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The purposes of this study were to explore the influences of different cellulose types on the
cellulose/CaCO3; composites, which were synthesized via the microwave-assisted method by using alkali
extraction cellulose and microcrystalline cellulose, respectively. Experimental results demonstrated
that the types of cellulose played an important role in the microstructure and morphologies of the
cellulose/CaCO3; composites. The composites consisted of cellulose and pure phase CaCOs (calcite). The
sample synthesized using microcrystalline cellulose had better crystallinity than that of the sample using

Iégﬁ‘:lvﬁ)rsdg : alkali extraction cellulose. The cellulose fibers and CaCO3 particles were observed using alkali extraction
Cacos cellulose. However, using microcrystalline cellulose instead of alkali extraction cellulose, the cellulose
Composites with irregular shape and CaCO3; microspheres were obtained. Therefore, choosing appropriate cellulose
Microwave types is very important for the formation of cellulose/CaCO3; composites. Furthermore, the Raman spectra

Alkali extraction cellulose of the cellulose/CaCO3; composites were also researched.

Microcrystalline cellulose

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

As renewable and sustainable resources, cellulose-based mate-
rials can be used as engineering materials, forest products, paper,
and textiles due to their advantages such as biodegradation, non-
petroleum based property, and carbon neutral (Moon, Martini,
Nairn, Simonsen, & Youngblood, 2011). Cellulose-based materi-
als provide the possibility for the enhancement of multifunctional
properties by using cellulose as matrix compared with the individ-
ual components. For example, the cellulose-Ag materials through
in situ deposition of silver nanoparticles on the cotton fabrics
showed excellent antibacterial activity and laundering durability
(Jiang, Liu, & Yao, 2011). Bacterial cellulose-based nanocomposites
with tensile strengths of 410 MPa and Young’s moduli of 18 GPa
were synthesized using LiCl/DMAc as a solvent, which also showed
remarkable high toughness characteristic possessing a work-of-
fracture as high as 16 MJm~3 (Soykeabkaew, Sian, Gea, Nishino,
& Peijs, 2009). CaCO5 is the major inorganic components of shells
and limestone. In the previous literature, a poly(vinyl alcohol)
hydrogel/CaCO3 composite was prepared by the alternate soak-
ing process as a controlled release support (Ogomi, Serizawa, &
Akashi, 2005). Li, Zhu, Cao, and Ma (2009) reported the synthesis of
CaCOs porous hollow microspheres with high drug loading capacity
and good drug release properties. The cellulose/CaCO3 composites
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which enriched the cellulose-based composites family combined
the advantages of cellulose and CaCOs.

The cellulose/CaCO3; composites are well known for the biomed-
ical materials and have been receiving more attention due to
its biological activities such as protein-adhesive properties, cell
compatibility, and hard tissue compatibility (Dalas, Klepetsanis,
& Koutsoukos, 2000; Fimbel & Siffert, 1986; Shen, Song, Qian, &
Yang, 2010; Subramanian, Maloney, & Paulapuro, 2005; Vilelaetal.,
2010). Since the first report of cellulose/CaCO3; composites in 1986
(Fimbel & Siffert, 1986), rapid progress has been made in the prepa-
ration of cellulose/CaCO3 composites such as the process kinetics of
the calcite overgrowth on cellulose substrate (Dalas et al., 2000), the
co-precipitation of CaCO3 on pulp (Subramanian et al., 2005), and
hierarchical CaCO3 micro- and nanostructures by using cellulose as
the templates (Zheng et al., 2007). More recently, cellulose/CaCO3
nanocomposites were investigated by the controlled reaction of
CaCl, with dimethylcarbonate ((CH3),CO3) in alkaline medium in
the presence of cellulose fibers (Vilela et al., 2010). Ciobanu, Bobu,
and Ciolacu (2010) reported in situ cellulose fibers loading with
CaCOs5 via three different methods. In previous studies, our group
synthesized the cellulose/CaCO3; composites with good biocompat-
ibility via the hydrothermal method by using the cellulose solution,
Ca(NO3);,-4H,0 solution, and Na,SiO3-9H,0 solution (Jia, Li, Ma,
Sun, & Zhu, 2012).

