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Cellulose–calcium silicate nanocomposites with calcium silicate nanoparticles homogeneously dispersed
in the cellulose matrix have been successfully synthesized using cellulose solution, Ca(NO3)2�4H2O and
Na2SiO3�9H2O in ethanol/water mixed solvents at room temperature for 24 h. The cellulose solution
was previously prepared by the dissolution of cellulose in a solvent system of N,N-dimethylacetamide
(DMAc)/lithium chloride (LiCl). The feeding order had an influence on the morphology of the cellu-
lose–calcium silicate nanocomposites and the size of the calcium silicate particles. The cellulose in nano-
composites showed cellulose type II crystalline structure. The products were characterized by X-ray
powder diffraction (XRD), thermogravimetric analysis (TG), differential scanning calorimetric analysis
(DSC), Fourier transform infrared spectrometry (FT-IR), energy-dispersive X-ray spectra (EDS), and scan-
ning electron microscopy (SEM).

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

As the most abundant renewable material and natural polysac-
charide found on earth (Klemm, Heublein, Fink, & Bohn, 2005), cel-
lulose has been receiving considerable attention and becomes one
of important materials owing to its unique properties such as
chemical stability, mechanical strength, biocompatibility, biodeg-
radation (Gindl & Keckes, 2004; Iguchi, Yamanaka, & Budhiono,
2000; Shoda & Sugano, 2005) and its broad applications in housing,
furniture, clothing, solid fuels, fiber, paper, and medical products.

Compared to the individual components, nanocomposites pro-
vide the possibility for the enhancement of multifunctional proper-
ties due to interaction between the counterparts (Caruso, 2001;
Hanif, Meulenberg, & Strouse, 2002; Schmidt et al., 1998) and be-
come a fast-growing field of chemical research due to their inter-
esting optical, electrical, and mechanical properties and many
promising potential applications in various fields (Ajayan, Stephan,
Redlich, & Colliex, 1995; Sun et al., 2005; Zeng, Li, Liu, Wang, & Sun,
2002).

Recently, the synthesis of cellulose-based nanocomposites has
attracted more attention, and many efforts have been placed on
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the synthesis of the cellulose-based nanocomposites (Daoud, Xin,
& Zhang, 2005; Hong et al., 2006; Jiang et al., 2008; Liu, Zhang,
Zhou, & Wu, 2008; Marques, Trindade, & Neto, 2006; Tsioptsias &
Panayiotou, 2000; Zhang et al., 2007). For example, Liu et al.
(2008) reported the synthesis of cellulose/Fe2O3 nanocomposite fi-
bers with a higher mechanical strength, superparamagnetic prop-
erties, and a relatively high dielectric constant by wet spinning in
NaOH/urea aqueous solution. Hong et al. (2006) synthesized
hydroxyapatite/bacterial cellulose composites from simulated
body fluid (SBF) via a biomimetic route. Zhang et al. (2007) used
room temperature ionic liquid AmimCl as solvent for the fabrica-
tion of regenerated-cellulose/multiwalled-carbon-nanotube com-
posite fibers with enhanced mechanical properties.

Calcium silicate is used in drug delivery (Jain, Awasthi, Jain, &
Agrawal, 2005; Li & Chang, 2005; Ma, Zhu, Li, & Cao, 2008) and
bone tissue regeneration (Cortes, Medina, Escobedo, Escobedo, &
Lopez, 2004; Kokubo, Kawai, Kawashita, Yamamoto, & Nakamura,
2005; Li et al., 2007; Matsuoka et al., 1999; Oyane et al., 2003)
due to its good biocompatibility, bioactivity, and degradability.
The cellulose–calcium silicate nanocomposites are considered to
have potential applications in biomedical field with such striking
features as high mechanical properties and excellent biocompati-
bility. However, as far as we know, the synthesis of cellulose–cal-
cium silicate nanocomposites has not reported yet.

