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The preparation and characterization of bacterial cellulose (BC)/silica nanocomposites are presented in
this paper. BC hydro-gel was immersed in an aqueous solution of tetraethoxysilane (TEOS). By pressing
the treated BC matrices at 120 °C and 2 MPa, water-free translucent sheets were obtained. TEOS concen-
tration (3, 5 and 7%) and press time (8, 10 and 12 min) were used as variable factors. These materials were
characterized by different techniques, namely FE-SEM, FTIR, SEM, tensile strength and Young’s modu-
lus. All composites showed good dispersion of the fibers and strong adhesion between the fibers and
the matrix. FE-SEM observations showed that the nano-scale silica was embedded between the voids
and micro-fibrils of the BC matrix. Reflecting this structure, the maximum Young’s modulus and ten-
sile strength of dry BC/silica composites improved to 1.46 GPa and 113 MPa, respectively. The tensile
strength and Young's modulus showed 35 and 18-fold increase (with 7% TEOS), respectively, while the
same properties were reduced 15 and 10-fold with increase in press time from 8 to 12 min. FTIR results
illustrated strong chemical interactions between the cellulose and silica phases. The optimum condition
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was obtained when the TEOS dosage and press time were 7% and 8 min, respectively.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Today, due to the global demand for fibrous materials, world-
wide shortage of wood biomass in many areas, and environmental
awareness, bacterial cellulose (BC) has become one of the promis-
ing alternative sources of fibrous materials for the 21st century
(Sun, Yang, & Wang, 2010; Wan et al., 2009). In recent years, a
great deal of interest has been generated for the production of
cellulose using biotechnology method, which reduces the envi-
ronmental impact to a minimum. Studies suggest that BC may
be a better choice for manufacturing cellulose products (Castro
et al,, 2011; Czaja, Romanovicz, & Malcolm Brown, 2004), since
BC is produced in a pure (free of impurities such as lignin and
extractives) and crystalline form, which makes its recovery rel-
atively simple. In terms of chemical structure, BC is identical to
that produced by plants. However, it exhibits higher crystallinity,
water-holding capacity, degree of polymerization, and mechani-
cal strength (Darder, Aranda, & Ruiz-Hitzky, 2007; Sheykhnazari,
Tabarsa, Ashori, Shakeri, & Golalipour, 2011). These properties
make BC an interesting biomaterial for applications as nutritional
component (Sani & Dahman, 2010), artificial skin (Hungund &
Gupta, 2010), flexible display screens (Nakagaito, Nogi, & Yano,
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2010), and in traditional applications where plant cellulose is used
(Castro et al., 2011).

Historically, plant derived cellulose has been used either as rein-
forcement (Ashori & Nourbakhsh, 2010; Mottershead & Eichhorn,
2007; Nourbakhsh, Karegarfard, Ashori, & Nourbakhsh, 2010) or
matrix (Darder et al., 2007), or as the sole component to pre-
pare all-cellulose composites (Soykeabkaew, Arimoto, Nishino, &
Peijs, 2008). Recently, BC has been used as reinforcement for
various composites due to its excellent mechanical performance
(Ifuku et al., 2007; Nakagaito, Iwamoto, & Yano, 2005; Sun et al.,
2010). For instance, Gindl and Keckes (2004) prepared cellulose
acetate butyrate based composites reinforced with BC sheets. Yano
etal.(2005) demonstrated the production of nanocomposites made
with BC nanofibers and acrylic resin. High-strength BC/phenolic
resin composites were produced by Nakagaito et al. (2005). Hu
et al. (2009) evaluated the bacterial cellulose nanofiber-reinforced
unsaturated polyester resin composites.

Nanofibers and nanocomposite materials have gained much
interest due to their remarkable change in properties. These mate-
rials can be combined effectively to obtain a new class of high
performance or highly functional organic-inorganic hybrid materi-
als.Inrecentyears, cellulose-based nanocomposites have definitely
proved their exceptional potential by providing a possibility of syn-
thesizing a significant number of new nanomaterials with high
degree of homogeneity and purity at molecular level and with
extraordinary physical and chemical properties (Xie, Yu, & Shi,
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Fig. 1. Schematic model of cellulose/silica covalent crosslinking materials (Xie, Yu,
etal., 2009).

