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a  b  s  t  r  a  c  t

A  one-step  and  energy-efficient  synthetic  method  was  developed  to fabricate  manganese  dioxide
(MnO2)/cellulose  nanofibers  (CNFs)  hybrid.  In  this  process,  bamboo  CNFs  acted  as  both  a reducing  reagent
for  the  Mn  (VII)  and  an  ultralight  support  for the generated  MnO2 nanosheets.  Neither  additional  reduc-
ing  reagents  nor  heating  were  adopted  during  the synthesis  process.  The  phase  constitutions,  crystal
structure  and morphology  of the  hybrid  were  systematically  investigated.  Both  oxidative  and  adsorptive
eywords:
anganese dioxide

ellulose nanofibers
anocomposites
ecolorization of methylene blue

decolorization  of  methylene  blue  (MB)  were  investigated  to evaluate  its efficiency  on  dye  wastewa-
ter  treatment.  The  results  showed  that  the  few-layer  MnO2 nanosheets  deposited  on  CNFs  exhibited
high  decolorization  efficiency  for the  oxidation  and  adsorption  of  MB.  When  slurry  containing  25  mg
MnO2/CNFs  hybrid  was  dispersed  in  25  mL  80 mg  L−1 MB solution,  the  removal  of  MB  was  more  than
99.8%  within  2 min.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Methylene blue (MB), a representative of dyestuffs resistant
o biodegradation (Chowdhury, Azam, Aktaruzzaman, & Rahim,
009), has various dangerous effects on human and animals. It
an cause heart rate increasing, nausea and vomiting (Hassan,
bdel-Mohsen, & Fouda, 2014). Dye removal by physical and chem-

cal methods, such as coagulation, ultra-filtration, electro-chemical
dsorption and photo-oxidation, has been studied extensively
Parkansky, Simon, Alterkop, Boxman, & Berkh, 2013). However,
astewater treatment is a costly yet important task for process

ndustries due to the straighten regulations in most of the countries
Rehman, Kim, & Han, 2012). Thus, an energy-saving and low cost

ethod for the removal of cationic dyes from industrial effluents
s still an important and challenging subject in the field of environ-

ental remediation (Zhou, Fu, Liu, Yang, & Zhan, 2011). Recently,
he development of nanoscience and nanotechnology suggests that

any of the current water-treatment problems might be resolved
r greatly ameliorated by using nanosorbents, nanocatalysts, bioac-
ive nanoparticles, catalytic membranes with nanostructures and

o on (Chen & He, 2008). Among them, nanosized manganese oxides
MnOx) could be one of the promising materials as adsorbents
r catalysts for the removal of organic pollutants from water by

∗ Corresponding authors. Tel.: +86 28 85460607; fax: +86 28 85402465.
E-mail addresses: weizhang@scu.edu.cn (W.  Zhang), canhuilu@263.net (C. Lu).

ttp://dx.doi.org/10.1016/j.carbpol.2014.04.008
144-8617/© 2014 Elsevier Ltd. All rights reserved.
adsorption and subsequent catalytic combustion at relatively low
temperatures (Liu, Liu, Zhao, Qu, & Zhang, 2010).

For the MB  degradation reactions, nano-MnOx usually performs
as a catalyst with H2O2, though a few literatures reported degra-
dation without H2O2 (Hao et al., 2013). In fact, MnOx has versatile
functions for the MB  removal: (i) catalyzing the oxidation of MB
with H2O2 (Zhang et al., 2006), TBHP (Sriskandakumar et al., 2009)
or O2 (Kuan & Chan, 2012), etc.; (ii) physical adsorption; (iii) acting
as an oxidizing reagent of itself. However, most of the synthesized
MnOx is in powder or colloid form, especially the nanosized ones.
It has encountered several engineering limitations: (i) difficulty in
solid–liquid separation; (ii) leaching of nanoparticles along with
the treated effluent (Maliyekkal, Lisha, & Pradeep, 2010); (iii) ease
of aggregation after using and thereby low reuse value.

Aggregation of nanoparticles and dust pollution can be avoided
by anchoring the nanoparticles on suitable matrices. Cellulose
fibers are considered as one of the favorite candidates. Natural cel-
lulose fibers are one of the most important natural polymers, an
almost inexhaustible raw material, and a key source of sustain-
able materials on an industrial scale (Klemm et al., 2011). Cellulose
nanofibers (CNFs) have been extensively employed as a preferen-
tial support material due to its high surface area (Sehaqui, Zhou, &
Berglund, 2011), low density (Lavoine, Desloges, Dufresne, & Bras,

2012), and environmental friendliness. Though previous works
have reported KMnO4 as an effective initiator for the graft copo-
lymerization of some vinyl monomers onto cellulose (Pashkuleva,
Marques, Vaz, & Reis, 2005) and the chemical changes after the
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rafting reaction, the final byproducts of MnOx have rarely been
tilized.

