounding to the cellulose through covalent bonds. The cellulose/silica covalent
crosslinking hybrid can form good and smooth film on the cellulose. The thermal properties of
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organic/inorganic hybrids are improved.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Nanofibers and nanoporous microspheres have remarkable large
surface-to-volume ratio, unusual strength, high surface energy, high
surface reactivity and excellent thermal and electric properties.
Nanofibers and nanocomposite materials have gained much interest
due to the remarkable change in properties (Guo et al., 2008; He,
Wan, & Xu, 2007; Ramirez et al., 2008). Typical advantages of organic
polymers are flexibility, low density, toughness, and formability,
whereas nano-silica has excellent mechanical and optical proper-
ties, such as surface hardness, modulus, strength, transparency,
and high refractive index (Duo, Li, Zhu, & Zhou, 2008; Hou, Yu, &
Shi, 2008; Hou, Zhou, & Wang, 2009; Xie & Hou, 2008; Xie, Hou, &
Wang, 2008). These materials can be combined effectively, a new
class of high performance or highly functional organic-inorganic hy-
brid materials have been achieved (Chen, Wang, & Chiu, 2008; Sun &
Deng, 2008; Xie, Liu, & Li, 2007, Zeng, Liu, & Zhang, 2008). A lot of at-
tempts have been carried out to make nanocomposites or nanofi-
bers. Electrospinning has the unique ability to produce nanofibers
and nanoporous microspheres of different materials in various fi-
brous assemblies (He, Xu, Wu, & Liu, 2007; Hou, Wang, & Yu,
2009). However, cellulose-based nanocomposites are very difficult
to produce by the use of electrospinning techniques. Recently, the
sol-gel method has definitely proved its exceptional potential by
providing a possibility of synthesizing a significant number of new
nanomaterials with high degree of homogeneity and purity at a
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molecular level and with extraordinary physical and chemical prop-
erties (Dharmaraj et al., 2006; Musyanovych, Wienke, Mailander,
Walther, & Landfester, 2008; Ohno, Tagawa, Itoh, Suzuki, & Matsuda,
2009; Samuneva et al., 2008).

The sol-gel reaction involves the hydrolysis of silica precursors
and condensation of the resulting hydroxyl groups to form a nano-
structure. The sol-gel process has been widely used in the fields of
mesoporous materials, membrane materials and intelligent hybrid
hydrogel (Addamo et al., 2008; Pappas, Liatsi, Kartsonakis, Danili-
dis, & Kordas, 2008; Seckin, Koytepe, & Ibrahim, 2008; Xie, Zhang,
& Yu, 2009). One simple method is mixing organic compounds
with a metal alkoxide, such as tetraethoxysilane (TEOS). During
the sol-gel process the inorganic mineral is deposited in the organ-
ic compound matrix forming hydrogen bonding between organic
phase and inorganic phase. Another method is to introduce trieth-
oxy silyl groups into the organic compounds prior to the sol-gel
reactions with TEOS. Some organic/inorganic hybrid on the basis
of different inorganic precursors and organic compounds, such as
chitosan, alginate, PEG, PVA, AA, PAAG, have been reported. Several
applications have been already developed for this kind of hybrid
materials particularly in the biomedical field. The dispersed inor-
ganic particles impart the properties of hardness, brittleness, and
transparency, whereas density, free volume and thermal stability
depend on the organic host polymer (Kataoka et al., 2005; Li
et al., 2008; Zhou, Cui, Zhang, & Yin, 2008).

The cellulose fiber is one of the excellent natural biomaterials.
Cellulose has been explored as a substrate for composite materials
because of the presence of several functional groups that may be
employed in various activation processes. Chemical modification
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of cellulose can change itself chemical and morphological struc-
tures for different propose (Hou, Wang, & Wu, 2008; Xie et al.,
2009). The incorporation of nanoscale particles into cellulose ma-
trix leads to a strong interfacial interaction. During the sol-gel pro-
cess, the inorganic mineral, such as tetraethoxysilane (TEOS), is
deposited in the cellulose matrix forming hydrogen bond between
organic phase and inorganic phase. Due to avoiding phase separa-
tion, some couple agents, such as y-aminopropylmethyldimethox-
ylsilane, are used as ends of the organic/inorganic hybrid.
Hydrolysis and condensation reactions are basically responsible
for polymerization of the inorganic precursors. However, high even
dispersion system at the nanometer scale in the polymeric host
matrix is very difficult to be produced. The cellulose molecular
and nano-silicon dioxide particles with organic groups need to be
further modified (Kulpinski, 2005; Mithieux, Tu, Korkmaz, Braet,
& Weiss, 2009; Xie, Hou, & Sun, 2008).

