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The purpose of this study is to investigate the fabrication of wood powder/CaCOs; composites. In this
study, we report a hydrothermal route for the preparation of wood powder/CaCO3; composites using the
dewaxed wood powder. The wood powder was pretreated by the NaOH/urea solution. The urea acts
as the CO32%~ source and provides a basic condition for the synthesis of CaCO3. The influences of several
reaction parameters such as the heating time and the types of additives on the products were investigated
by X-ray powder diffraction, Fourier transform infrared spectrometry, scanning electron microscopy,
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Wood powder thermograw.rr.letrlc analysis, and differential thermal analysis. The experimental resu!ts demonstrated
Caco, that the additives not only had an effect on the phases of composites, but also on the microstructure and
shape of composites. Moreover, the thermal stability of the samples was also investigated. Compared
with cellulose-based composites, the wood powder composites can utilize all the main components of
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lignocelluloses.
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1. Introduction

Wood is a typical biomass material. Wood-based composites
are a very promising and sustainable green material to achieve
durability without using toxic chemicals. The wood-polymer com-
posites have been extensively explored (Ashori, 2008). Until now,
rapid progress has been made in the preparation of wood-polymer
composites including wood fiber/polyolefin composites (Selke
& Wichman, 2004), wood/polypropylene composites (Stark &
Rowlands, 2003), wood/polyethylene flour composites (Lai, Yeh,
Wang, Chan, & Shen, 2003), wood/poly(vinyl chloride) compos-
ites (Jiang & Kamdem, 2004), wood/plastic composites (Okamoto,
2003). However, there have been only few literatures report-
ing on the synthesis of wood powder/inorganic composites. The
introduction of inorganic materials into wood matrix maybe sig-
nificantly improves the performance of composites (Blanchard &
Blanchet, 2011; Mai & Militz, 2004). SiO, wood/inorganic compos-
ites with good antimicrobial properties have been prepared by the
sol-gel process with water-soluble silicon oligomer agents (Fujita,
Miyafuji, & Saka, 2003). Miyafuji, Kokaji, and Saka (2004) reported
the preparation of wood/inorganic composites with improved pho-
tostability by the sol-gel process with UV absorbent. Bakraji and
Salman (2003) found that the inorganic additives had a positive
effect on the compression strength of wood/plastic composites
from Syrian tree species using gamma-ray irradiation.
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CaCO3 is an important inorganic material. The researches
of the cellulose/CaCO5 (calcite) composites have been reported
(Dalas, Klepetsanis, & Koutsoukos, 2000; Fimbel & Siffert, 1986;
Shen, Song, Qian, & Yang, 2010; Subramanian, Maloney, &
Paulapuro, 2005). More recently, Vilela et al. (2010) prepared
cellulose/CaCO3; bionanocomposite by the controlled reaction of
CaCl, with dimethylcarbonate ((CH3),COs3) in alkaline medium
in the presence of cellulose fibers. To date, however, there has
been no report on the research of wood powder/CaCO3 compos-
ites prepared by hydrothermal method, which provides unique
temperature—pressure environments and has advantage of con-
trolling morphology of the products by adjusting the reaction
parameters (Cundy & Cox, 2003). In previous studies, we synthe-
sized cellulose/carbonated hydroxyapatite composites (Jia, Li, Ma,
Sun, & Zhu, 2010) and cellulose/CaCO3 composites (Jia, Li, Ma, Sun,
& Zhu, 2012) with good biocompatibility in NaOH/urea solution by
hydrothermal method. The experimental results indicated that the
hydrothermal method favored the fabrication of biomass materials.
As we know, the main components of lignocelluloses are cellulose,
hemicelluloses, and lignin. Cellulose is obtained by the extraction
and isolation of lignocellulosic biomass, which needs long reaction
time and complex steps. The wood powder/CaCO3 composites can
utilize all the main components of lignocelluloses, compared with
the cellulose/CaCO3 composites.

Herein, we report the synthesis of the wood powder/CaCO;
composites by hydrothermal method using the dewaxed wood
powder. The urea acts as the CO32~ source and provides
a basic condition for the synthesis of CaCOs. The influ-
ences of several reaction parameters such as the heating
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time and the types of additives on the products were also
investigated.

