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The purpose of this article was to explore the influences of alkalis types on the cellulose/Mn304 compos-
ites via a sonochemistry method. In this study, cellulose/Mn304 composites were successfully fabricated
using four types of alkalis (urea (CO(NH, ), ), hexamethylenetetramine ((CH; )sN4, HMT), NaOH, and KOH)
by an environmentally-friendly sonochemistry method. The phase, shape, thermal stability, and the
formation mechanism of the cellulose composites were researched in detail. Experimental results demon-
strated that the types of alkalis played an important role in the phase, shape, dispersion, and thermal
stability of cellulose/Mn304 composites. By thermal treatment of cellulose/Mn30,4 composites at 600 °C
for 3 h in air, the Mn3 04 crystals were obtained. This novel method reported here maybe has a guiding
significance for the synthesis of manganese oxide materials and other metal oxides using cellulose as

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Manganese oxides are important materials due to their
potential applications in catalysis, high-density magnetic storage
media, ion-exchange, rechargeable batteries, molecular adsorp-
tion, and electronics (Armstrong & Bruce, 1996; Bernard, Goff,
Thi, & Detorresi, 1993; Chen et al., 2012; Eren, Guney, Eren,
& Gumus, 2013; Jothiramalingam, Viswanathan, & Varadarajan,
2005; Shen et al, 1993). More recently, Wang et al. (2013)
discovered the manganese oxide micro-supercapacitors with ultra-
high areal capacitance. The manganese oxide based composites
including manganese oxide/carbon nanofibers (Jung et al., 2012;
Kwon et al., 2013) and manganese-oxide-containing mesoporous
nitrogen-doped carbon (Tan et al., 2012) have also been reported.
The composites from cellulose and manganese oxide could be
employed in water purification and removal of heavy metal
ion (Maliyekkal, Antony, & Pradeep, 2010a; Maliyekkal, Lisha, &
Pradeep, 2010b; Robinson et al., 2013). Maliyekkal et al. (2010b)
reported that the Pb(Il) adsorption capacity of cellulose/manganese
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oxide composites was several times higher than commercial man-
ganese oxide and at least twice larger than nanoscale manganese
oxide. There have been a few reports on the fabrication of cellu-
lose/manganese oxide composites (Roy, Paice, Archibald, Misra,
& Misiak, 1994; Yin, Gao, Wu, Wang, & Lu, 2010). Asiri, Khan,
Alamry, Marwani, and Rahman (2013) reported the growth of
Mn30,4 on cellulose matrix as a solid phase adsorbent for triva-
lent chromium. Zhou et al. (2011) reported the in-situ synthesis of
manganese dioxide nanosheets on cellulose fibers and applied in
oxidative decomposition of formaldehyde. In the previous study,
a microwave-assisted method was reported for the preparation
of cellulose-based composites, which were used as precursor for
the synthesis of Mn;03 with similar shape by thermal treat-
ment (Li et al., 2013). Moreover, the microwave-assisted method
was also applied for the synthesis of the manganese-containing
cellulose nanocomposites using microcrystalline cellulose and
Mn(CH3C00),-4H,0 in the NaOH/urea aqueous solutions (Ma,
Deng, & Yao, 2014). The restrain effect of cellulose treated with
NaOH/urea aqueous solutions existed during the procedure of cel-
lulose nanocomposites.

As a green methodology, the sonochemical method is a promis-
ing route for the synthesis of functional materials and has been
receiving considerable attention thanks to its unusual effects
(chemical effect and physical effect) because of acoustic cavitation
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Table 1
Preparation of cellulose/Mn3;04 composites with four kinds of alkalis.