In this paper, the cellulose/silica organic/inorganic hybrid bioma-
terials are synthesized by sol-gel crosslinking process. The tetraeth-
oxysilane (TEOS) as precursor and y-aminopropyltriethoxylsilane
(APTES) as couple agents are used in the sol-gel process. The com-
pound containing cationic and multi-reactive groups, 2,4,6-tri[(2-
epihydrin-3-bimethyl-ammonium)propyl]-1,3,5-triazine chloride
(Tri-EBAC), is used as crosslinking agent in the sol-gel process. The
chemical and surface morphological structures of the organic/inor-
ganic hybrids are characterized.

2. Experimental
2.1. Materials

The tetraethoxysilane (TEOS) as precursor and yy-aminopropylt-
riethoxylsilane (APTES) as couple agents were obtained from
Hangzhou Dadi Chemical Co., Ltd, Hangzhou, China. 2,4,6-Tri[(2-
epihydrin-3-bimethyl-ammonium)propyl]-1,3,5-triazine chloride
(Tri-EBAC) as crosslinking agent were obtained from Modern Tex-
tile Institute, Donghua University, Shanghai, China. Scoured and
bleached cellulose fabrics were obtained from Jinqiu Textile Com-
pany, Shaoxing, Zhejiang. Other chemicals were obtained from
Shanghai Chemical Reagent Plant, Shanghai, China.

2.2. Preparation of cellulose/silica covalent crosslinking hybrids by
sol-gel crosslinking process

TEOS 10 g, alcohol 25 g, distilled water 2.5 g, HCI (36.6%) 1 ml
were mixed. Then the mixture was stirred for 30 min at 40 °C until
a homogeneous solution was obtained. The solution was called
Sol-A.

2,4,6-Tri[(2-epihydrin-3-bimethyl-ammonium)propyl]-1,3,5-tri-
azine chloride (Tri-EBAC) as crosslinking agent was added in the
certain concentration solution of Sol-A according to the recipe
(shown in Table 1). The mixtures were sufficiently mixed by stir-
ring at room temperature.

The cellulose samples were padded with the sol-gel solutions to
give 80% wet pick-up. The dry temperature and time were 105 °C
and 1.5 min, respectively. The cure temperature was 150 °C, and
cure time was 1.5 min. Three cellulose/silica organic/inorganic hy-

Table 1

Ingredients and some properties of the sol-gels.

Samples Sol-A H,0 Tri-EBAC Appearance

Sol-0 10 20 0 Colorless solution
Sol-1 10 20 5 Colorless solution
Sol-2 10 20 10 Colorless solution

brids were obtained. They were named as CS-0 with Sol-0, CS-1
with Sol-1, CS-2 with Sol-2, respectively.

For comparison, the cellulose sample without the hybrid was
cured under the same conditions.

2.3. FT-IR spectra and nitrogen content

FT-IR spectra of the samples were measure by a OMNI Sampler
of the Nexus-670 FT-IR-Raman spectrometer (Nicolet Analytical
Instruments, Madison, WI) using a single ART reflecting method.
The percentage nitrogen content was determined by Elementar
Vario(Ill) (Germany). The samples were dried under vacuum at
the temperature of 50 °C before measuring.

2.4. XRD

The control cellulose and cellulose/silica organic/inorganic hy-
brid samples were cut into powder, respectively. The X-ray diffrac-
tion patterns of the fabrics (XRD) were measured with a D/max-
2550 PC X-ray Diffractometer (Rigaku Corporation, Japan), which
used Cu-K target at 40 kV of 300 mA, 4= 1.542 A.

2.5. SEM

For SEM analysis, the samples were sputtered with gold and
then examined with a JSM 5600LV scanning electron microscope
(JEOL, Tokyo, Japan), operated at 15 kV.

2.6. AFM

Atomic force microscope (AFM) image was obtained with SPM
Multimode-Nanoscope Illa (Digital Instruments, USA) at room
temperature, in tapping mode.

2.7. DSC

A DSC 822e differential scanning calorimeter (Mettler/Toledo,
Greifensee, Switzerland) was used. Samples of about 5 mg, placed
in a DSC pan, were heated from 25 to 400 °C at a scanning rate
of 10 °C/min, under a constant flow of dry nitrogen.

