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In this  article,  the  manganese-containing  cellulose  nanocomposites  were  obtained  using microcrystalline
cellulose  and Mn(CH3COO)2·4H2O in the  NaOH/urea  aqueous  solutions  by a efficient  microwave-assisted
method. The  effects  of  the  heating  time  and  Mn(CH3COO)2·4H2O  concentration  on  the  cellulose  nanocom-
posites  were  investigated.  It was  found  that  the  microcrystalline  cellulose  pretreated  with  NaOH/urea
aqueous  solutions  played  an  important  role  in  the phase,  shape,  and  thermal  stability  of  manganese-
containing  cellulose  nanocomposites.  Well-crystalline  phases  of  manganese  oxides  were  not  observed
ellulose
anganese
anocomposites
estrain effect
icrowave
aOH/urea

in  the  manganese-containing  cellulose  nanocomposites.  Furthermore,  well-crystalline  phases  of  man-
ganese  oxides  were  not  also  observed  by  thermal  treatment  of the  manganese-containing  cellulose
nanocomposites  at 600 ◦C for 3 h. These  results  could  be  attributed  to  the  restrain  effect  of  cellulose
treated with  NaOH/urea  aqueous  solutions.  It was  supposed  the possible  mechanism  during  the phase
transformation  of cellulose  nanocomposites.

©  2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Cellulose is the most abundant renewable biomass on the
arth, which can be converted to high value-added cellulose
nano)composites to meet materials needs (Moon, Martini, Nairn,
imonsen, & Youngblood, 2011). Cellulose (nano)composites held
he advantages of cellulose and reinforcement, and had poten-
ial applications in optical, catalytic, magnetic, electronic, and
iomedical fields (Eichhorn et al., 2010; Siro & Plackett, 2010).
n recent years, more attention has been paid to the synthesis
f cellulose (nano)composites such as cellulose/Au (Zhang et al.,
010), cellulose/Ag (Sureshkumar, Siswanto, & Lee, 2010), cel-

ulose/CdS (Ke et al., 2009), cellulose/ZnO (Kumar et al., 2011),
ellulose/Fe2O3 (Liu, Zhang, Zhou, & Wu,  2008), cellulose/TiO2
Marques, Trindade, Neto, 2006), cellulose/silica (Cai et al., 2012),
ellulose/hydroxyapatite (Grande, Torres, Gomez, & Bano, 2009),
nd cellulose/CaCO3 (Fu et al., 2013). Many successful strate-
ies including the freezing/freeze-drying method (Svagan, Jensen,
vinskikh, Furo, & Berglund, 2010), miniemulsion polymerization

ethod (Ben Elmabrouk, Thielemans, Dufresne, & Boufi, 2009),

ol–gel process (Siqueira, Mathew, & Oksman, 2011), solvothermal
ethod (Nata, Sureshkumar, & Lee, 2011), hydrothermal method

∗ Corresponding author. Tel.: +86 10 62336592; fax: +86 10 62336903.
E-mail address: mg  ma@bjfu.edu.cn (M.-G. Ma).

ttp://dx.doi.org/10.1016/j.carbpol.2014.04.080
144-8617/© 2014 Elsevier Ltd. All rights reserved.
(Ma,  Zhu, Li, Jia, & Sun, 2012), microwave-assisted method (Li et al.,
2013), ultrasound method (Fu, Yao, Shi, Ma,  & Zhao, 2014), and UV-
induced modification method (Attia et al., 2013) were employed
for the synthesis of cellulose (nano)composites.

