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ABSTRACT

Cellulose is rich in sources and contains a large number of hydroxyl groups in the molecule, which
can be used as the carrier of nanomaterials and reducing agents of KMnO,. Manganese oxide
(MnO,)/bamboo powder nanocomposites were prepared at 60°C using wood powder as a reduc-
ing agent and nanomaterials carrier. KMnO, was utilized as an oxidant and manganese source of
MnO, nanoparticles. Methylene blue was used as the target pollutant to test the activity of nano-
composites. Under neutral conditions, the removal efficiency of methylene blue reached 98.5%
under room temperature and atmospheric pressure, and the maximum adsorption capacity of the

nanocomposite reached in 10 min.

Keywords: Wood powder; Manganese oxide; Composite material; Methylene blue; Wastewater
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1. Introduction

There is an urgent need for efficient and sustainable tech-
nologies to solve environmental problems. Many technolo-
gies have been used to treat dye wastewater, among which
nano-catalyst technology is considered to be one of the most
effective technology solutions. Currently, there are many
kinds of nano-catalysts used for environmental purification,
including precious metals, metal sulfides, metal carbides,
metal oxides, and other carbon-based materials such as GO,
molecular sieves, graphitic carbon nitride (g-C,N,) based
composites etc [1-3]. Moreover, the g-C,N, nanosheets were
new modified two-dimensional graphene-like nanomaterials
which showed high potential in organic pollutants degrada-
tion because of high photocatalytic activity [4]. Considering
the abundance, cost, toxicity, environmental adaptability,
and purification activity of the material, nano MnO_ was
widely used for environmental purification. Moreover, it is
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an excellent nano-catalyst material with variable valence,
strong oxidation ability, and high adsorption capacity, which
can realize the efficient treatment of organic wastewater [5].
Our group has prepared nanosized Mn,O, nanowires with
KMnO, and ethanol in mild conditions by facile hydro-
thermal method. The nanowires exhibited high activity in
the treatment of dye and phenol at the acid condition and
room temperature. KMnO, was used as an oxidant and
ethanol was used as a reducing agent [6,7].

When nanomaterials are used for organic wastewater
treatment, particles agglomeration, and catalytic deactivation
are likely to occur. To improve catalyst efficiency, nanomateri-
als can be compounded on appropriate carriers [8]. Cellulose
fibers are considered a suitable carrier because cellulose is
a renewable, widely sourced raw material with a relatively
large surface area, low density, and environmental friendli-
ness. Wang et al. [9] proposed an efficient synthesis method
for MnO,/cellulose composites. Bamboo cellulose is not only
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a reducing agent but also an ultralight carrier for the synthe-
sis of MnQO,/cellulose composite. The composite has both oxi-
dation and adsorption effects, and the results show that the
removal rate of methylene blue within 2 min is greater than
99.8%. However, the composite requires a certain amount of
NaOH in the synthesis process, and the preparation process
of cellulose used is slightly complicated. Gupta et al. [10]
prepared MnO,/cellulose composites by microwave-assisted
hydrothermal synthesis. The specific surface area of the com-
posite is 87.064 m*/g, and the particle size of the nanopar-
ticles is about 70 nm. The composite has a high treatment
efficiency for the pesticide octachor camphene, with removal
of 96.5% at pH 3. Bamboo is known to have a very short
growth cycle and contains a lot of cellulose. It can reduce
the costs of nanocomposites and filtration systems greatly
which is a excellent candidate of composite carrier [11,12].

In this work, the natural bamboo powder was used as a
reducing agent and composite carrier. KMnO, was used as
an oxidation reagent and manganese source. No other chem-
ical reagents were used which achieved the green synthesis
of MnO,/cellulose nanocomposites. The effects of KMnO,
dosage, hydrothermal reaction time, and other factors on
the properties of composite materials are investigated. Using
methylene blue as target pollution, the reaction time and
other effects on dye treatment efficiency were investigated
in detail.

2. Experimental set-up
2.1. Materials

The bamboo powder was provided by Suichuan Huimin
Wood and Bamboo Processing Plant (Jiangxi Province,
China). KMnO, was purchased from Sinopharm Chemical
Reagent Co., Ltd., (Shanghai, China). Methylene blue and
other dyes are provided by Tianjin Zhiyuan Chemical reagent
Co., Ltd., (Tianjin, China).