Samples Reaction systems

a MCC (1.00 g) + water (40 mL) + Mn(CH3C0OO),-4H,0 (1.00g) + urea (1.00 g)
b MCC (1.00 g) + water (40 mL)+Mn(CH3C00),-4H,0 (1.00g)+ HMT (1.00 g)
C MCC (1.00 g) + water (40 mL) + Mn(CH3COO),-4H,0 (1.00g) +NaOH (1.00 g)
d MCC (1.00 g) + water (40 mL) + Mn(CH3C0O0),-4H,0 (1.00g)+KOH (1.00 g)

(Bang & Suslick, 2010; Xu, Zeiger, & Suslick, 2013). More recently,
the applications of sonochemical method in the synthesis of inor-
ganic materials have been rapidly growing (Alavi & Morsali, 2010;
Askarinejad & Morsali, 2009; Jia, Fan, Zhang, & Qin, 2010). The
ultrasound method was applied to synthesize the vaterite spheres
by our research group (Fu, Dong, Ma, Li, & Sun, 2013). Recently,
Bastami and Entezari (2012) synthesized manganese oxide
nanocrystals by ultrasonic bath under external magnetic field. Park
et al. (2012) reported the synthesis of graphene oxide/manganese
oxide nanocomposites for catalytic glycolysis of poly(ethylene
terephthalate) by a sonochemical route. However, to the best of
our knowledge, there has been no report on the preparation of
cellulose/Mn30,4 composites via a sonochemistry method.

In this article, an environmentally-friendly sonochemistry
method was applied for the preparation of cellulose/Mn304 com-
posites using microcrystalline cellulose, Mn(CH3C0OO),-4H,0, and
four types of alkalis (CO(NH5),, (CH;)gN4, NaOH, and KOH) in the
deionized water. The thermal stability and the formation mecha-
nism of cellulose-based composites were also investigated.

2. Materials and methods

2.1. Preparation of the cellulose/Mn304 composites via a
sonochemistry method

For the synthesis of target product cellulose/Mn304 compos-
ites, a certain quality of microcrystalline cellulose (MCC) was added
into 40 mL deionized water under vigorous stirring. Then, the man-
ganese acetate (Mn(CH3COO),-4H,0) and four types of alkalis (urea
(CO(NH;)3), hexamethylenetetramine ((CH; )gN4, HMT), NaOH, and
KOH) were added into the above solution, respectively. Subse-
quently, the resulting solution was subjected to sonication (Xin-Zhi,
JY92-2D, Ti-horn, 20 kHz, 80 W cm?2) at an ambient condition with
a high-density ultrasonic probe immersed directly in the solution.
During the ultrasonic irradiation, the reaction solution was kept
for 90 min. The detailed experiment parameters were summarized
in Table 1. The precipitates were separated from the solution by
centrifugation, washed by deionized water and absolute ethanol
for several times, then dried in air at 60 °C for further characteriza-
tion. Afterwards, the obtained products were put into an alumina
crucible in a furnace, heated to 600°C in air with a heating rate of
10°Cmin~!, and kept at 600 °C for 3 h.

2.2. Characterization

X-ray powder diffraction (XRD) was performed on a
Rigaku D/Max 2200-PC diffractometer with Cu Ko radiation
(A=0.15418 nm) and graphite monochromator at ambient tem-
perature. The morphologies of the samples were studied with a
scanning electron microscopy (SEM, Hitachi 3400N). All samples
were Au coated prior to examination by SEM. Fourier transform
infrared (FTIR) spectroscopy was carried out on Thermo Scientific
Nicolet iN10 FTIR Microscope (Thermo Nicolet Corporation, Madi-
son, WI, USA), which was equipped with a liquid nitrogen cooled
MCT detector. Dried samples were ground and pelletized with
BaF, and the spectra were recorded in the range of 4000-670 cm™!
at 4cm~! resolution and 64 scanssample~!. Thermogravimetric

analysis (TGA) and differential thermal analysis (DTA) were taken
with a heating rate of 10°Cmin~! from room temperature to 600 °C
in flowing air with a simultaneous thermal analyzer (Netzsch,
STA449F3, Germany).