The manganese-containing cellulose (nano)composites could be
used in water purification and removal of heavy metal ions. There
have been a few reports on the fabrication of cellulose/manganese
oxide composites or manganese oxide by using cellulose as tem-
plate (Maliyekkal, Lisha, & Pradeep, 2010; Yin, Gao, Wu,  Wang, &
Lu, 2010). In situ soft chemical synthesis was used for the fabrica-
tion of cellulose-nanoscale-manganese oxide composite with high
Pb2+ adsorption capacity from aqueous solutions (Maliyekkal et al.,
2010). Moreover, the manganese-based nanostructures includ-
ing Mn3O4 octahedrons, MnOOH nanorods, MnO2 nanowires, and
aggregated MnCO3 nanoparticles were prepared through the redox
reactions between KMnO4 and sodium carboxymethyl cellulose
(Yin et al., 2010). In situ synthesis of manganese dioxide was
carried out under ambient conditions on porous cellulose fibers
as support with excellent catalytic performance for the oxidative
decomposition of formaldehyde (Zhou et al., 2011). An ultrasound-
assisted procedure was employed to reduce MnO4− and yield MnO2
nanoparticles onto natural fique fibers, which could remove up to

98% of the color present in the contaminated water (Chacon-Patino,
Blanco-Tirado, Hinestroza, & Combariza, 2013). In the previous
study, manganese-containing cellulose nanocomposites were fab-
ricated by an efficient microwave-assisted method, which was  used
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s precursor for the synthesis of Mn2O3 by thermal treatment (Li
t al., 2013).

It is a promising method of preparing metal oxides by ther-
al  treatment of the cellulose/metal oxides (nano)composites

sing cellulose as a template. Herein, a facile microwave-assisted
ethod was applied to synthesize the manganese-containing cellu-

ose nanocomposites using microcrystalline cellulose solution and
n(CH3COO)2·4H2O. The cellulose solution was  prepared by the

issolution of microcrystalline cellulose in the NaOH/urea aque-
us solutions. The cellulose pretreatment method had an effect
n the manganese-containing cellulose nanocomposites. However,
ell-crystalline manganese oxides were not obtained before and

fter the thermal treatment of the manganese-containing cellu-
ose nanocomposites. The restrain effect of cellulose treated with
aOH/urea aqueous solutions was clearly observed during the

ynthesis and thermal treatment of the manganese-containing cel-
ulose nanocomposites. Research on the restrain effect of cellulose

ould contribute to the synthesis of metal oxides by thermal
reatment of the cellulose/metal oxides (nano)composites using
ellulose as a template. Moreover, it provides direct evidence on
he interaction between the cellulose and metal ions.

. Experimental

All chemicals were of analytical grade and used as received with-
ut further purification. All experiments were conducted under air
tmosphere. The microcrystalline cellulose solution was carried out
s previously reported (Jia, Li, Ma,  Sun, & Zhu, 2010). In a typical pro-
edure, NaOH (7.00 g) and urea (12.00 g) were dissolved in 81 mL
f distilled water to form the NaOH-urea aqueous solution. Then,
icrocrystalline cellulose (3.24 g, MCC) was added to the NaOH-

rea aqueous solution. The above solution was cooled to −12 ◦C for
2 h. After that, 1.00 g Mn(CH3COO)2·4H2O was added into the MCC
olution (20 mL)  under vigorous magnetic stirring. The solution was
eated to 80 ◦C and kept at this temperature by the microwave
eating for 10, 40, and 60 min. The microwave oven used for the
amples preparation was purchased from Beijing Xiang-Hu Sci-
nce and Technology Development Reagent Co., Ltd., which was
quipped with the magnetic stirring system and a water-cooled
ondenser outside the microwave cavity. The resulting precipitate
as separated from the solution by centrifugation, washed by dis-

illed water and ethanol several times, and dried at 60 ◦C for further
haracterization.

The crystal structure of products was analyzed by an X-ray pow-
er diffraction (XRD) on a Rigaku D/Max 2200-PC diffractometer
ith Cu K� radiation (� = 0.15418 nm)  and graphite monochroma-

or at ambient temperature. Scanning electron microscopy (SEM)
mages were taken with a Hitachi 3400 N scanning electron micro-
cope using an accelerating voltage of 10 kV, which was  equipped
ith an energy dispersive X-ray spectrometer (EDS) operated at

0 kV. Fourier transform infrared (FT-IR) spectroscopy was carried
ut on an FT-IR spectrophotometer (Nicolet 510) using the KBr disk
ethod. Thermal stability of the cellulose composites was  obtained
ith thermogravimetric analysis (TGA) and differential thermal

nalysis (DTA) using on a simultaneous thermal analyzer (DTG-
0, Shimadzu, Japan) at a heating rate of 10 ◦C min−1 from room
emperature to 600 ◦C.