In this study, the nano-MnO2 deoxidized from KMnO4 by bam-
oo cellulose fibers was first used in the MB  decolorization. We
roposed a new approach using nanofibrillated bamboo fiber
etworks as the support for the non-agglomerated synthesis of
nO2/CNFs hybrid. Furthermore, CNFs were not only used as a suit-

ble support and a reducing reagent but also a synergetic adsorbent
hen treating MB  in water. The hybrid showed improved decol-

rization performance with both high oxidative and adsorption
fficiency. This material exhibited great potential for environmen-
al rehabilitation.

. Experimental

.1. Materials

Never-dried bamboo (Phyllostachys pubescens)  pulp was kindly
rovided by Yongfeng Paper Co., Ltd, Muchuan, China. Potassium
ermanganate, sodium hydroxide, ethanol, manganese dioxide
MnO2) and methylene blue purchased from Kelong Company
Chengdu, China) were all of analytic grade.

.2. CNFs preparation

The CNFs were extracted from bamboo pulp fibers according
o the literature (Chen, Yu, & Liu, 2011). Briefly, the never-dried
ulp was soaked and dispersed in distilled water at a concentration
f approximately 0.05 wt%. About 150 mL  of the suspension was
hen sonicated using a horn type ultrasonic generator (JY98-IIID,
ingbo Scientz Biotechnology Co., Ltd., China). The sonication was
onducted at an output power of 1200 W for 60 min  in an ice/water
ath.

.3. Preparation of MnO2/CNFs hybrid

20 mL  0.5 mol  L−1 alkaline permanganate (KMnO4:NaOH = 1:1
n molar ratio) solution was mixed with 300 mL  1 wt% bamboo CNFs
uspension and stirred at room temperature for 8 h to get the in situ
rown MnO2/CNFs hybrid. The product was then washed with dis-
illed water to remove any possible residual reactants. Finally, the
lean hybrid was redispersed in water by stirring and the solid con-
entration of the wet slurry was 9.3 wt%. The sample was  kept wet
ll the time to avoid irreversible agglomeration of the hybrid.

.4. Material characterization

X-ray diffraction (XRD) patterns were used to identify the phase
onstitutions and crystal structure of the as-prepared hybrid and
NFs. The patterns were recorded from 2� = 5–80◦ on an X’Pert
-diffractometer (Philips Co., Netherlands) using Cu-K� radiation

� = 0.1540 nm)  operated at 40 kV and 40 mA. The crystallinity
ndex (CrI) of original bamboo CNFs and those in the hybrid was
alculated using the Segal method (Segal, Creely, Martin, & Conrad,
959). In order to determine the crystalline structure of MnO2, the
nO2 nanosheets were separated from CNFs. The purified speci-
en  of MnO2 was prepared through the following procedure: the

lurry of MnO2/CNFs hybrid was solvent exchanged with methyl
lcohol and kept soaking in methyl alcohol for 1 h. Then the ‘acti-
ated’ CNFs with MnO2 on the surface was solvent exchanged with
imethylacetamide (DMAc), followed by mixing with DMAc/LiCl
8 wt% LiCl concentration) under agitating for one day until the cel-

ulose was completely dissolved. The cellulose solution and MnO2

as separated by centrifugation and washing with DMAc/LiCl
epeatedly. XPS (X-ray photoelectron spectroscopy) signals were
ollected on a VG Micro MK  II instrument. The hybrid was dried
mers 110 (2014) 302–308 303

at 80 ◦C before examination. The surface morphology of bamboo
CNFs and MnO2/CNFs hybrid was characterized using a transmis-
sion electron microscope (TEM) (Tecnai G2 F20 S-TWIN). The FTIR
spectra were recorded from 4000 to 400 cm−1 at a resolution of
4 cm−1 over 20 scans on a Nicolet 6700 FTIR spectrophotometer
(USA). The amount of MnO2 in the MnO2/CNFs hybrid was evalu-
ated using flame atomic absorption spectroscopy (AAS) (VARIAN
Co., USA). The produced hybrid slurry was  dried at 80 ◦C in an oven
before decomposition of the organics with concentrated HNO3 and
HCIO4 (Gerritse & Van Driel, 1984). After appropriate addition of
HCl and water, the resulting solution was  analyzed by flame AAS.