3. Results and discussion

Using MCC as matrix, the composites were obtained by the addi-
tion of Mn(CH3C0O0),-4H,0 and alkali via a sonochemistry method.
Four types of alkalis were used in the experimental including urea,
HMT, NaOH, and KOH. The XRD patterns of the four obtained sam-
ples were recorded for the identification of the products, as shown
in Fig. 1. Using urea as alkali, one can see that only the peak of cel-
lulose was observed (marked out by * in Fig. 1a) and no obvious
peaks from Mn,03 or Mn304 or MnCO3 were detected in the XRD
pattern of the sample (Fig. 1a). The MnCOj3 crystals were obtained
using MnCl,-4H,0 and urea using the ultrasonicirradiation method
in the literature (Yang, Zhu, Tong, & Wang, 2007). They proposed
that urea decomposed homogenously by hydrolysis in the solution
according to the following Egs. (1) and (2), eventually leading to the
formation of MnCOs. It is well known that there is a large number
of hydroxyl groups exist in the cellulose macromolecular, while the
urea hydrates could not be associated directly with cellulose (Cai
et al., 2008). The decomposition of urea occurred during the proce-
dure of ultrasonic irradiation. However, no manganese oxides were
synthesized in the presence of urea due to the existence of cellulose
in this study.

CO(NH,); — NH3+HNCO — NH4* +NCO- (1)
NCO™ + OH™ +H,0 — NHj +CO5%~ (2)

Using HMT instead of urea as alkali, weak peaks of Mn3Og4
appeared (Fig. 1b). In the literature, no manganese oxides were
obtained using Mn(CH3COO),-4H,0 and HMT in the cellulose
matrix via a microwave-assisted method (Li et al., 2013). It was
also reported that the well-crystallized Mn304 was synthesized
using Mn(CH3COO0),-4H,0 and HMT in the deionized water by a
microwave-assisted method at 80°C for 10 min (Yang, Zhu, Tong,
Wang, & Cheng, 2006). The temperature of the reaction solution
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Fig. 1. XRD patterns of the samples prepared by sonochemistry method using dif-
ferent types of alkalis: (a) urea; (b) HMT; (c) NaOH; (d) KOH.
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Fig. 2. SEM images of the samples prepared by sonochemistry method using different types of alkalis: (a) urea; (b) HMT; (c) NaOH; (d) KOH.

can run up to around 80°C during the ultrasonic irradiation pro-
cess. The formation process of Mn3 04 crystals was proposed as the
following equations:

(CH;)gN4 +6H;0 — 4NH3 + 6HNCO (3)
NH; +H0 — NH4" +OH™ (4)
6Mn?" + 120H™ + 03 — 2Mn304 + 6H,0 (5)

Besides, it is known that Mn(CH3COO0),-4H,0 can react with
HMT in aqueous solution to form Mn304 at room temperature.
Therefore, one can suppose that the existence of cellulose and/or
the sonochemistry method decreased the crystallinity of products.

When NaOH was used as alkali, the peaks intensities of Mn3Oy4
increased (Fig. 1c). However, using KOH as alkali, the sample was
indexed to well-crystallized Mn304 with a tetragonal structure
(Fig. 1d, JCPDS 24-0734). These results demonstrated that the types
of alkalis played an important role in the crystallinity of Mn30y4
in cellulose composites. As we all know, the urea and HMT were
relatively weak alkalis and KOH and NaOH were relatively strong
alkalis. The strong alkalis do a favor for the fabrication of Mn304
in cellulose composites. There were a large number of hydroxyl
groups in the solution, the formation process of Mn304 maybe
explained as follows: First, Mn(CH3COO), reacted with OH~ ions
generated white insoluble compound Mn(OH),, which was easily
oxidized by O, in air, even the small quantities of O, dissolved in
water could oxidized it. Subsequently, Mn(OH), oxidized by the
0, in the reaction system generated brown precipitate MnO(OH),.
Then MnO(OH), decomposed in the ambient conditions, Mn30y4
obtained at last. Under the basic condition, a possible chemical reac-
tion for the synthesis of Mn304 crystals in the cellulose composites
was suggested as follows:

Mn(CH3COO); +20H™ — 2CH3CO0™ + Mn(OH), | (6)
2Mn(OH); + 0, — 2MnO(OH), | (7)
3MnO(OH); - Mn304 +3H;0 + 031 (8)

Based on the above analysis results, the cellulose/Mn304 com-
posites were obtained using Mn(CH3C0O),-4H,0 and four kinds

of alkalis by the sonochemistry method. One can conclude that
the types of alkalis played an important role in the crystallinity
of Mn30y4 in the cellulose composites.