. Results and discussion

Based on the simultaneous formation of reinforcement, the

recipitation of cellulose, and the fabrication of cellulose nanocom-
osites, the MCC  was  pretreated with NaOH/urea aqueous
olutions, which could result in a homogeneous distribution of
einforcement in the cellulose matrix. The manganese-containing
Fig. 1. XRD patterns of the samples prepared at 80 ◦C for (a) 10 min, (b) 40 min, and
(c) 60 min.

cellulose nanocomposites were carried out using MCC  solution and
Mn(CH3COO)2·4H2O via a microwave-assisted method at 80 ◦C. The
heating temperature must below 100 ◦C using water as solvent. In
the literature, the Mn3O4 polyhedral nanocrystals were obtained
using Mn(CH3COO)2·4H2O and (CH2)6N4 at 80 ◦C by a microwave-
assisted method (Yang, Zhu, Tong, Wang, & Cheng, 2006). Based on
the result of literature, the 80 ◦C was  chosen as the heating temper-
ature. The XRD patterns of the typical samples are shown in Fig. 1.
The typical peak of cellulose was  observed at around 2� = 19.1◦

(marked with *, Fig. 1). One can see the decrease peak intensity
with increasing heating time, which could be attributed to the
interaction between cellulose and reinforcement. Besides the peak
of cellulose, the peaks from other impurities were also observed,
which did not be assigned to any manganese oxides. In the previ-
ous report, the preparation of cellulose-based composites without
manganese oxides was  reported using MCC, Mn(CH3COO)2·4H2O,
and hexamethylenetetramine in N,N-dimethylformamide solvent
by the microwave-assisted method and Mn2O3 materials were
obtained by thermal treatment of the cellulose-based composites
at 600 ◦C for 3 h in air (Li et al., 2013).

In order to confirm the existence of manganese, elemental anal-
ysis was conducted for the typical cellulose-based composites. One
can observe the elements of C, O, Mn,  Cu, and Au in the EDS spec-
trum (Fig. 2a). The Cu peak is originated from the copper sample
holder; meanwhile, the Au peak comes from the preparation pro-
cedure of samples prior to examination by SEM. The strong peaks
of Mn element were observed, indicating the existence of man-
ganese in the cellulose-based nanocomposites. Fig. 2b–d shows
the EDS elemental mapping images of C, O, and Mn,  respectively.
The even distribution of Mn  element further confirmed the fabri-
cation of manganese-containing cellulose nanocomposites. In this
experimental system, the reason of absence of well-crystalline
manganese oxides is very complex. It was  supposed that the MCC
treated with NaOH/urea aqueous solutions could affect the synthe-
sis and crystallinity of manganese oxides.

As a typical natural polysaccharide, the functional groups of
cellulose are investigated using FT-IR spectra (Fig. 3). The character-
istic absorption bands of cellulose at 897 and 1064 cm−1 are clearly
observed in all the manganese-containing cellulose nanocompos-
ites. The bands at 3449 and 1632 cm−1 are the stretching vibration
of OH groups and the bending vibrations of the H2O that absorbed
in the cellulose nanocomposites. The peaks at 600 and 514 cm−1

are ascribed to the bending modes of Mn  O bonds and cellulose. In
comparison with the pure MCC, the manganese-containing cellu-

lose nanocomposites displayed a few difference. For example, the
peak intensity at 1453 cm−1 increased and the peak intensity at
1064 cm−1 decreased. With increasing heating time, the peak at
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Fig. 2. (a) EDS spectrum and (b–d) the EDS elemental mapping images of the 

449 cm−1 became broader in the manganese-containing cellulose
anocomposites. In the previous literature, it was reported that
he wavenumber movement and became broader of peaks demon-
trated a strong interaction between the OH groups of cellulose
nd reinforcement nanoparticles through hydrogen bonding (Liu
t al., 2008). However, it is difficult to obtain the direct evidence
f hydrogen bonding in the cellulose-based nanocomposites due
o the lack of effective experimental methods and characterization
quipments. It is expected that this problem will be solved with the
evelopment of measurement technology.