There are a variety of cellulose including wood, plant, tunicate,
algae, and bacterial (Hubbe, Rojas, Lucia, & Sain, 2008). Therefore,
different cellulose types can be obtained such as microcrys-
talline cellulose, extraction cellulose from wood and plant, tunicate
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Fig. 1. XRD patterns of the cellulose/CaCO3; composites prepared via microwave
heating method by using (A) alkali extraction cellulose and (B) microcrystalline
cellulose at 90°C for different times: (a) 15 min; (b) 30 min; (¢) 1 h.

cellulose, algae cellulose, and bacterial cellulose, which have dif-
ferent characteristic size, aspect ratio, morphology, crystallinity,
crystal structure, and properties (Klemm, Heublein, Fink, & Bohn,
2005; Moon et al., 2011). The cellulose types may influence the
microstructure and properties of cellulose-based composites.

In this study, we compare study the cellulose/CaCO3 composites
via microwave-assisted method by using alkali extraction cel-
lulose and microcrystalline cellulose. The influences of different
cellulose types on the phases, microstructure, and morphologies
of cellulose/CaCO3 composites were investigated. Microwave-
assisted method has been accepted as an efficient technology in
materials preparation, thanks to its advantages such as reduced
energy consumption, high reaction rate, shorter reaction time,
enhanced reaction selectivity, and higher product yield (Tsuji,
Hashimoto, Nishizawa, Kubokawa, & Tsuji, 2005).

2. Experimental

2.1. Preparation of cellulose/CaCO3 composites via
microwave-assisted method

All chemicals were of analytical grade and used as received with-
out further purification. All experiments were conducted under
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
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Fig.2. FTIR spectraofthe cellulose/CaCO3; composites prepared via microwave heat-
ing method by using (A) alkali extraction cellulose and (B) microcrystalline cellulose
at 90°C for different times: (a) 15 min; (b) 30 min; (c) 1 h.

Chemical Reagent Co., Ltd., Shanghai, China. A typical synthesis
experiment for the alkali extraction cellulose was carried out as fol-
lows: the holocellulose sample was extracted by 10% KOH aqueous
solution with a solid to liquid ratio of 1:25 (gmL~!). The mixture
was maintained at 25 °C for 16 h. After the pretreatment period, the
insoluble residues were separated from the solution by filtration,
washed with distilled water until the pH of filtrates was neutral,
and then dried at 60 °C. Finally, the alkali extraction cellulose was
obtained.

The preparation of cellulose solution followed our previous
report (Jia, Li, Ma, Sun, & Zhu, 2010). In a typical experiment, 7.00 g
of NaOH and 12.00 g of urea were added into 81 mL of distilled water
under vigorous stirring to form NaOH/urea aqueous solution. Then,
3.24 g of cellulose (microcrystalline cellulose or alkali extraction
cellulose) was added into the above solution under vigorous stir-
ring. The above solution was cooled to —12 °C for 12 h. The obtained
cellulose solution was obtained and applied for the fabrication of
cellulose/CaCO3; composites.

For the synthesis of cellulose/CaCO3 composites, 10 mL of CaCl,
solution (0.10 mol/L) and 10 mL of Na,CO3 solution (0.10 mol/L)
were added into the above cellulose solution (10 mL, 40 g/L) under
vigorous stir. The mixture solution was heated to 90 °C and main-
tained at this temperature for a certain time (15 min or 30 min
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Fig. 3. SEM images of the cellulose/CaCO3; composites prepared by using alkali extraction cellulose at 90°C for different times: (A and B) 15 min; (C and D) 30 min; (E and F)

1h.