2. Experimental
2.1. Preparation of wood powder/CaCO3 composites

All chemicals were of analytical grade and used as received with-
out further purification. All experiments were conducted under
air atmosphere. In a typical experimental, 7.00g of NaOH and
12.00 g of urea were added into 81 mL of distilled water under vig-
orous stirring to form NaOH-urea aqueous solution. Then, 1g of
dewaxed wood powder was added into the above solution under
vigorous stirring. The above solution was cooled to —12°C for
12 h. The obtained solution was used for the preparation of wood
powder/CaCO3 composites.

For the synthesis of wood powder/CaCO3; composites, 10 mL of
C4Hg04Ca-H,0 solution (0.10 mol/L) and 10 mL of Na,COs3 solution
(0.10 mol/L) were added into the above obtained solution (20 mL)
under vigorous stir. The mixture solution was transferred into a
50-mL Teflon-lined stainless steel autoclave. The autoclave was
maintained at 160°C for a certain time (2 h, or 12h, or 24 h). The
product was separated from the solution by centrifugation, washed
by water and ethanol three times, and dried at 60°C for further
characterization.

For comparison, the samples were also fabricated by hydrother-
mal method at 160 °C for a certain time (2 h, or 12 h, or 24 h) using
NaH;PO4 solution (10 mL, 0.06 mol/L) and (NH4);SO,4 solution
(10mL, 0.10 mol/L) instead of Na,COj3 solution (10 mL, 0.10 mol/L),
respectively, and kept the other conditions the same.

2.2. Characterization

X-ray powder diffraction (XRD) was performed in 20 range from
10° to 70° on a Rigaku D/Max 2200-PC diffractometer with Cu Ka
radiation (A =0.15418 nm) and graphite monochromator at ambi-
ent temperature. Fourier transform infrared (FTIR) spectroscopy
was carried out on an FTIR spectrophotometer (Nicolet 510) in
a range of wavenumber from 4000 to 400cm~!, using the KBr
disk method. Scanning electron microscopy (SEM) images were
recorded with a Hitachi 3400N scanning electron microscopy. All
samples were Au coated prior to examination by SEM. Thermal
behavior of the samples was tested using thermogravimetric analy-
sis (TGA) and differential thermal analysis (DTA) on a simultaneous
thermal analyzer (DTG-60, Shimadzu) from room temperature to
600°C at a heating rate of 10°Cmin~! in flowing air.

3. Results and discussion

3.1. The phases, microstructure, and shapes of wood
powder/CaCO3 composites

The dewaxed wood powder consisted of cellulose, hemicel-
lulose, and lignin. However, only the cellulose was crystallinity.
Therefore, one can see the diffraction peak of cellulose at 26 =21.7°
in Fig. 1. All the other diffraction peaks are indexed to well-
crystallized calcite with a hexagonal structure (JCPDS 47-1743).
No peaks from impurities such as aragonite were observed. When
the heating time was only 2h, the peaks intensity was strong.
The Ca%* and CO32- reacted rapidly at high temperature, induc-
ing the nucleation and growth of CaCOs3. These results confirmed
that the hydrothermal method had advantage of preparing highly
crystalline products.

FTIR has been proved to be useful for studying functional groups
of samples, as shown in Fig. 2. One can see that a peak at 1038 cm™!
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Fig.1. XRD patterns of the wood powder/CaCO3; composites prepared by hydrother-
mal method at 160 °C for different times: (a) 2 h; (b) 12 h; (¢) 24 h.

can be attributed to C—O—C pyranose ring skeletal vibration of
cellulose. The strong peak at 1434cm~! is characteristic of v3_3
CO32~ and v;3_4 CO3%~ (He, Huang, Liu, Chen, & Xu, 2007; Nelson
& Featherstone, 1982), further indicating the existence of CaCOs in
composites. Furthermore, one can clearly see the characteristics of
calcite at 702cm~! and 878 cm~! (Donners et al., 2000). The peak
intensity of characteristics become stronger due to the highly crys-
talline, compared with the previous study (Jia et al., 2012). These
results were consistent with the XRD results, further indicating that
the polymorph of obtained CaCO3 in composites was calcite.