Chains of cellulose macromolecular

2009). The reaction process involves the hydrolysis of silica pre-
cursors and condensation of the resulting hydroxyl groups to form
a nanostructure. One simple method is mixing organic compounds
with a metal alkoxide, such as tetraethoxysilane (TEOS). During
the process, the inorganic mineral is deposited in the organic com-
pound matrix forming hydrogen bonding between the organic and
inorganic phases (Fig. 1). The BC fiber is one of the excellent natu-
ral biomaterials. BC 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 modifi-
cation of BC can change its chemical and morphological structures
for different purposes (Hou, Wang, & Yu, 2009; Xie, Zhang, & Yu,
2009).

The present study describes the preparation and characteriza-
tion of nanocomposite materials obtained using BC and silica. In
addition, the effects of TEOS and press time on the morphological
and mechanical properties of BC-based nanocomposites have been
investigated.

2. Materials and methods
2.1. Materials
The organism used was Gluconacetobacter xylinus (BPR 2004),

which was obtained from the DSMZ Laboratory, Germany.
The preparation procedures of BC were reported elsewhere

Micro-f brils Water

Micro-fibrils

Table 1
Two variable factors and their combinations used in this study.
Press time (min) TEOS (%) Treatment
8 3 Al
10 3 A2
12 3 A3
8 5 B1
10 5 B2
12 5 B3
8 7 C1
10 7 Cc2
12 7 c3

(Sheykhnazari et al., 2011). In brief, G. xylinus was incubated in a
static Hestrin—-Schramm culture at 28 °C for 14 days. The obtained
gel-like BC pellicles, about 6-mm thick, were purified by immer-
sion in deionized water at 90 °C for 2 h and then boiled in a 0.5M
aqueous solution of NaOH for 15 min. The BC pellicles were then
washed with deionized water several times and soaked in 1% NaOH
for 2 days. Subsequently, the BC pellicles were washed free of alkali.
Finally, a tridimensional network of nano- and micro-fibrils of BC
with 10-100 nm width was obtained.

TEOS was used as a precursor. It was an analytical grade from
Merk Co., Germany.

2.2. Preparation of B(/silica nanocomposites

The BC/silica composite samples were prepared by the solu-
tion impregnation method. A certain amount of TEOS was mixed
with 100g of water together with 0.5 mL acetic acid (0.1N), and
the mixture was stirred for 1h. In order to control the silica con-
tent in BC gel, TEOS concentration in water was varied, i.e. 3, 5,
7%. BC gels were immersed in the TEOS solution and allowed to
stand for 2 days. At high concentration of TEOS, brittle BC/silica
mats were obtained. Subsequently, all surfaces of samples were
wiped off with a dry cloth. Dry translucent BC/silica sheets were
obtained by pressing BC/silica mats at 120°C and 2MPa. The
process of preparation of the BC/silica composite is shown in
Fig. 2. Experimental schedule is shown in Table 1. As it can be
seen, the two variable factors were TEOS concentration and press
time.

2.3. Sample characterization

The particle size of silica was investigated by a field
emission-scanning electron microscope (FE-SEM, Hitachi 4160)
with an accelerating potential of 15kV. Scanning electron
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Fig. 2. Preparation process of dry and pressed BC/silica sheets from BC gels (Maeda et al., 2006).
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microscopy (SEM) was used to observe the microorganism
morphology and its distribution in the composite. A CamScan
MV2300 SEM operating at 15kV was used. Before scanning,
each sample was coated with gold to improve its interface
conductivity.

2.4. Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy was used primarily to identify the chem-
ical structure of the BC and BC/silica composites. Infrared
absorption spectra were obtained from 4000 to 400cm™!
using KBr pellets in a PerkinElmer spectrometer, model
2000.

2.5. Mechanical testing

Test specimens of 30 mm length and 10 mm width were cut
from composite sheets. All specimens were equilibrated in a
chamber kept at 20°C and 35% relative humidity for 24 h before
testing. The tensile strength of the plain matrix and all compos-
ites was measured by employing ASNTM STM universal tensile
machine following ASTM D 5937-1996. The crosshead speed was
set at 5mm/min. All tests were conducted at ambient tempera-
ture and an average value of four repeated tests was taken for each
treatment.