or 1h) by microwave heating. The microwave oven used for sam-
ple preparation was purchased from Beijing Xiang-Hu Science and
Technology Development Reagent Co., Ltd., which was equipped
with the magnetic stirring system and a water-cooled condenser
outside the microwave cavity. The microwave reactor is an open
reaction system. The product 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) was performed in 260 range
from 10° to 70° on a Rigaku D/Max 2200-PC diffractometer with
Cu Ko radiation (A=0.15418 nm) and graphite monochromator
at ambient temperature. Fourier transform infrared (FTIR) spec-
troscopy was carried out on Thermo Scientific Nicolet iN10 FTIR
Microscope (Thermo Nicolet Corporation, Madison, WI, USA),
which was equipped with a liquid nitrogen cooled MCT detec-
tor. Dried samples were ground and pelletized with BaF, and the
spectra were recorded in the range of 4000-670cm~! at 4cm™!
resolution and 128 scans/sample. Scanning electron microscopy
(SEM) images were obtained with a Hitachi 3400 N scanning elec-
tron microscopy. All samples were Au coated prior to examination
by SEM. The energy-dispersive X-ray spectra (EDS) attached to the
scanning electron microscopy was used to analyze the composition

of sample. Raman spectra of samples were obtained from a LabRam
Xplora confocal Raman microscope (Horiba Jobin Yvon) equipped
with a confocal microscope (Olympus BX51). Laser light was excited
from an emission lamp at A =532 nm. The laser power on the sam-
ple was approximately 8 mW. The Raman light was detected by an
air-cooled, front-illuminated spectroscopic charge-coupled device
(CCD) behind a grating (1200 grooves mm~!) spectrometer with a
spectral resolution of 2 cm~!. The spectra were recorded from 1800
to 800 cm~1, with a resolution of 2cm~1.

3. Results and discussion

As we all know, CaCO3 has various types’ polymorphs such as
calcite, aragonite, and vaterite. Calcite is the thermodynamically
stable phase of CaCO3 among of the polymorphs. The phases of
the cellulose/CaCO3 composites were characterized with XRD, as
shown in Fig. 1. The XRD patterns of the samples prepared by using
alkali extraction cellulose via microwave-assisted method at 90°C
displayed the existence of the mixed phases of cellulose (26 =21.3°
and 22.3°) and calcite with a hexagonal structure (JCPDS 47-1743)
(Fig. 1A). Only the peak of (104) in calcite was clearly observed.
One can see that the cellulose/CaCO3 composites were successfully
synthesized via microwave-assisted method only within 15 min.
Moreover, all the samples had similar XRD patterns, indicating that
the heating time had slight influence on the phases and crystallinity
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Fig. 4. SEM images of the cellulose/CaCO3; composites prepared by using microcrystalline cellulose at 90 °C for different times: (A and B) 15 min; (C and D) 30 min; (E and F)

1h.

of the cellulose/CaCO3 composites. Using microcrystalline cellu-
lose instead of alkali extraction cellulose as matrix, the samples
also consisted of the mixed phases of cellulose and calcite (Fig. 1B).
When the heating time was 15 min, aragonite was observed as a
minor phase (20=32.2°), as shown in Fig. 1B(a). When the heating
time increased from 15-30 min to 1h, the aragonite disappeared,
pure phase calcite was obtained (Fig. 1B(b) and (c)). The peaks
intensity increased with increasing heating time, indicating that the
aragonite (metastable phase) was converted to the calcite (thermo-
dynamically stable phase) after longer period of time. In previous
study, the similar phenomenon that the aragonite was converted
to the calcite with increasing heating time was observed on the
synthesis of cellulose/CaCO3 composites via hydrothermal method
(Jia et al., 2012). Compared with Fig. 1A, the relative intensity of
the peaks was obvious increased, implying that the calcite fabri-
cated by using microcrystalline cellulose had better crystallinity.
The alkali extraction cellulose still had minor hemicelluloses and
lignin, which restrained the growth of calcite in composites. Of
course, the intrinsic and detailed mechanism still needs to be fur-
ther explored.

FTIR analysis was usually applied to examine the crystal
structure of cellulose/CaCO3; composites. The FTIR spectra of the
cellulose/CaCO3 composites synthesized by using alkali extraction
cellulose showed the typical bands of cellulose at 995cm~"! (the
C—0 in cellulose) and CaCO3 at around 1421cm~! (v3_3 CO32~
and v3_4 CO327) (He, Huang, Liu, Chen, & Xu, 2007; Nelson &

Featherstone, 1982), as shown in Fig. 2A. The characteristic stretch-
ing mode of calcite were located at around 711 cm~! and 899 cm™!
(Donners et al., 2000), while the typical band of aragonite was
located at around 872cm~! (D’Souza et al., 1999; Naka, Keum,
Tanaka, & Chujo, 2000). One can see that all of the samples had char-
acteristic bands of calcite and aragonite in Fig. 2A, indicating the
existence of calcite and aragonite in cellulose/CaCO3 composites.
These results implied that the alkali extraction cellulose not only
restrained the growth of calcite in composites, but also restrained
the transformation from aragonite to calcite. These results were dif-
ferent from the results of XRD. The XRD patterns of the samples did
not display the peaks of aragonite because of the low crystallinity.