The morphologies and microstructures of the wood
powder/CaCO3 composites were investigated by SEM. The SEM
images of the samples synthesized by hydrothermal method were
shown in Fig. 3. One can see that the CaCO3 grows on the surface
of wood powder. Magnified micrographs of the composites were
shown in Fig. 3b, d, and f. When the heating time was 2 h, CaCOs3
particles were dispersed on the surface of wood powder (Fig. 3a
and b). When the heating time was increased from 2h to 12h,
CaCO3 with six-side-like shape were dispersed on the surface of
wood powder (Fig. 3c and d). Interestingly, pores were observed
around the center of CaCO3 congregates. When the heating time
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Fig. 2. FTIR spectra of the wood powder/CaCO3; composites prepared by hydrother-
mal method at 160 °C for different times: (a) 2 h; (b) 12 h; (¢) 24 h.
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Fig. 3. SEM images of the wood powder/CaCO3; composites prepared by hydrothermal method at 160 °C for different times: (a and b) 2h; (cand d) 12 h; (e and f) 24 h.

was increased to 24 h, CaCO3 with cube-like morphology were
dispersed on the surface of wood powder (Fig. 3e and f). As we
all know, the cube is typical shape of calcite. Moreover, the size
of CaCO3 increased and the number of CaCO3; decreased with
increasing heating time. Of all the growth mechanisms, one basic
crystal growth mechanism in solution systems is the well-known
“Ostwald ripening process” (Sugimoto, 1987), in which the larger
particles will grow at the expense of the smaller ones. In view of
the experimental results, we propose that the growth may follow
the “Ostwald ripening process”.

3.2. The influences of additives on the phases and shapes of wood
powder/CaCO3 composites

We also investigated the effects of additives on the phases and
morphologies of the samples. The original purpose is to synthe-
size the wood powder/hydroxyapatite composites and the wood
powder/CaSO4 composites using NaH,PO4 and (NH4);SO4 instead
of NayCOs, respectively. However, when the NaH,;PO4 was used to
instead of Na,;COs3, the XRD patterns of the samples were indexed
of the wood powder/CaCO3 (majority phase) composites (Fig. 4A).

Only when the heating time was increased to 24 h, a small diffrac-
tion peak of hydroxyapatite at 26 =32.1° was observed as a minor
phase (Fig. 4A(c)). Moreover, the peaks intensity of calcite increased
with increasing heating time. The solubility product (Ksp) of CaCO3
is 2.8 x 1072, whichis bigger than that of Ca3(P0Oy4), (2.0 x 10-29). As
we all know, the product is first obtained with low Ksp value under
normal condition. Therefore, the obtained products should not be
the wood powder/CaCO3; composites, but wood powder/Ca3(POg4);
or hydroxyapatite composites. However, the final products were
the wood powder/CaCO3; composites. These results were due to
the existence of urea with high concentration, which decomposed
at high temperature and acted as the CO32~ source for the synthesis
of CaC03. CO32~ with high concentration favored the preparation
of CaCO3 and restrained the fabrication of hydroxyapatite. When
the long heating time was applied, hydroxyapatite was observed
(Fig. 4A(c)).

Using (NH4),S04 instead of Na,COs3, the wood powder/CaCOs3
composites were observed, as shown in Fig. 4B. Firstly, urea with
high concentration acted as the CO32~ source for the synthe-
sis of CaCO3. Moreover, the solubility product (Ksp) of CaCOs is
2.8 x 1079, which is smaller than that of CaSiO3 (9.1 x 10-6). The
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Fig. 4. XRD patterns of the wood powder/CaCO3 composites prepared by hydrothermal method using (A) NaH,PO4 and (B) (NH4),S04 at 160 °C for different times: (a) 2 h;

(b) 12h; (c) 24 h.



M.-G. Ma et al. / Carbohydrate Polymers 88 (2012) 1470-1475 1473

Transmittance(%)
Transmittance(%)

1440
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers( cm'1)

Wavenumbers( cm'1)

Fig. 5. FTIR spectra of the wood powder/CaCO3; composites prepared by hydrothermal method using (A) NaH,PO4 and (B) (NH4),SO4 at 160°C for different times: (a) 2 h;
(b)12h;(c)24h.

Fig. 7. SEM images of the wood powder/CaCO3 composites prepared by the addition of (NH,4),SO4 at 160 °C for different times: (a and b) 2 h; (cand d) 12 h; (e and f) 24 h.
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Fig. 8. TGA and DTA curves of the wood powder/CaCO5; composites prepared by the
addition of (a) NaH, POy, (b) Na;COs, and (c) (NH4),SO04.

product is first obtained with low Ksp value under normal condi-
tion. Therefore, the obtained products are not the cellulose/CaSO,
composites, but cellulose/CaCO3 composites. Furthermore, the
peak intensity became stronger, compared with Fig. 4A. The CaCO3
was fabricated in a basic condition and the existence of (NH4);SO4
favored the increasing of pH by providing the NH,4*. Therefore, the
growth mechanism of CaCO3 was difference between the additives
Of(NH4)2SO4 and NaH2PO4.