3. Results and discussion

3.1. Preparation and chemical structure of the cellulose/silica covalent
crosslinking hybrid by sol-gel crosslinking process

Hydrolysis and condensation reactions of the tetraethoxysilane
(TEOS) take place during the sol-gel process. The product of the poly-
condensation reaction is a typical inorganic glass type material hav-
ing only —OH groups on the surface. The organically modified silane
type of materials can be synthesized from the precursor y-amino-
propyltrimethoxylsilane as couple agent. Hydrolysis and condensa-
tion reactions of TEOS and y-aminopropyltrimethoxylsilane are
shown in Scheme 1. The sol-gel dispersion particles have -OH and

OH
Si(OCH,CH), "0 Si(OH), 4S‘i—0}n
o
?CHZCH3 Hy OH
CH,CH,0-Si—OCH,CH; ———  HO-Si—OH
H,CH,CH,NH, H,CH,CH,NH,

Scheme 1. Hydrolysis of TEOS and APTES.
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-NH, groups. 2,4,6-Tri[(2-epihydrin-3-bimethyl-ammonium)pro-
pyl]-1,3,5-triazine chloride has multi-reactive groups. The macro-
molecular structure of cellulose has a lot of hydroxyl groups. The
compound Tri-EBAC as crosslinking agent is able to form covalent
bond between cellulose and sol-gel dispersion particles. The cross-
linking reactions among hydrolysis products of dispersion particles,
cellulose and Tri-EBAC are shown in Scheme 2. The cellulose/silica
hybrids form new molecular structures containing not only organic
cationic groups but also inorganic nano-silica particles. In sol-gel
process, inorganic particles are dispersed in the cellulose host ma-
trix, bounding to the cellulose through covalent bonds, thus forming
network organic-inorganic hybrids. The model of cellulose/silica
covalent crosslinking hybrid materials in the presence of chemical
crosslinking is shown in Scheme 3.

The nitrogen contents of cellulose and cellulose/silica hybrids
were determined. The nitrogen contents of control cellulose, CS-1,
and CS-2 are 0.346%, 0.416%, and 0.464%, respectively. Compared
with the cellulose, the nitrogen contents of cellulose/silica covalent
crosslinking hybrids increase. These confirm that the compound Tri-
EBAC is able to form covalent bond with cellulose.

Micro-FT-IR spectroscopy was employed to study the chemical
structure of the synthesized hybrids. Micro-IR spectra of the cellu-
lose/silica hybrids and cellulose are shown in Fig. 1. The FT-IR spec-
tra of cellulose/silica hybrids (CS-1 and CS-2) exhibit that the
bands at 1079 and 710 cm™! are assigned to Vs, vs of -Si-O-Si-
vibrations. But at the same time, the band at 1079 cm ™' can be re-
lated to the presence of -Si-O-C-, -C-O-C-, and Si-C bonds.
Moreover, FT-IR spectra assure the presence of -N=C- at 1458
and 1442 cm™! (1,3,5-triazine cycle).

3.2. Surface morphology of the cellulose/silica covalent crosslinking
hybrids

SEM analysis was used to characterize any changes about the
surface morphology of the cellulose/silica covalent crosslinking hy-
brids. Representative SEM micrographs, taken at the magnification
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Scheme 3. Model of cellulose/silica covalent crosslinking hybrid materials.

of 5000 and 10,000 of cellulose/silica hybrids are shown in Fig. 2,
respectively. Fig. 2a is the SEM micrograph of cellulose/silica hy-
brid fiber without Tri-EBAC (CS-0). Fig. 2b is the SEM micrograph
of cellulose/silica crosslinking hybrid with Tri-EBAC (CS-1). From
Fig. 2a and b, it can be seen that the surface of the cellulose/silica
hybrid fiber without Tri-EBAC (CS-0) is rough. Nanoparticles can
not form good film on the cellulose because of phase separation.
The surface of cellulose/silica hybrid fiber with Tri-EBAC (CS-1) is
smooth. The cellulose/silica covalent crosslinking hybrid also has
heterogeneous structure with well-defined nanounits. Nanoparti-
cles can form good film on the cellulose because of covalent
crosslinking.