2.5. Decolorization of MB

The obtained MnO2 coated CNFs were used to remove the MB
dye. Typically, 286 mg  wet hybrid slurry containing 25 mg solid
MnO2/CNFs hybrid was added to 50 mL  beakers containing 25 mL
80 mg  L−1 MB  solution and stirred at room temperature. Initial pH
of the system was  adjusted in the range from 3.1 to 9.6. At each
pre-determined time interval, the solution was suctioned off by a
syringe with a 0.22-�m syringe-end filter and the MB concentra-
tions of filtrates were then determined using a MAPADA UV-1800
spectrophotometer at �max = 664 nm (Zhang et al., 2001). In the
case of high MB  concentrations which outranged the measurement
limit of the facilities, the MB  solutions were diluted using deion-
ized water. The decolorization efficiency of MB  was  measured by
the concentrations at different time intervals. Decolorization effi-
ciency, (At) (%), was defined as (At) (%) = (A0 − At)/A0 × 100%, where
A0 was the initial concentration of MB  and At was  the concentration
at contact time of t. For comparison, 25 mg  pure CNFs and 25 mg
commercial MnO2 were tested in parallel under the same condi-
tions as the above. To evaluate the effects of gaseous environment
and H2O2 on MB  decolorization, 25 mL  MB  solution (80 mg  L−1)
was reacted with 25 mg  MnO2/CNFs hybrid in a flask reactor under
N2 protection. The MB solution was nitrogen bubbled for 30 min
before the hybrid was added in order to remove the dissolved O2
in the solution. Besides, 12.5 mL  of 30 wt%  H2O2 was mixed with
12.5 mL of 160 mg  L−1 MB solution and examined using above men-
tioned method. For comparison purpose, 12.5 mL  160 mg  L−1 MB
was mixed with 12.5 mL cellulose suspension (containing 25 mg
CNFs) under pH 9.6 and the MB  concentration was determined in
the same way  as for other samples. The concentrations of soluble
Mn(II) in the MB  solutions at different pHs and time intervals during
the decolorization process were determined by atomic absorption
spectrometry (AAS) (VARIAN Co., USA).

3. Results and discussion

3.1. Characterization of the MnO2/CNFs hybrid

3.1.1. Mechanisms of MnO2/CNFs hybrid formation
Permanganate ion is a strong oxidizing reagent which still

remains as one of the most versatile and vigorous multiequiv-
alent oxidants used for the oxidation of inorganic and organic
compounds (Hassan, Dahy, Ibrahim, Zaafarany, & Fawzy, 2012).
Mechanisms for the reaction between polysaccharides and KMnO4
have been proposed in the previous literatures (Hassan, 1993;
Hassan et al., 2012; Khairou, 2003) (see Scheme 1). First, cel-
lulose alkoxide was  formed by deprotonation of the cellulose
macromolecules with sodium hydroxide [Eq. (1), Scheme 1]. Then
oxidation of cellulose by permanganate ion occurred in strongly

basic solutions through the formation of an intermediate complex
involving Mn  (VI) as a transient oxidation state of manganese [Eq.
(2)] (Khairou, 2003). Cellulose, as both a deoxidizer and a supporter,
was functionalized with permanganate groups in the alkaline
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Scheme 1. The preparation of MnO2/CNFs 
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ig. 1. XRD patterns of pure CNFs (a), MnO2/CNFs hybrid (b), and MnO2 separated
rom the hybrid (c).

ondition here. When the concentration of Mn  (VI) built up, a slow
ecay of the intermediate took place to give rise to the final MnO2
nd at the same time cellulose was converted into ketones as final
roducts [Eq. (3)] (El-Khatib, 2002). Heterogeneous reaction only
ccurred on the surface of cellulose. As a result, a thin coating of
enerated MnO2 nanolayer was deposited on the surfaces of CNFs.