Morphologies and dispersion of Mn30,4 in the cellulose matrix
are very important for the potential applications of cellulose com-
posites, which were investigated with SEM, as shown in Fig. 2. One
can see the Mn3 04 crystals grown on the surface of cellulose. Few
particles were dispersed on the surface of cellulose using urea as
alkali (Fig. 2a). Yet when HMT was selected as additive, the number
of Mn304 particles increased on the surface of cellulose (Fig. 2b).
Interestingly, when NaOH was added into the reaction system, the
number of the particles ushered in a further increase, what’s more,
many sheets around 6 m in length were so conspicuous (Fig. 2c).
In the literature, the octahedral Mn3 04 nanocrystals were obtained
using Mn(CH3C0O0),-4H,0 and NaOH in diluted polyethylene gly-
col solution at 30°C (Hao et al., 2011). Both the polyethylene glycol
and ultrasonic irradiation are the reasons leading to the difference
in the literature. To one’s astonishment, the numbers of particles
were dramatically increased using KOH as alkali (Fig. 2d), compared
with Fig. 2a-c. This SEM results demonstrated that the strong alkalis
did a favor for the fabrication of Mn3 04 in the cellulose composites.

In addition, one can see that the shape of cellulose was not
changed in all four samples and the Mn304 particles were not
mixed with cellulose matrix mechanically. The formation mech-
anism of cellulose/Mn304 composites maybe explained as follows:
on one hand, Mn304 crystals maybe absorbed on the surface of
cellulose due to the surface electrochemical properties of cellulose
that there are many polar groups in the cellulose macromolecules
such as hydroxyl groups and uronic acid groups, leading to the
negatively charged surface of cellulose in the water. On the other
hand, it has been recognized that there are a lot of hydroxyl groups
in the molecules, some of them form intra- and intermolecular
hydrogen bonds, and others remain free. The cellulose and Mn304
crystals may be connected with each other through hydroxyl bonds
formed from the free hydroxyl groups and Mn3O4 crystals, as
shown in Scheme 1. Moreover, the ultrasound irradiation had an
important role in the synthesis of Mn304 in the cellulose matrix.
In the literature, a H,O,-induced oxidation route and a direct
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Scheme 1. The possible mechanism between cellulose and Mn304 crystals.
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Fig. 3. FTIR spectra of the samples prepared by sonochemistry method using differ-
ent types of alkalis: (a) urea; (b) HMT; (c) NaOH; (d) KOH.
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Fig.5. XRD patterns of the samples by calcination of the cellulose-based composites
at 600 °C for 3 h: (a) urea; (b) HMT; (c) NaOH; (d) KOH.

thermal decomposition of hydroxide were suggested for the oxi-
dation of hydroxide to oxide in the thin liquid shell surrounding
the cavitation bubble during the ultrasound irradiation process
(Choudhury, Choudhary, Sivakumar, & Moholkar, 2013; Goswami,
Choudhury, Chakma, & Moholkar, 2013). During the preparation
of cellulose/Mn304 composites, ¢OH radicals were generated from
dissociation of water in the bubble during transient collapse of
cavitation bubbles, which induced the synthesis of Mn30,4 from
manganese hydroxide.

FT-IR spectra of the samples were shown in Fig. 3. The spectra of
all samples are similar to each other except Fig. 3a. Among of four
FT-IR spectra, the peaks intensities were dramatically weak using
urea as alkali (Fig. 3a). The typical characteristic bands of cellu-
lose were observed in all the samples at 3437 cm~! (the stretching
vibration of OH), 2917 cm~! (asymmetrically stretching vibration
of C—H groups), 1601 cm~! (bending mode of absorbed water in the
composites), 1453 cm~! (CH, scissoring motion), and 1036 cm™!
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Fig. 4. TGA and DTA curves of the samples prepared by sonochemistry method using (a) urea, (b) HMT, (c) NaOH, and (d) KOH, respectively.
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Fig. 6. SEM images of the samples by calcination of the cellulose-based composites at 600 °C for 3 h: (a) urea; (b) HMT; (c) NaOH; (d) KOH.

(C—0—C pyranose ring skeletal vibration of cellulose), which were
consistent with that of the pure MCC(Li et al., 2013). Otherwise, the
characteristic peaks of Mn—0 at 400-650 cm~! were not observed
(Gibot and Laffont, 2007). Using HMT as alkali, very strong peaks
intensities were observed (Fig. 3b). Using NaOH and KOH as alkali,
similar peaks were observed (Fig. 3c and d), compared with Fig. 3b.