2.2. Nanomaterials preparation

A certain amount of KMnO, was added into a 50 mL
flask and 30 mL deionized water was added to dissolve it
for later use. 0.5 g of bamboo powder was added into the
solution with strong agitation at 60°C for 1 h. After reac-
tion, the mixture was washed with deionized water, and the
nanocomposites were dried in the oven at 80°C. The dried
powder was ground for use.

2.3. Nanomaterials characterization

100 mL methylene blue solution with a concentration of
100 mg/L was used as the target pollutant. 0.1 g nanocom-
posite material was added in the dye solution, and stirred for
15 min at room temperature and pressure. After the stirring
was completed, the absorbance of the dye solution before
and after treatment was measured by UV-Vis spectrometer
(721, Shanghai Youke, China) at the maximum absorption
wavelength of dye, and the removal efficiency of the dye
before and after the sample added was calculated. For the
cycle stability test of nanocomposites, the nanomaterials
after dye adsorption were filtered and washed with ethanol.
Then they were reused after dried in the oven.

The removal efficiency was calculated as follows:

R=1001- <t |9
Cf

where ¢, and c, are the initial and final (equilibrium) concen-
trations of the dye in the solution (mg/L), respectively.

All the experiments on flux and rejection were repeated
for three times. The relation standard deviation of the data
was lower than 15%. The material morphology was tested
with scanning electron microscopy (SEM, NanoSEM 450, FEI,
USA) equipped with INCA energy-dispersive X-ray spec-
troscopy (EDX). The element composition was tested with
X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250Xi, USA). The samples were tested with the specific
surface area aperture (Quantachrome ASAP 2460, USA) to
investigate their structural properties and porous parame-
ters via the N, adsorption and desorption test at 77 K. X-ray
powder diffraction (XRD, Rigaku SmartLab SE, Japan) was
measured to determine the crystal structure of the samples
using Cu Ka radiation at 40 kV and 30 mA.

3. Results and discussion
3.1. Characterization of the nanomaterials

To explore the relationship between the structure and
properties of nanocomposites, SEM was used to characterize
the morphologies of the nanocomposites. When the content
of KMnO, was 0.2 g as shown in Fig. 1, the nanosized man-
ganese oxide nanoparticles in the composites are little. When
the content of KMnQO, increased to 0.4 g, the nano-sized
MnQO, content in the nanocomposites increased a lot, which
also increases the specific surface area of the nanocompos-
ites. The morphology of bamboo powder is also presented
in Fig. 1. The surface of the powder was very smooth with
some fiber.

The element composition of the nanocomposite was
analyzed by surface scanning with EDX. It can be seen from
Fig. 2 that the material is mainly composed of C, O, and
N elements without other impurities. Element C is mainly
derived from bamboo fibers, while Mn is derived from
manganese oxide produced by the reduction of KMnO,. It
can also be seen from the figure that the distribution of the
Mn element in the material is very uniform. As shown in
Table 1, the C content was the highest, which is due to the
use of bamboo powder as a reducing agent, which contains
a large amount of bamboo fiber, hemicellulose, and lignin.
There was also a large amount of the Mn element in the
nanocomposites, because of the reduction of KMnO, by the
hydroxyl group in the cellulose fiber. The formed MnO, will
not be dissolved by water and successfully composited on
the fiber.

The nanomaterial prepared with 0.4 g KMnO, was
tested with XPS. Fig. 3 shows the electron region of the
XPS spectra of the nanocomposite and high-resolution
spectra of Mn 2p. The sharp peak at 282 eV was attribut-
able to C 1s, which generated from the bamboo powder.
The peak at 532 eV corresponded to O 1s which generated
from MnO,_ and the bamboo powder. The peaks located at
641.9 and 653.8 eV were attributable to Mn 21:>3/2 and Mn
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Fig. 1. Morphology of nanocomposites. (a) 0.2 g KMnO,, (b) 0.4 g KMnO,, (c) bamboo powder.
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Fig. 2. Energy-dispersive X-ray spectroscopy of the nanocomposites (prepared with 0.4 g KMnO,).