Herein, we report in detail the synthesis of cellulose–calcium
silicate nanocomposites using cellulose solution, Ca(NO3)2�4H2O
and Na2SiO3�9H2O in ethanol/water mixed solvents. The cellulose
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solution was previously prepared by the dissolution of cellulose in
a solvent system of N,N-dimethylacetamide (DMAc)/lithium chlo-
ride (LiCl), since DMAc/LiCl mixed solvents are well known as the
solvent system to dissolve cellulose (Terbojevich, Cosani, Conio,
Ciferri, & Bianchi, 1985). After that, the cellulose solution was
mixed with the ethanol/water mixed solvents. The calcium silicate
nanoparticles were synthesized in situ on the surface of the cellu-
lose to obtain the cellulose–calcium silicate nanocomposites.
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2. Experimental

2.1. Preparation of cellulose–calcium silicate nanocomposites

All chemicals were of analytical grade and used as received
without further purification. All experiments were conducted un-
der air atmosphere. Microcrystalline cellulose (molecular weight
of 34,843–38,894, degree of polymerization (DP), DP = 215–240)
of a commercial reagent was purchased from Sinopharm Group
Chemical Reagent Co., Ltd., Shanghai, China. A typical synthesis
experiment for the cellulose solution was carried out as follows:
1.510 g of LiCl was added into 20 mL of N,N-dimethylacetamide
(DMAc) under vigorous stirring to form LiCl solution. Then,
1.416 g of microcrystalline cellulose was added into the above
solution under vigorous stirring. The above solution was heated
by an oil bath at 90 �C for 3 h. After cooling to ambient tempera-
ture, the obtained regenerated cellulose solution was used for
the preparation of cellulose–calcium silicate nanocomposites. The
regenerated cellulose was separated from the solution by centrifu-
gation, washed by ethanol several times and dried at 60 �C in vac-
uum for further characterization.

For the synthesis of cellulose–calcium silicate nanocomposites,
the ethanol (60 mL)/distilled water (15 mL) mixed solvents were
poured into cellulose solution (5 mL), and then 0.472 g of Ca
(NO3)2�4H2O and 0.568 g of Na2SiO3�9H2O were added into the
resulting colloidal solution under vigorous magnetic stirring at
room temperature for 24 h. The resulting precipitate was separated
from the solution by centrifugation, washed by water and ethanol
several times and dried at 60 �C for further characterization.

2.2. Characterization

X-ray powder diffraction (XRD) patterns were recorded in 2h
range from 10� to 70� on a X’Pert PRO MPD diffractometer operat-
ing at 40 kV with Cu Ka (k = 1.5405 ÅA

0

) radiation. Scanning electron
microscopy (SEM) images were recorded with a Hitachi 3400 N
scanning electron microscopy. The energy-dispersive X-ray spectra
(EDS) attached to the scanning electron microscopy was used to
analyze the composition of sample. Fourier transform infrared
(FT-IR) spectroscopy was carried out on an FT-IR spectrophotome-
ter (Nicolet 510), using the KBr disk method. Thermal behavior of
the cellulose–calcium silicate nanocomposite was performed using
thermogravimetric analysis (TGA) and differential scanning calori-
metric analysis (DSC) with a STA-409PC/4/H Luxx simultaneous
TG-DTA/DSC apparatus (Netzsch, Germany) at a heating rate of
10 �C min�1 in flowing air. Thermal behavior of microcrystalline
cellulose and regenerated cellulose was performed using thermo-
gravimetric analysis (TGA) and differential thermal analysis
(DTA) on a simultaneous thermal analyzer (DTG-60, Shimadzu)
at a heating rate of 10 �C min�1 in flowing air.
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Fig. 1. XRD patterns of (a) the microcrystalline cellulose, (b) the regenerated
cellulose, and (c) the cellulose–calcium silicate nanocomposite.
3. Results and discussion

Ethanol is miscible with water at any ratio, and the addition of
ethanol to water can easily change the physicochemical properties.
The nucleation and growth of the calcium silicate occurred rapidly
by the reaction between Ca2+ and SiO3
2� in aqueous solution. How-

ever, the addition of ethanol to water can restrain the diffusion of
Ca2+ and SiO3

2� ions, and the nucleation and growth of the calcium
silicate. It is well known that rapid nucleation and slow growth fa-
vor the formation of particles with small size and narrow size dis-
tribution. Moreover, the DMAc is also miscible with water at any
ratio. So we choose the ethanol/water mixed solvents as the sol-
vent system.

The average degree of polymerization (DP) and molecular
weight of the regenerated cellulose were obtained by British stan-
dard methods for determination of limiting viscosity number in di-
lute solution (Part 1. Cupri-ethylenediamine (CED) method) (Evans
& Wallis, 1989). The molecular weight of the regenerated cellulose
was calculated from their DP by multiplying by 162. The value of
DP of the regenerated cellulose is 118; therefore the molecular
weight of the regenerated cellulose is 19,116.