2.6. Statistical analysis

The experimental design consisted of two treatments (includ-
ing TEOS concentration and press time) and their interactions.
Data for each treatment was statistically studied by anal-
ysis of variance (ANOVA). When the ANOVA indicated a
significant difference among factors and levels, a compari-
son of the means was done, employing Duncan’s multiple
range test (DMRT), to identify the groups that were signifi-
cantly different from other groups at 99% and 95% confidence
levels.

3. Results and discussion
3.1. Microstructure

A set of selected SEM micrographs of the surface of BC and
B(/silica composite materials was studied. Representative SEM
micrographs are shown in Fig. 3. For each material, the BC fibers
dispersion and the interfacial adhesion are shown. Obviously,
in the case of BC, only the small mat fragments, and not the
isolated fibrils, were observed (Fig. 3a). Fig. 3b shows the sur-
face of pressed and dried BC/silica sheets. The SEM micrographs
provided evidence of the strong interfacial adhesion between
the BC fibers and the matrix, as shown by the good dispersion
within the matrix, without noticeable aggregates. As mentioned
before, BC gel was immersed into aqueous solution of TEOS
and silica was finally deposited on BC micro-fibrils via silanol.
It is known that silanol is reactive and reacts with hydroxyl
groups on organic polymers such as poly(vinyl alcohol), or poly-
dimethylsiloxane having hydroxyl groups on both chain ends in
organic-inorganic hybrids (cited by Maeda, Nakajima, Hagiwara,
Sawaguchi, & Yano, 2006). Therefore, BC micro-fibrils having free
hydroxyl groups may undergo condensation reactions with sup-
plied silanol, which becomes fixed to micro-fibrils. Silanol itself
also condenses forming silica, and is deposited on BC micro-
fibrils through hydrogen bonding or condensation reactions with
cellulose. These results clearly corroborated the superior mechan-
ical properties of the BC/silica composites compared with BC
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Fig. 3. SEM images of (a) BC micro-fibrils and (b) BC/silica composite.

material, as suggested by the mechanical tests discussed by Maeda
et al. (2006).

FE-SEM analysis of the BC/silica composites was used to char-
acterize the distribution of silica particles on the BC micro-fibrils
(Fig. 4a) and the particle size of silica (Fig. 4b). Fig. 4a shows that
there were a lot of silica particles on the composites surface. As
mentioned earlier, BC was immersed in a silanol sol prepared from
TEOS dispersed in water using acetic acid as a catalyst. Silica par-
ticles were deposited on the spaces/voids between BC nano- and
micro-fibrils.

3.2. FIIR spectroscopy

Table 2 summarizes all FTIR results for BC, amorphous sil-
ica and B(/silica composites. Fig. 5 shows FTIR spectra obtained
from three representatives BC/silica composites including A1, B1
and C1. As it can be seen in Table 2, there are some differ-
ences between the BC and BC/silica FTIR results that may be
related to the strong chemical interactions between the cellulose
and silica phases. The important changes among the spectra pre-
sented in Fig. 5a—c can be assigned to: 3200-3700cm~"! (Si—OH),
1110-830cm~! (Si—0), and 460 cm~! (Si—O—Si). This result is in
good agreement with the works previously reported by Barud
et al. (2008) and De Salvi, Barud, Caiut, Messaddeq, and Ribeiro
(2012).
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Fig.4. FE-SEM micrographs (a) distribution of silica particles on the BC micro-fibrils
and (b) nanoparticles of silica.

Table 2
FTIR results for BC, silica and BC/silica nanocomposite.

Assignment Wavenumber (cm~1)
BC Silica BC/silica

O—H bending 400-700
b-Glucosidic linkages between the ~896

glucose units
C—O0 symmetric stretching of primary 1040

alcohol
C—O0—C antisymmetric bridge 1168

stretching
C—H deformation 1340
CH; bending or O—H in plane bending 1400
H—O—H bending of absorbed water 1650
CH, 2700
CH stretching of CH, and CH3 groups 2900
H-bond 3246
OH stretching 3500
Si—0—Si bending 462
Si—O—Si symmetric stretching 804
Si—OH stretching 949
Si—O stretching 1110
Water OH bending 1640
Water and silanol OH stretching 3460
OH stretching 3300
C—H stretching 2900
Water OH bending 1640
CH; bending 1400
C—0—C bond 1160
O—H out-of-phase bending 600
Si—0—Si bending 460

4000.0 3000 2000 1500 1000
cm-1

500 400.0

Fig. 5. FTIR spectra: (a) BC/silica 3%, (b) BC/silica 5% and (c) BC/silica 7%.