The FTIR spectra of the cellulose/CaCO3 composites synthe-
sized by using microcrystalline cellulose were also investigated, as
shown in Fig. 2B. When the heating time was 15 min, the charac-
teristic bands of calcite and aragonite were observed in Fig. 2B(a).
However, when the heating time was increased to 30 min and 1 h,
the typical band of aragonite disappeared and the typical bands of
calcite were still observed (Fig. 2B(b) and (c)), demonstrating that
the aragonite was converted to calcite with increasing heating time.
These results were consistent with the XRD results. From Fig. 2, one
can clearly see that both the peaks at 3400 cm~! became broader in
the cellulose/CaCO3 composites, compared with that of pure phase
cellulose (Li, Jia, Zhu, Ma, & Sun, 2010). In previous study, the similar
phenomenon was also observed in other cellulose-based compos-
ites (Jia, Li, Ma, Zhu, & Sun, 2011), implying a strong interaction
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Fig. 5. (A) EDS spectrum and (B-D) the EDS elemental mapping images of the cellulose/CaCO3; composites by using alkali extraction cellulose: (B) C; (C) O; (D) Ca.

£

Fig. 6. (A) EDS spectrum and (B-D) the EDS elemental mapping images of the cellulose/CaCO3 composites by using microcrystalline cellulose: (B) C; (C) O; (D) Ca.
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Fig. 7. Raman spectra of: (A) microcrystalline cellulose and (B and C) the cellulose/CaCO3; composites prepared by using (B) alkali extraction cellulose and (C) microcrystalline

cellulose at 90°C for 15 min, respectively.

between the OH group of cellulose and inorganic nanoparticles
through hydrogen bonding.

The difference on the morphologies and microstructures of the
cellulose/CaCO3; composites synthesized using alkali extraction cel-
lulose and microcrystalline cellulose were also investigated with
SEM. The SEM images of the samples synthesized by using alkali
extraction cellulose were shown in Fig. 3. One can see that the
cellulose has fiber-like shape and the CaCO3 particles grow on cel-
lulose substrate. Magnified micrographs of the composites were
shown in Fig. 3B, D, and F. When the heating time was 15 min,
the size of the CaCOs3 particles was around 1wm (Fig. 3B). The
size of CaCO3 particles decreased to around 500 nm and num-
ber of CaCO5 particles increased with the increasing heating time
(Fig. 3F). For comparison, using microcrystalline cellulose instead
of alkali extraction cellulose, the SEM images of the samples were
shown in Fig. 4. From which one can see the cellulose with irreg-
ular morphology and CaCO3; with microsphere-like shape. CaCO3
microspheres were disappeared on the surface of irregular cel-
lulose. Magnified micrographs of the CaCO3 microspheres were
shown in Fig. 4B, D, and F. When the heating time was 15 min, the
size of CaCO3 spheres was around 700 nm (Fig. 4B). As the heating
time increased to 1 h, the size of CaCO3 microspheres was increased
to around 3.5 um (Fig. 4F). These results demonstrated that the
size of CaCO3 spheres was dramatically increased with increasing
heating time, which was different from the results in Fig. 3. The
size of CaCO3 spheres was obviously increased and the cellulose
had a completely different morphology, which was due to the dif-
ference of the cellulose types, indicating that the cellulose types
not only had an effect on the phase, but also played an important
role in the shape of cellulose/CaCO3 composites. Therefore, choos-
ing appropriate cellulose is very important for the formation
of cellulose/CaCO3; composites. The synthesis of CaCO3 spheres
included the nucleation, growth, ripening, etc. When plenty of

nucleation happened, the growth was restrained and relatively
small particles were obtained. However, when the few of nucle-
ation happened, the particles growth with increasing heating time
and relatively big particles were obtained. In view of the above
results, one can conclude that the nucleation was the key step for
the synthesis of CaCO3 particles by using alkali extraction cellu-
lose. On the contrary, the growth was the key step for the synthesis
of CaCO3 microspheres by using microcrystalline cellulose as sub-
strate.