All of the samples synthesized by the additives of NaH,PO4
and (NH4);SO4 have similar FTIR spectra, compared with Fig. 2,
as shown in Fig. 5. All of the characteristics of CaCO3 and cellulose
were observed. The peak at 1052 or 1038 cm~! can be attributed
to C—0—C pyranose ring skeletal vibration of cellulose. The strong
peak at 1434 or 1440 cm~! is characteristic of v3_3 CO32~ and v3_4
C032~ (He et al., 2007; Nelson & Featherstone, 1982). The strong
bands at 872 and 716cm~!, or 871 and 709cm™! are indicative
of the characteristics of calcite (Donners et al., 2000), further indi-
cating that the phase of the CaCOs is calcite. Moreover, from the
FTIR spectra in Fig. 5A, the band at 666cm~! belongs to the lib-
eration mode of the OH— vibration in hydroxyapatite (Jokanovic¢
et al., 2006) and the intense peaks located at 605 and 569 cm™!
are assigned to PO43~ (Kuriakosea et al., 2004), implying the exis-
tence of hydroxyapatite. These results were consistent with the
XRD results in Fig. 4.

The corresponding SEM images of samples using the additives
of NaH,PO4 and (NH4),SO4 were shown in Figs. 6 and 7, respec-
tively. From which one can see that the CaCO3 had cube-like shape
and dispersed on the surface of wood powder. The number of CaCO3
cubes and congregates increased with increasing heating time. This
result was different from the previous result in Fig. 3, in which
the number of CaCO3 decreased with increasing heating time. Fur-
thermore, the dispersant of CaCO3 was better using the additive of
(NH4)2S04 than that of NaH,POy4. These results demonstrated that
the additives of NaH,PO4 and (NH4),SO4 not only had an effect on
the phases, but also on the microstructure and shape in composites.

3.3. The thermal stability of the wood powder/CaCO3 composites

The thermal stability of the wood powder/CaCO3; composites
was also investigated by TGA and DTA. TGA and DTA curves for the
prepared samples at 160 °C for 24 h using the addition of NaH;PO4,
Na,COs3, and (NH4),SO4 are shown in Fig. 8, respectively. From TGA
curves, itis observed that the weight loss takes places at two stages:
the first one (from 220°C to 360°C) is probably caused by ther-
mal degradation of wood powder, and the other (from 360°C to

600°C) is probably caused by the decomposition of wood powder
and CaCOs3 in composites (Zheng, Zhou, Du, & Zhang, 2002). The
obvious weight losses of the wood powder/CaCO3 composites pre-
pared using the addition of NaH,PO4, Na;CO3, and (NH4),SO4 were
~55.1%, 59.1%, and 55.9% from 220°C to 600 °C in the TGA curves,
respectively. One can clearly see the corresponding exothermic
peaks at about 347°C, 350°C, and 352 °C in the DTA curves, tes-
tifying that the TGA profiles are in good agreement with the DTA
results of these samples.

4. Conclusions

In summary, we report the synthesis of the wood powder/CaCO;
composites by hydrothermal method using the dewaxed wood
powder. XRD and FTIR results indicated the successfully fabrication
of the wood powder/calcite composites. SEM images showed that
CaCO3 with the particles, six-side-like shape, and cube-like shape
were obtained, the size of CaCO3 increased with increasing heating
time, and the number of CaCO5; decreased with increasing heat-
ing time. The wood powder/CaCO3 composites were still obtained
using the addition of NaH,PO4 or (NH4),SO4 instead of Na,COs.
Using addition of NaH,PO,4, experimental results demonstrated
that the wood powder/CaCO3; composites as majority phases and
hydroxyapatite as a minor phase were observed, the number of
CaCO3 cubes and congregates increased with increasing heating
time. Therefore, additives of NaH,PO,4 and (NH4);SO4 not only had
an effect on the phases in composites, but also on the microstruc-
ture and shape. The thermal stability of all the samples had slight
difference. Compared with cellulose-based composites, the wood
powder composites can utilize all the main components of ligno-
celluloses.
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