.1.2. Structure and morphology of the MnO2/CNFs hybrid
Fig. 1 gives the XRD patterns of the pure CNFs, MnO2/CNFs

ybrid and the pure MnO2 separated from the hybrid. The results
onfirmed the formation of layered birnessite with a turbostratic
tructure (Chen & He, 2008). Both CNFs and MnO2/CNFs hybrid
howed peaks around 2� = 16◦ and 22.4◦, which were believed to
epresent the typical cellulose I structure (Chen et al., 2011). The CrI

f original bamboo CNFs and those in the hybrid were 87 and 77,
espectively. The decrease of CrI for bamboo CNFs in the hybrid was
robably due to the damage of the cellulose crystalline region with
he alkaline KMnO4 treatment. However, a further identification

Fig. 2. XPS spectra of the MnO2/CNFs hybrid: the fitted spectra of Mn 2p levels
hybrid and its formation mechanism.

of the MnOx was difficult due to their low crystallinity with weak
and broad diffraction peaks which were overlapped by cellulose
peaks. In order to determine the crystalline structure of MnOx on
CNFs, MnOx were detached from the hybrid by dissolving cellulose
in DMAc/LiCl solution (Zhu, Wang, & Zhou, 2008). The predominant
peaks corresponding to diffractions of the (0 0 1), (1 0 0) and (1 1 0)
lattice planes were all indexed to layered birnessite with a tur-
bostratic structure. Due to the poor crystallization, this as-obtained
MnO2 were expected to have large surface area, strong adsorbing
power, and high redox activity (Zhu et al., 2008).

The MnO2/CNFs hybrid was  subjected to XPS analysis and the
results from Mn  2p, O 1s and C 1s core levels are shown in Fig. 2.
Two major peaks at 653.5 and 641.7 eV in the Mn  2p XPS spectrum
suggested that Mn  was present in its IV state (Kalubarme, Cho, Yun,
Kim, & Park, 2011; Xing, Yu, Xu, Wu,  & Li, 2008). The energy sepa-
ration of 11.8 eV was in quantitative agreement with the reported
data for Mn  2p3/2and Mn  2p1/2 in MnO2 (Xing et al., 2008). The O
1s spectra can be fitted with three components, which were respec-
tively related to lattice oxygen (529.2 eV) (Garcia et al., 2012) for the
MnOx, Mn  OH bond (531.1 eV) for a hydrated trivalent oxide and
the H O H bond (532.5 eV) for residual water (Dai, Wang, Zhao,
& Xie, 2006). The line peak at 284.6 eV was due to the reference
carbon of the hydrocarbon (Rodrigues-Filho, Gushikem, Gonç alves,
Cachichi, & de Castro, 1996). For cellulose, C peak at 287.8 eV
was attributed to C O (Pasquini, Teixeira, Curvelo, Belgacem, &
Dufresne, 2008), and the C peak at 286.3 eV peak was  for C C O
(Pashkuleva et al., 2005). Based on the above discussion, MnO2 was
presented in the hybrid.

The FT-IR spectra of CNFs and MnO2/CNFs hybrid were shown
in Fig. 3. Both spectra revealed the characteristic absorption peaks
of cellulose. The 4000–2995 cm−1 regions were attributed to O H
stretching of cellulose. The peaks at 1050 and 899 cm−1 were
assigned to the C O stretching and C1 H deformation vibra-

tions in cellulose, respectively (Chen et al., 2011). Especially, the
enhanced peak at around 1050 cm−1 was caused by the vibration
of the hydroxyl groups combined with Mn  atoms (Kang, Lim, &
Shin, 2006). A dominant peak of Mn  O stretching vibrations at

 (a), the fitted spectra of O 1s levels (b) and the fitted spectra of C 1s (c).
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Fig. 3. FT-IR spectra of the bamboo CNFs (a) and MnO2/CNFs hybrid (b).

pproximately 400–750 cm−1 (Feng, Kanoh, Miyai, & Ooi, 1995)
as observed in the spectra of MnO2/CNFs hybrid. This proved the
resence of MnOx in the hybrid nanomaterial.

Fig. 4 showed the digital photographs of the original CNFs
nd MnO2/CNFs hybrid. The color of CNFs changed from white to
rownish black, suggesting the formation of MnO2 on the surface
f CNFs. This result was in good agreement with TEM images. TEM
mages of bamboo CNFs (Fig. 4a) and MnO2/CNFs hybrid mate-
ial (Fig. 4b and c) at different magnifications were acquired. The
NFs have still kept its original fibroid morphology after the chem-

cal reactions. Meanwhile, turbostratic birnessite has grown on the
bers’ surface (shown in Fig. 4b and c), resulting in some deeper
olor segments on the fibers (shown in Fig. 4b). The nanostruc-
ured agglomerates in fact was comprised of inter-tangled ultrathin
anosheets with the dimension about 19 nm in edge length and
.8 nm in thickness as exemplified by Fig. 4c. And the content of
nO2 in the hybrid was calculated to be 17.3 wt%  by AAS analysis.