SEM and AFM data for the cellulose/silica covalent hybrid are in
very good agreement. AFM data for the cellulose/silica covalent hy-
brid and the cellulose are shown in Figs. 3 and 4, respectively. AFM
images show that surface morphology of the cellulose/silica cova-
lent hybrid have obvious different from surface morphology of the
cellulose. The AFM (shown in Figs. 3 and 4) graphs show the topog-
raphy of the cellulose/silica covalent hybrid with the height distri-
bution profiles of surface roughness. It can be seen that the
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Scheme 2. Chemical structure of organic/inorganic network hybrids.
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Fig. 1. Micro-FT-IR spectra of the cellulose/silica hybrids and the cellulose.
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Fig. 2. SEM micrograph of the cellulose/silica hybrid fibers: (a) cellulose/silica
hybrid fiber without Tri-EBAC and (b) cellulose/silica crosslinking hybrid fiber (CS-
1).

cellulose/silica covalent hybrid has the surface with irregularities
of a quite small height.

The XRD data illustrate the influence of inorganic nanoparticles
on the intensity and shade of the patterns. XRD patterns of the cel-
lulose/silica network hybrids are shown in Fig. 5. The main peaks of

CS-1 at 15.1°, 16.49°, and 22.86° associate with cellulose structure.
The main peaks of CS-2 at 14.72°, 16.50°, and 22.68° also associate
with cellulose structure. But the peaks at about 23.50° associated
with nano-SiO, structure may be overlapped.

3.3. Thermal properties of cellulose/silica hybrid materials

The thermal properties of cellulose/silica covalent crosslinking
hybrids are different from pure cellulose polymer. Differential
scanning calorimetry (DSC) is one of important methods for
observing the thermal characteristics of materials. DSC plots of
the pure cellulose fiber and organic/inorganic hybrids (CS-1 and
CS-2) were measured and shown in Fig. 6.

The DSC plots for cellulose, CS-1 and CS-2 contain first endo-
thermic peaks at temperatures of 74.11, 74.24, and 71.02 °C,
respectively. These endothermic peaks are probably associated
with the removal of water from the cellulose and cellulose/silica
hybrid chains. Comparison with CS-2, the lower peak area obtained
in the DSC plot of CS-1 probably is due to the decrease of the
amount of cationic groups in the cellulose chains because of lower
concentration of Tri-EBAC.

For cellulose, the second endothermic peak initiates at
336.02 °C, finishes at 369.81 °C. The endothermic change obtained
in the DSC plot for cellulose is associated with decomposition pro-
cesses, which may occur within the fabric during heating. For the
CS-1, CS-2, the second endothermic peaks initiate at 236.04 and
218.58 °C, finish at 284.79 and 271.78 °C, respectively. The endo-
thermic peaks are estimated that there are the interaction between
organic components and inorganic components. DSC plots of cellu-
lose/silica hybrids also indicate that the two endothermic peaks
are small. It can be explained that organic component and inor-
ganic component are even (Wu, Jia, Chen, Shao, & Chu, 2004).

For the CS-1, CS-2, the third endothermic peaks initiate at
324.17 and 315.77 °C, finish at 380.97 and 369.59 °C, respectively.
The endothermic changes obtained in the DSC plots may be associ-
ated with the decomposition of a part of inorganic/organic hybrids.
Moreover, the endothermic peaks are also small. This indicates that
the decomposition of cellulose/silica hybrids may take place in the
organic phase. This phenomenon shows that thermal properties of
organic/inorganic hybrids are improved. The organic/inorganic hy-
brid nanomaterials not only exhibit the thermal properties of inor-
ganic compounds, but also exhibit the thermal properties of
organic polymer.
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Fig. 3. AFM three-dimensional image of the control sample (cellulose fiber).
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Fig. 4. AFM three-dimensional image of the CS-1 hybrid.

4. Conclusions

The cellulose/silica covalent hybrid materials are prepared by
sol-gel process. 2,4,6-Tri[(2-epihydrin-3-bimethyl-ammo-
nium)propyl]-1,3,5-triazine chloride (Tri-EBAC), is used as cross-
linking agent in the sol-gel process. The nitrogen contents and
micro-FT-IR spectroscopy of cellulose/silica hybrids indicate that
the cellulose/silica hybrid form new molecular structures contain-

ing not only organic cationic groups but also inorganic nano-silica
particles. In sol-gel process, inorganic particles are dispersed at the
nanometer scale in the cellulose host matrix, bounding to the cel-
lulose through covalent bonds. The surface of cellulose/silica hy-
brid without Tri-EBAC can not form good film on the cellulose.
The surface of cellulose/silica hybrid with Tri-EBAC can form good
and smooth film on the cellulose because of covalent crosslinking.
The thermal properties of organic/inorganic hybrids are improved.
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Fig. 6. DSC plots of cellulose/silica hybrids.

The organic/inorganic hybrid nanomaterials not only exhibit the
thermal properties of inorganic compounds, but also exhibit the
thermal properties of organic polymer.
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