2p, ,, respectively. The Mn 2p XPS spectrum suggested that
Mn was present in its IV state, and the nanosized MnO,
was formed during the hydrothermal reaction. According
to Fig. 3c, the high-resolution C 1s XPS spectra show the
peaks including C=C (284.4 eV), C-O (286 eV), and COO
(288 eV). The high-resolution O 1s spectrum of the compos-
ite nanomaterials shown in Fig. 3d demonstrates the C=O
(530.8 eV), COO- (532.7 eV), CO (530.8 eV) and O-Mn (529.
5 eV) configurations [13].

The Fourier-transform infrared spectra of nanocompos-
ites and bamboo powder are shown in Fig. 4. Both spectra
revealed the characteristic absorption peaks of cellulose. The
peak located at 3,300 cm™ was attributed to O-H stretch-
ing of cellulose. The peak at 1,050 cm™ was assigned to the
C-O stretching in cellulose. Especially, the enhanced peak
at around 1,590 cm™ of nanocomposites was caused by the
C=0 group because of -OH of the cellulose was oxidized
by KMnO,.
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The XRD patterns of the nanocomposites and bamboo
powder are shown in Fig. 5. The diffraction peak of bamboo
powder at about 23° was attributed to disordered carbona-
ceous structure (the crystallographic plane of 002) [14]. The
disappearance of the peak of nanocomposites demonstrated
that the addition of MnO, might restrain the formation of
crystal structure. As can be seen from the figure, the dif-
fraction peaks of the two samples are not strong, because
the main component of the materials are cellulose, which
has low crystallinity.

Table 1
Element composition of the nanocomposites prepared with
0.4 g KMnO,

Elements Weight (%) Atom (%)
Mn 44.55 16.32
(@] 22.06 27.75
C 33.38 55.93
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The textural parameters of the bamboo powder and
nanocomposites are listed in Table 2. The bamboo powder
without modification showed very low Brunauer-Emmett—
Teller (BET) surface area (0.53 m?%g) and pore volume
(0.0084 cm?®/g). The nanocomposites showed higher BET sur-
face area (27.33 m?/g) and pore volume (0.048 cm?/g) because
of introduction of nanosized MnQO,. The result was consistent
with SEM images. The average pore diameter of nanocom-
posites was a little higher maybe caused by the pore struc-
ture of MnO, nanoparticles on the cellulose carrier.

3.2. Performance of the nanocomposites

The effect of KMnO, content on properties of nanocom-
posites was investigated with methylene blue used as the
target pollutant. Methylene blue solution with a concentra-
tion of 100 mg/L was taken as the target pollutant and treated
with the bamboo powder or nanocomposites for 15 min at
room temperature and atmospheric pressure. Bamboo pow-
der without modification was also used to treat the dye solu-
tion as a control experiment. As can be seen from Fig. 6, the
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Fig. 3. X-ray photoelectron spectra of nanocomposites. (a) Survey spectrum, (b) detailed spectrum of Mn 2p, (c) detailed spectrum

of C 1s, and (d) detailed spectrum of O 1s.
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Fig. 4. Fourier-transform infrared spectra of the nanocomposites
(a) and bamboo powder (b).
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Fig. 5. X-ray powder diffraction patterns of the nanocomposites
(a) and bamboo powder (b).

Table 2
N, physical adsorption data of samples

Sample Sper Pore volume  Pore diameter
(m*/g)  (em?/g) (nm)

Bamboo powder  0.53 0.0084 6.37

Nanocomposites ~ 27.33 0.048 6.97

removal rate of bamboo powder can reach 59.2%, because
bamboo powder also has a strong adsorption capacity.
The weight of cellulose powder was fixed to 0.5 g, and the
KMnO, content was increased from 0.1 to 0.7 g to prepare
nanocomposites. The reaction temperature was fixed at 60°C
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Fig. 6. Effect of KMnO, content on the properties of nanocom-
posites.
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Fig. 7. Effect of hydrothermal reaction time on the activity of the
nanocomposites.

for 1 h, and the products were obtained by filtering, drying
and grinding. As shown in Fig. 6, the content of KMnO, has
a great influence on the treatment performance of the nano-
composites. When the content of KMnO, was above 0.4 g,
the removal rate of dye solution was above 97%. When the
content of KMnO, was 0.7 g, the removal rate of methylene
blue dye was 98.5%. The -OH group on the surface of the
fibers reacted with KMnO,. Due to the high crystallinity of
cellulose, KMnO, is difficult to penetrate the crystals. More
KMnO, has less effect on the performance. So, the content
of KMnO, was determined to be 0.4 g in the subsequent
study.