3.1. X-ray powder diffraction characterization

Fig. 1a shows the XRD pattern of the microcrystalline cellulose.
The sample indicated three diffraction peaks at around 2h = 14.9�,
22.5�, and 34.5� as the typical diffraction pattern of cellulose type
I. However, the regenerated cellulose had different diffraction pat-
tern from that of the microcrystalline cellulose, as shown in
Fig. 1b. The cellulose in Fig. 1b exhibit peaks at 2h = 20.7� and
22.7�, assigned to the (110) and (200) planes of crystalline cellu-
lose type II (Togawa & Kondo, 1999). Fig. 1c shows the XRD pat-
tern of the cellulose–calcium silicate nanocomposite, which has
a similar diffraction pattern of cellulose to Fig. 1b. Moreover, the
relatively peak intensity of the cellulose in nanocomposite de-
creased, compared with Fig. 1b, implying that the incorporated
nanoparticles lead to a decrease of the crystallinity of the cellulose
due to a strong interaction between nanoparticles and the cellu-
lose matrix. These results indicated that the solvent system of
DMAc/LiCl played an important role in the phase transformation
of cellulose, in well agreement with the previous reports (Gindl
& Keckes, 2005; Terbojevich et al., 1985). The other diffraction
peaks of the nanocomposites were assigned to the calcium
silicate.

3.2. TGA, DSC, and DTA characterization

The thermal behavior of the cellulose–calcium silicate nano-
composite was investigated with thermogravimetric analysis
(TGA) and differential scanning calorimetric analysis (DSC)
(Fig. 2). For comparison, the TGA and differential thermal analysis
(DTA) curves of microcrystalline cellulose and regenerated cellu-
lose are also shown in Fig. 3. The weight loss at around 120 �C
is due to the loss of hydrated and coordinated water molecules,
which come from the ambient environment. From TGA curve, it
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Fig. 2. (a) TGA and (b) DSC curves of the cellulose–calcium silicate nanocomposite.
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Fig. 3. TGA and DTA curves of the microcrystalline cellulose and the regenerated
cellulose.
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is also observed that the further weight loss takes place at 310
and 485 �C. The weight loss around 310 �C was probably caused
by the thermal degradation of cellulose in the composite. How-
ever, the weight loss of microcrystalline cellulose and regenerated
cellulose take place in the region 250–380 and 190–310 �C,
respectively (Fig. 3). One can see that the degradation tempera-
ture in the composite was different from the microcrystalline cel-
lulose and regenerated cellulose, which indicated the formation of
the composites with partially disrupting crystalline structure in
cellulose. The weight loss around 485 �C can be attributed to the
phase transformation of calcium silicate to b-wollastonite. The
DSC curve shows broad exothermic peaks located around 310
and 485 �C, respectively. The temperature ranges of the exother-
mic peaks in the DSC curve fit well with those of weight loss in
the TGA curve.
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Fig. 4. FT-IR spectra of (a) the cellulose–calcium silicate nanocomposite, (b)
calcium silicate, and (c) the microcrystalline cellulose.
3.3. FT-IR characterization

The FT-IR spectra of the cellulose–calcium silicate nanocompos-
ite, calcium silicate and pure microcrystalline cellulose were
shown in Fig. 4. The pure microcrystalline cellulose had four strong
broad peaks at 3381, 2903, 1056, and 600 cm�1 and some weak
peaks at 1639, 1435, and 1379 cm�1 (Fig. 4c). The strong broad
band at 3381 cm�1 can be assigned to stretching vibration in OH
group of cellulose. The 2903 cm�1 belongs to asymmetrically
stretching vibration of C–H in pyranoid ring. The broad absorption
band around 1056 cm�1 is attributed to the C–O of cellulose. The
band at 1639 cm�1 belongs to the bending mode of adsorbed
water. The calcium silicate had six peaks at 3494, 1641, 1499,
1422, 975, and 470 cm�1 (Fig. 4b). The band at �470 cm�1 belongs
to the bending modes of Si–O–Si and O–Si–O bonds. The band at
�975 cm�1 is due to stretching modes of O–Si–O bonds and Si–
O–Ca bonds containing non-bridging oxygen, and symmetric
stretching vibrations of Si–O–Si bonds. The broad band at
3494 cm�1 is attributed to stretching vibration of O–H in calcium
silicate.