The EDS spectrum and the EDS elemental mapping were applied
to investigate the dispersion of CaCO3 on the cellulose matrix.
The EDS spectrum (Fig. 5A) displayed that the sample synthesized
by using alkali extraction cellulose consisted of C, O, and Ca, the
right compositions of cellulose/CaCO3 composites. The Cu peak
is originated from the copper sample holder. The Au peak came
from the preparation procedure of samples prior to examination
by SEM. Fig. 5B-D showed the EDS elemental mapping images of
C, O, and Ca, respectively, and further confirmed the composition
of cellulose/CaCO3; composites and the even distribution of CaCO3
particles.

The EDS spectrum (Fig. 6A) and the EDS elemental mapping
images (Fig. 6B-D) of the cellulose/CaCO3 composites synthesized
by using microcrystalline cellulose showed similar results. The peak
intensity of Ca in EDS spectrum increased compared with Fig. 5A,
indicating the high concentration of CaCO3 in composites. These
results were consistent with the previous XRD results. Moreover,
from the elemental mapping image of Ca in Fig. 6D, the CaCO3 had
more wide distribution than that of Fig. 5D, which was consistent
with the previous SEM results. From the SEM images of Figs. 3 and 4,
the CaCOj3 particles were dispersed on the alkali extraction cellu-
lose matrix, while the CaCO3; microspheres were dispersed on the
microcrystalline cellulose matrix. Numbers of CaCO3 microspheres
were more than that of particles on the surface of cellulose.
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Raman spectra were known to be sensitive for detecting poly-
morphic changes of the cellulose-based composites (Atalla, 1976),
as shown in Fig. 7B and C. For comparison, the Raman spectrum of
microcrystalline cellulose is also shown in Fig. 7A, from which one
can see that a very strong peak located at 1380 cm~! was observed,
assigning to the HCC, HCO, COH, and CH, deformation (Adebajo,
Frost, Kloprogge, & Kokot, 2006; Wiley & Atalla, 1987). However,
the relative peak intensity of the cellulose/CaCO3 composites using
alkali extraction cellulose significantly decreased and became nar-
row (Fig. 7B), compared with Fig. 7A. Moreover, the sharp peak
at 1083 cm~! appeared, attributing to the combination vibration
modes from C—O—C glycosidic linkage deformation, ring breath-
ing symmetric stretching (Kong & Eichhorn, 2005; Kong, Wilding,
Ibbett, & Eichhorn, 2008). The weak peak at 898 cm~! is assigned
to the methine group at C1 (Blackwell, Vasko, & Koenig, 1970; Cael,
Gardner, Koenig, & Blackwell, 1975). Using microcrystalline cellu-
lose instead of alkali extraction cellulose, the peak intensity of the
cellulose/CaCO3 composites at 1380 cm~! dramatically decreased
(Fig. 7C), compared with Fig. 7A. A weak peak at 1072cm~! was
also observed, which was assigned to the combination vibration
modes from C—O—C glycosidic linkage deformation, ring breathing
symmetric stretching (Kong & Eichhorn, 2005; Kong et al., 2008).

4. Conclusions

In summary, we reported the synthesis of the cellulose/CaCO3
composites via microwave-assisted method by using alkali extrac-
tion cellulose and microcrystalline cellulose, respectively. XRD
and FTIR results revealed that the samples synthesized by using
microcrystalline cellulose had better crystallinity, and composites
of cellulose and CaCOs (calcite) were obtained. However, when
alkali extraction cellulose was used, the mixed phases of cellu-
lose, calcite, and aragonite with poor crystallinity were observed.
Cellulose fibers and CaCOs particles were observed by using
alkali extraction cellulose. The cellulose with irregular shape and
CaCO3 microspheres were obtained by using microcrystalline cel-
lulose. Experimental results demonstrated that the cellulose types
played an important role in the shapes and microstructures of
cellulose/CaCO3; composites.
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