The effect of reaction time on the properties of the nano-
composites was investigated when the reaction temperature
was 60°C and the amount of KMnO, was 0.4 g as shown
in Fig. 7. 100 mL methylene blue solution (100 mg/L) was
treated for 15 min to explore the treatment properties of
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Fig. 8. Effect of adsorption time on the dye removal.

composite dyes under different hydrothermal reaction times.
It can be seen from Fig. 7 that the removal rates of methy-
lene blue under different reaction times are all above 97%,
indicating a high treatment efficiency. The reaction time of
1 h is effective for the preparation of nanomaterials with
good performance. Therefore, the subsequent preparation
time of nanocomposite was fixed at 1 h.

To determine the treatment efficiency of the nanocom-
posites, 0.1 g of the sample was added into the solution with
different adsorption times. The dye removal rate is shown
in Fig. 8. It can be seen from the figure that when the com-
posite material was added into the dye solution for 1 min,
the removal rate of methylene blue reached 88.5%, which
reached a high removal rate in a very short time. When the
adsorption time was extended to 2 min, the dye removal effi-
ciency reached 97.4%. With the extension of time, the pro-
cessing rate is further improved but slowly. After 10 min
of processing, the dye treatment rate reached 98.5%. The
results showed that the nanocomposites had high activity
at room temperature and atmospheric pressure.

The adsorption data onto nanocomposites were ana-
lyzed to investigate the relationship between adsorbent and
dye in solution as shown in Fig. 9. When the initial concen-
trations of methylene blue increased from 50 to 200 mg/L,
the amount of equilibrium absorption grew steeply with
the increase of equilibrium concentration of dye solution.
When the initial concentration was above 250 mg/L, the
amount of equilibrium absorption changed little. The max-
imum adsorption capacity reached up to 154 mg/g when the
initial concentration was 400 mg/L.

To investigate the cyclic stability of nanocomposites, the
nanomaterial after treatment of methylene blue solution
were filtered, dried, and recycled. Then the recycled mate-
rials were used to treat dye solution under the same condi-
tions. Fig. 10 shows the performance of nanomaterial during
four cycles. As can be seen from the figure, the nanomate-
rials exhibited very good cyclic stability in the treatment
of dye wastewater. After four cycles, the dye removal rate
of the material was still above 86.4%. The results showed
that the chemical stability of the nanocomposites was very
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Fig. 9. Adsorption isotherm of the nanocomposites.
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Fig. 10. Effect of cycle times on the dye removal.

high. The MnO, nanoparticles contained in the sample have
certain catalytic activity. It can catalyze the dye molecules
adsorbed on the surface of the material, thus maintaining
high processing efficiency. At the same time, nanoparticles
and cellulose carriers combined closely. So, the nanoparticles
were not easy to lose during utilization and filtration.

4. Conclusions

In conclusion, MnO,/bamboo powder nanocomposites
were prepared by hydrothermal reaction. Cellulose was used
as a reducing agent and carrier while KMnO, was used as
the manganese source and oxidant. The morphology and
composition of the materials were analyzed by SEM and
XPS. The results showed that the nanocomposites with typ-
ical MnO, nano spheres can be prepared by using bamboo
powder as the reducing agent and nanoparticles carrier
under mild hydrothermal conditions. The distribution of
MnO, nanoparticles is relatively uniform according to EDX
mapping. The nanocomposites showed higher BET surface
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area which improved the dye removal activity. The prepa-
ration condition was green without using any other chem-
icals. The synthesis reaction condition was relatively mild.
The required reaction temperature was 60°C and the reaction
time was 1 h. When the KMnO, content was 0.4 g, the dye
treatment efficiency of the prepared nanocomposites can
reach more than 98.5% under neutral and room temperature
conditions. The nanomaterials also have good cycling stabil-
ity, because the dye treatment efficiency of the material can
still reach more than 86.4% after four cycles.
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