The dispersion of reinforcement in the cellulose matrix is of
reat importance for potential applications of cellulose nanocom-
osites. The morphology of the samples was investigated with
EM. It is known that cellulose treated with NaOH/urea displayed

n irregular flake-like shape. When the heating time was  10 min,
rregular cellulose flakes were observed (Fig. 4a). Magnification
mages of the sample showed aggregated nanosheets (Fig. 4b and c),
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ig. 3. FT-IR spectra of the manganese-containing cellulose nanocomposites pre-
ared at 80 ◦C for (a) 10 min, (b) 40 min, and (c) 60 min.
e prepared by microwave heating at 80 ◦C for 40 min: (b) C; (c) O; and (d) Mn.

which should belong to the manganese-containing reinforcement
based on the literature and experimental results. Increased the
heating time to 40 min, the nanosheets grow on the cellulose sub-
strate and the size of nanosheets dramatically decreased (Fig. 4d–f).
When the heating time was 60 min, the nanosheet bundles were
observed at the surface of cellulose (Fig. 4g–i). These results demon-
strated that the heating time had an effect on the shape and
size of the manganese-containing cellulose nanocomposites. In the
previous literature, a few manganese-containing particles were
dispersed in the cellulose matrix (Li et al., 2013). In this article, the
manganese- containing reinforcement with nanosheet-like shape
was obtained. Obviously, the pretreatment method and solvents
had a great influence on the shape of manganese-containing rein-
forcement.

The influence of Mn(CH3COO)2·4H2O concentration on the
manganese-containing cellulose nanocomposites was also inves-
tigated, as shown in Fig. 5. Decreased Mn(CH3COO)2·4H2O
concentration from 1.00 g to 0.50 g and 0.25 g, the cellulose with
irregular shape was  still clearly observed and no nanosheets
were obtained, demonstrating that the Mn(CH3COO)2·4H2O con-
centration had an effect on the shape of manganese-containing
reinforcement.

In general, the metal oxides were obtained by thermal treat-
ment of the metal oxides-containing cellulose nanocomposites. The
thermal treatment temperature was decided based on the results
of TGA and DTA. As shown in Fig. 6, the total weight losses of
the manganese-containing cellulose nanocomposites were ∼52.5%
(10 min), ∼62.7% (40 min), and ∼58.4% (60 min) from room temper-
ature to 600 ◦C in the TGA curves, respectively. Weight losses were
observed during the total thermal treatment procedure, which
could not be divided into different stages. This result was com-
pletely different from the previous reports (Li et al., 2013; Ma  et al.,

2012). MCC  has an obvious weight loss in the region 250–380 ◦C;
meanwhile, the cellulose treated with NaOH/urea solution also dis-
played a weight loss in the region 250–380 ◦C (Li, Jia, Zhu, Ma. ,  &
Sun, 2010). Moreover, the cellulose nanocomposites showed two
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Mn(CH3COO)2·4H2O by a microwave-assisted method. The MCC
solution was  prepared by the dissolution of MCC  in the NaOH/urea
aqueous solutions. In comparison with the previous reported
results, some interesting phenomena were observed. Based on the

100
200

TGA DTA
Fig. 4. SEM images of the manganese-containing cellulose nanocom

eight losses stages assigning to the thermal degradation and
omplete decomposition of cellulose in the composites (Li et al.,
013). From the DTA curves, no obvious exothermic peaks were also
bserved. The XRD, SEM, and FT-IR results confirmed the existence
f cellulose. It was supposed that the different thermal stability
f the manganese-containing cellulose nanocomposites could be
ttributed to the interaction between cellulose and manganese-
ontaining particles by the addition of manganese to the cellulose.
f course, there are still the lack of indirect and enough evidence

o support this suppose.
In view of the results of TGA and DTA, the 600 ◦C was chosen

s the thermal treatment temperature using the manganese-
ontaining cellulose nanocomposites as precursor. The original
urpose was to obtain the manganese oxides by calcination of cel-

ulose. However, XRD pattern of the sample, which was obtained

y calcination of the manganese-containing cellulose nanocom-
osites at 600 ◦C for 3 h, indicated the synthesis of amorphous
anganese-containing materials (Fig. 7a). This result was  differ-

nt from previous report (Li et al., 2013). The shape of calcination

ig. 5. SEM images of the samples prepared by microwave heating at 80 ◦C for
0  min  using different Mn(CH3COO)2·4H2O concentrations: (a) 0.50 g and (b) 0.25 g.
s prepared at 80 ◦C for (a–c) 10 min, (d–f) 40 min, and (g–i) 60 min.