Fig. 4a shows the FT-IR spectrum of the cellulose–calcium sili-
cate nanocomposite, which exhibits the characteristic absorptions
duo to both cellulose and calcium silicate. The band at �449 cm�1

belongs to the bending modes of Si–O–Si and O–Si–O bonds. The
characteristic stretching mode of the C–O in cellulose is located
at �1056 cm�1, which is not clearly observed because of the over-
lapping with the strong band due to the stretching modes of O–Si–
O bonds and Si–O–Ca bonds containing non-bridging oxygen, and
symmetric stretching vibrations of Si–O–Si bonds. The peak at
�3381 cm�1 of cellulose moved to a higher wavenumber and be-
came broader in nanocomposite, compared with Fig. 4c, implying
a strong interaction between the OH group of cellulose and calcium
silicate nanoparticles through hydrogen bonding.
3.4. Scanning electron microscopy

The SEM micrographs of the cellulose–calcium silicate nano-
composite were shown in Fig. 5. After the ethanol (60 mL)/water
(15 mL) mixed solvents were added into the obtained cellulose
solution (5 mL), the nanocomposite with rolling morphology was
observed (Fig. 5a and b). A magnified micrograph of the nanocom-
posite was shown in Fig. 5b. One can see that the nanoparticles
with diameters about 150 nm were homogeneously dispersed in
the cellulose matrix (Fig. 5b).

The EDS spectrum (Fig. 6a) shows that the sample consists of C,
Ca, O, and Si, the right composition of cellulose–calcium silicate
nanocomposite. Fig. 6b–e show the EDS elemental mapping images
of C, Ca, O, and Si, respectively, and further confirm the composi-
tion of cellulose–calcium silicate nanocomposite and the even dis-
tribution of calcium silicate nanoparticles.

However, when the feeding order was changed, the obtained
cellulose solution (5 mL) was added into the ethanol (60 mL)/water
(15 mL) mixed solvents, while other reaction conditions were the
same, a completely different shape of the nanocomposite was ob-
served (Fig. 7). One can see that the particles with diameters about
2 lm were homogeneously dispersed in the cellulose matrix
(Fig. 7a). Fig. 7b shows the detailed structure of Fig. 7a, indicating
the particles had polyhedron morphology. These results indicated
that the feeding order had an influence on the morphology of the
cellulose–calcium silicate nanocomposite and the size of the cal-
cium silicate particles.

The samples in Figs. 5 and 7 were previously treated by ultra-
sound method, so the SEM results implied that the samples were
not mechanical mixtures of cellulose and calcium silicate. It is well
known that the cellulose and calcium silicate nanoparticles have



Fig. 5. SEM micrographs of the cellulose–calcium silicate nanocomposite.

Fig. 6. (a) EDS spectrum and (b–e) the EDS elemental mapping images of the cellulose–calcium silicate nanocomposite: (b) C; (c) Ca; (d) O; and (e) Si.
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Fig. 7. SEM micrographs of the cellulose–calcium silicate nanocomposite with calcium silicate nanoparticles dispersed in the cellulose matrix prepared by the reversed
feeding order, compared with that in Fig. 5.
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many surface hydroxyls, which can act as binders, making the cel-
lulose and calcium silicate nanoparticles well conjoint.
4. Conclusions

In summary, we report a simple and reliable route to synthesis
of the cellulose–calcium silicate nanocomposites. The nanocom-
posites were characterized by XRD, TG, DSC, FT-IR, SEM, and EDS
analysis. The results indicated that the original crystalline struc-
ture of cellulose was disrupted in final nanocomposites prepared.
A strong interaction between the OH group of cellulose and cal-
cium silicate nanoparticles through hydrogen bonding were con-
firmed by FT-IR. The SEM micrographs showed the particles were
homogeneously dispersed in the cellulose matrix. The EDS spec-
trum and EDS elemental mapping images further confirmed the
composition of cellulose–calcium silicate nanocomposite. The
feeding order had an influence on the morphology and the size
of the calcium silicate particles. The cellulose–calcium silicate
nanocomposites would be a promising material for biomedical
applications.
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