The thermal stabilities of the cellulose/Mn304 composites were
investigated with TGA and DTA (Fig. 4). The total weight losses of
the four composites were measured to be 98.5%, 96.7%, 70.8%, and
71.4%. That is to say, the contents of Mn304 were 1.5%, 3.3%, 29.2%,
and 28.6%, respectively. The percent of Mn304 was very low in the
cellulose composites using urea and HMT as alkalis (Fig. 4a and b);
meanwhile, the percents of Mn3;04 were dramatically increased
from 1.5%/3.3% to 29.2%/28.6% in the cellulose composites using
NaOH and KOH as alkalis (Fig. 4c and d). These results demon-
strated that the types of alkalis played an important role in the
synthesis of Mn304. All TGA curves displayed two stages of weight
losses, which were assigned to the thermal degradation and com-
plete decomposition of cellulose in composites. What’s more, the
ending temperatures were 487,495,404, and 416 °C for the samples
prepared using urea, HMT, NaOH, and KOH, respectively. The end-
ing temperatures of the composites synthesized using NaOH and
KOH obvious decreased, compared with using urea and HMT. It was
supposed that the decreasing ending temperatures maybe due to
the interaction between Mn304 and cellulose in composites. These
results indicated that the addition of Mn3 04 decreased the thermal
stability of cellulose in composites. Furthermore, two endothermic
peaks were located at 346/424, 347/410, 283/342, and 290/359°C
inthe DTA curves for the fours samples, which fitted well with those
of weight losses in the TGA curves. Two endothermic peaks of four
samples displayed similar phenomenon. Based on the results of TGA
and DTA, one can conclude that the cellulose/Mn304 composites
provided the possibility for the improvement of thermal stabilities
due to the interaction between the counterparts, compared with
the individual components.

Based on the results of TGA and DTA, 600°C was chosen
as the calcination temperature for the complete decomposition

of cellulose/Mn304 composites. After the calcination of the as-
prepared cellulose composites at 600°C for 3 h in air, the Mn30y4
crystals were obtained. The XRD patterns of the as-obtained Mn3 04
samples are shown in Fig. 5. One can see that the peak of cel-
lulose disappeared. The XRD patterns displayed weak peaks of
Mn304 using urea and HMT as alkalis (Fig. 5a and b). On the
contrary, the peaks intensities of Mn304 were obvious increased
using NaOH and KOH as alkalis (Fig. 5c¢ and d). The phase of
Mnj304 did not change after the calcination but the peaks intensities
increased, compared with Fig. 1, demonstrating that the calcination
favored the increasing crystallinity of inorganic crystals. Moreover,
the cellulose decomposed by calcination, favoring the increas-
ing peaks intensities of Mn30g4. Fig. 6 shows the morphologies of
Mn304 samples, which were prepared by thermal treatment using
cellulose/Mn304 composites at 600 °C for 3 h in air. The shapes of
Mn304 crystals were sustained after the calcinations except the
sheets disappeared. In comparison with the cellulose/Mn304 com-
posites, the irregular particles were observed after calcination using
urea and HMT as alkalis (Fig. 6a and b). The fiber-like shape maybe
assign to the carbon by the decomposition of MCC. Using NaOH and
KOH as alkalis, Mn3 04 particles were still obvious observed (Fig. 6¢
and d). The calcination did not improve the dispersion of Mn304
particles,

4. Conclusions

In summary, compare study cellulose/Mn30,4 composites were
conducted among four types of alkalis by the sonochemistry
method. The Mn3O4 crystals were obtained after the thermal
decomposition of the cellulose/Mn30,4 composites at 600 °C for 3 h.
Experimental results demonstrated that the types of alkalis played
an important role in the phase, shape, dispersion, and thermal sta-
bility of cellulose/Mn30,4 composites. This novel method provides a
new strategy for the synthesis of manganese oxide materials using
cellulose as template. This method reported here may be has a guid-
ing significance for the synthesis of other metal oxides particles.
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