.2. Adsorptive decolorization

MB  dye solution was discolored rapidly by the as-prepared
ybrid material within a wide range of pH value (Figs. 5 and 6). Since
he high initial concentration of MB  at time 0 min  outranged the

easurement limit of the instrument, the 80 mg  L−1 of MB  was not
hown in the UV-vis spectrum. Instead, a MB solution of 20 mg  L−1
as set as a reference (black dotted curve in Figs. 5 and 6). Besides,
ue to the low decolorization efficiency of pure CNFs and commer-
ial MnO2, MB  solutions treated by these materials were diluted

 and 4 times, respectively. At pH 9.6 and 6.7, fast and almost

ig. 4. TEM image of CNFs (a) and MnO2/CNFs hybrid at different magnifications (b and c
hows  the digital photographs of the original CNFs and MnO2/CNFs hybrid, respectively.
mers 110 (2014) 302–308 305

complete decolorizations of MB  by the hybrid were achieved within
5 min. The removal efficiencies were demonstrated by UV-vis
absorption spectra (Fig. 5a and b) and photographs (inserted image
in Fig. 5b) recorded at the 0 and 5 min, respectively. No shifts of the
characteristic peaks with increased contact time were observed,
suggesting no intermediate was generated during the interaction
of MB  dye molecules with MnO2/CNFs hybrid. The decrease in peak
intensity was  totally attributed to the MB  adsorption by the hybrid
material. The as-obtained MnO2/CNFs hybrid, the CNFs without any
modification (Fig. 5c) and commercial MnO2 (Fig. 5d) could adsorb
over 99.9%, 37.5% and 16.0% of MB  within 5 min under stirring.
Furthermore, the MnO2/CNFs hybrid exhibited better adsorption
efficiency at pH 9.6 than that at pH 6.7 (Fig. 5e). Based on the
above results, the adsorption efficiency was on the order of adsorp-
tion at pH 9.6 > pH 6.7, and hybrid � CNFs > commercial MnO2. The
extremely high decolorization efficiency could be ascribed to (i)
excellent water dispersion ability of CNFs, (ii) special lamellar mor-
phology of MnO2 and (iii) the large surface area of the layered MnO2
nanosheets. When pH > pHzpc (Zero point of charge) (Zhu, Wang,
Xu, & Li, 2010), the surfaces of MnO2/CNFs hybrid were negatively
charged, which was  conducive to the adsorption of MB  cations. The
decolorization process at pH 9.6 in air was  almost 140 times faster
than that obtained by using �-MnO2-coated montmorillonite as the
oxidative degradant (Zhu et al., 2010) and 80 times that from the
mechanically grounded pelagite (Zhu, Wang, & Zhou, 2008). A list
of representative studies is given in Table 1. The hybrid has much
higher decolorization efficiency compared with most of previous
works (Zaied, Peulon, Bellakhal, Desmazieres, & Chaussé, 2011; Zhu
et al., 2010).

3.3. Oxidative decolorization

For a heterogeneous redox reaction, high adsorbing power and
redox activity of the solid phases involved are two  critical factors
influencing the reaction rate (Zhu et al., 2010). The formation of
surface precursor complexes via adsorption on MnOx is postulated
to be the prerequisite to oxidation of organic compounds (Zhu et al.,
2010).

Oxidative degradation activities of the MnO2/CNFs hybrid were
evaluated by degrading MB  under different pH values and different
gaseous environments. And the effect of H2O2 was also consid-
ered. For the initial pH of 3.1 and 4.7 (Fig. 6a and d), 1 min of
reaction time was enough for the characteristic peaks of MB dye
absorbance at the wavelength of 664 nm to vanish. However, some
other peaks have emerged. This evident blue shift of �max (Table 2)

implied possible formation of new compounds in the degradation
processes. The characteristic �max of the possible intermediates in
the degradation process were Azure A (AA, 620–634 nm), Azure
B (AB, 648–665 nm), and Azure C (AC, 608–622 nm)  (Xu et al.,

). Scale bar = 500 nm (a), 100 nm (b) and 50 nm (c). Insert of TEM image (a) and (b)
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ig. 5. Changes in the UV–vis absorbance spectra of MB  dye after different time inte
NFs  at pH 9.6 (c), and commercial MnO2 at pH 9.6 (d) and their decolorization ef
olor  of 80 mg  L−1 and the color after 5 min  adsorption by hybrid at pH 9.6.