3.3. Mechanical properties

The most crucial factor that affects the mechanical prop-
erties of the composite materials is the fiber matrix inter-
facial adhesion. The quality of interfacial bonding is deter-
mined by several factors, such as the nature of filler and
polymer components, the fiber aspect ratio, the process-
ing procedure and the filler treatment (Nourbakhsh et al.,
2010).

Statistical analysis showed that the mechanical properties in
terms of tensile strength and Young’s modulus of the samples
were significantly influenced by the TEOS concentration and press
time (Table 3). However, the interaction of variable factors was
not significant. According to the DMRT, the differences between
the mean values of the studied properties within and among each
of the groups compared, were significant. For easier comparison
between the mechanical performances of the various composites,
the results are presented in Fig. 6. As clearly seen, all samples
(group C) made with 7% TEOS had the highest values among the
other types of specimens. In addition, both mechanical proper-
ties were decreased when the press time was increased from 8 to
12 min. With increase in press time, more heat can be transferred to
the sheet, which would degrade the crosslinking between BC and
TEOS. In addition, an increasing trend in tensile properties with
silica content is found from Fig. 6. The superior mechanical proper-
ties of composites filled with 7% TEOS compared with those filled
with 3 and 5% TEOS, confirmed the good interfacial adhesion and
the strong interactions between the silica and the BC matrix. It is
well accepted that tensile strength and Young’s modulus of com-
posites are influenced by the nature of matrix and the adhesion
between fiber and matrix. Similar results have been reported by
Xie, Yu, and Shi (2009) who studied the properties of cellulose/silica
hybrid nanocomposites. Their data showed that the incorporation
of nanoscale particles into cellulose matrix leads to a strong inter-
facial interaction.
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Table 3

Results of ANOVA test on the effect of variables and their interaction on the mechanical properties.

Source of variations df Tensile strength Tensile modulus

SS MS F SS MS F
A 2 4571.97 2285.98 48.5" 0.233845 0.117 29.745”
B 2 1159.04 579.02 12.28" 0.047639 0.024 6.06"
AxB 4 9.20 2.3 0.049"s 0.007533 0.002 0.479"
Error 18 848.41 47.14 0.070755 0.003931
Total 26 6587.62 0.359773

Note: A=TEOS concentration; B=press time; df = degree of freedom; MS = mean of squares; SS=sum of squares; F=F value; ns =not significant.

™ Significant difference at the 1% level (p <0.01%).
" Significant difference at the 5% level (p < 0.05%).
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Fig. 6. Effects of TEOS concentration and press time on the mechanical properties.

4. Conclusions

The morphological and mechanical properties of BC/silica com-
posites were evaluated to determine the influences of TEOS
concentration (3, 5 and 7%) and press time (8, 10 and 12 min). Some
conclusions are as follows:

a) Inthe present study, BC gel was immersed into aqueous solution
of TEOS and silica was finally deposited on BC micro-fibrils via
silanol.

b) The scanning micrographs provided evidence of the strong inter-
facial adhesion between the BC fibers and the matrix, as shown
by the good dispersion within the matrix, without noticeable
aggregates. This was attributed to the chemical bonding on
the fiber-matrix interface under the function of TEOS coupling
agent.

c) A decrease in both mechanical properties is observed for all
composites when press time is increased from 8 to 12 min.

d) The tensile strength and Young’s modulus increased by 35 and
18 fold (with 7% TEOS), while the same properties showed 15 and
10 fold reduction with increase in press time from 8 to 12 min,
respectively.

e) Among the various formulations, composites C1 (7% TEOS and
8 min press time) had the maximum improvement in both
mechanical properties.

f) FTIR spectra showed some differences between the BC and
BC/silica samples, which is related to the chemical interactions
between the cellulose and silica phases.

g) Finally, it was found that deposited nanoparticles of silica
between BC nano- and micro-fibrils reinforced the composite.
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