sample displayed some irregular shape and sheet-like shapes with
several hundred nanometers (Fig. 7b). Magnification image of the
sample clearly displayed sheet-like shapes (Fig. 7c).

Next we  discuss the possible mechanism of the synthe-
sis and phase transformation of manganese-containing cellulose
nanocomposites. In this article, the manganese-containing cel-
lulose nanocomposites were obtained using MCC  solution and
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Fig. 6. TGA and DTA curves of the manganese-containing cellulose nanocomposites
prepared at 80 ◦C for (a) 10 min, (b) 40 min, and (c) 60 min.
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Fig. 7. XRD pattern (a) and SEM images (b and c) of the sample by thermal dec

revious knowledge and experimental results, one can observe that
o well-crystalline manganese oxides were obtained during the
ynthesis and phase transformation of manganese-containing cel-
ulose nanocomposites. EDS analysis confirmed the existence of

anganese in the cellulose-based nanocomposites. In the previ-
us literature, it was reported that the phase transformation of
-FeOOH to �-Fe2O3 was restrained in the cellulose/iron oxide
anocomposites by a hydrothermal method (Ma  et al., 2012) and
he phase transformation from Cu(OH)2 to CuO was  restrained in
he cellulose/Cu(OH)2/CuO hybrids during the sonochemistry pro-
ess (Fu et al., 2014). Moreover, as mentioned above, it was reported
hat cellulose-based composites without manganese oxides were
btained by the microwave-assisted method (Li et al., 2013).
herefore, it was supposed that the absence of well-crystalline
anganese oxides could be attributed to the restrain effect of

ellulose pretreated NaOH/urea aqueous solutions. It is known
hat cellulose has the intra- and inter-molecular hydrogen bonds.

n2+ has strong coordination ability. It is suggested that the Mn2+

ound with the OH-groups along the polymer chains, leading to
he enrichment of Mn2+ on the surface of cellulose. Besides, the
ynthesis of manganese-containing cellulose nanocomposites was
ased on the simultaneous formation of manganese-containing
articles and precipitation of the cellulose, which resulted in a
omogeneous distribution of manganese-containing particles in
he cellulose matrix. During the thermal treatment procedure,
he MCC  decomposed and residual was manganese-containing

aterials. It was supposed that the presence of cellulose pre-
reated NaOH/urea aqueous solutions inhibited the crystallinity
f manganese oxides, inducing the fabrication of amorphous
anganese-containing materials. During the preparation process

f cellulose/metal oxides composites, the restrain effect of cellulose
as not always observed. Therefore, the detained mechanism still
eeds to be further explored in the near future. Since the basic for-

ation mechanisms are still poorly understood, there is still much

oom to improve the syntheses of metal oxides in the cellulose
anocomposites. More attentions should be paid to the research
f manganese-containing cellulose nanocomposites.
sition of the manganese-containing cellulose nanocomposites at 600 ◦C for 3 h.

4. Conclusions

In summary, the microwave-assisted route was reported for
the synthesis of the manganese-containing cellulose nanocom-
posites. Well-crystalline manganese oxides were not obtained
before and after thermal treatment of the manganese-containing
cellulose nanocomposites due to the restrain effect of cellulose
pretreated NaOH/urea aqueous solutions. These results demon-
strated that the MCC  pretreated with NaOH/urea solution had an
important influence on the phase, shape, and thermal stability of
the manganese-containing cellulose nanocomposites. Research on
the restrain effect of cellulose would be helpful for understanding
the synthesis of metal oxides by thermal treatment of the cellu-
lose/metal oxides (nano)composites using cellulose as a template.
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