008). According to Lee’s report, the 620 nm was  the isosbestic
oint of the MB  monomer/dimer equilibrium (Lee, Sung, & Park,
999). This decolorization at pH values of 3.1 and 4.7 in this work
ight not result from pure adsorption but the oxidation by MnO2
hich led to oxidative cleavage of MB  through N-demethylation

Kuan & Chan, 2012). Acid has been found to exhibit either pro-
otive or inhibitive effect on the oxidation of organics by MnOx

Zhu et al., 2010). The decrease of initial pH usually suppressed the
B adsorption on the surface of the hybrid fiber but increased the
otential oxidizing ability of the MnO2. If the suppressing effects
n the MB  adsorption dominate, the formation of surface precursor
omplexes would be inhibited. This was the reason why some of the
revious reports concluded that the elevated pH tended to promote

able 1
revious representative studies of MnOx and MnOx composites in the application of MB d

Decolorizing agent Decolorization efficiency Amount of decolori

MnO2-coated montmorillonite 90% within 700 min  2 

Layered MnO2 >90% within 5 min  2.5 

Layered MnO2 nanosheets, H2O2 90% in 20 min  0.2 

MnO2/PS foams, H2O2 39.9% in 8 min  1.25 

Grounded pelagite <80% in 400 min  0.6 

MnO2 assisted by microwave 99% in 10 min  2 

MnO2/CNFs hybrid 99.8% within 2 min  1 
at room temperature by the adsorption of hybrid at pH 6.7 (a), hybrid at pH 9.6 (b),
y (%) versus time (e). Insert of (b) shows the digital photographs of the initial MB

the oxidative degradation of MB (Kuan & Chan, 2012). However,
in our system, an increased pH would decrease and even deprive
the oxidizing ability of the MnO2. It can be deduced that at pH
3.1, the surface of the layered MnO2 nanosheets was  more posi-
tively charged through the protonation reaction than that at pH
4.7. This positive charge would act against the formation of surface
precursor complexes. However, the increase in oxidizing power of
this system could compensate and even overwhelm the decrease
of surface precursor complex due to the decreased pH. Conse-

quently, the decolorization at pH 3.1 was  more effective than that at
pH 4.3 (Fig. 6e).

Moreover, when a control sample was oxidized in nitrogen
environment, the absorbance peaks showed a less remarkable

ecolorization.

zing agent (g L−1) Initial MB concentration (mg  L−1) References

80 Zhu et al. (2010)
100 Chen and He (2008)

30 Zhang et al. (2011)
25 Wang et al. (2010)
50 Zhu et al. (2008)
10 Kuan et al. (2013)
80 This study
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Fig. 6. Changes in the UV–vis absorbance spectra of MB  dye after different time interval
environment (b) pH 3.1 with the addition of H2O2 in air (c) and pH 4.6 in air (d). And their
in  the solution versus time (f). Insert of (a) shows the digital photographs of MB  color of a

Table 2
The �max (nm) and Mn  (II) (mg  L−1) at different time intervals and conditions.

pH and air condition Time (min) �max (nm) Mn  (II) (mg  L−1)

pH 3.1, air 0.5 620.0
1  622.0 22.26
2 594.0
3  562.0 21.80
4 558.0
5  556.0 28.79

pH  3.1, N2 2 624.0 16.99
3 616.0 18.68
4 616.0
5  610.0 17.9

pH  4.6, air 0.5 650.0
1  644.0 5.86
2 640.0

b
s
M
o

−1
3  636.0 6.19
4 636.0
5  636.0 5.7
lue-shift but were more intensive compared to that in air atmo-
phere (Fig. 6b). This was possibly because the oxygen-adsorbed
n (II) could be surface auto-catalytic oxidized by the dissolved

xygen (DO) in solution to form high valence Mn  compounds again.
s at room temperature by the oxidation of hybrid: at pH 3.1 in air (a), pH 3.1 in N2

 MB degradation efficiency (%) versus time (e), the concentration of Mn(II) (mg  L−1)
t time of 0, 0.5, 1, 2, 3, 4, 5 min  by contacting with hybrid at initial pH 3.1 in air.

(Kuan, Chen, Hu, & Tzou, 2013). In this condition, MnOx served as
the catalyst and DO acted as the oxidant in reaction (Kuan et al.,
2013). The newly formed high valence Mn  compounds was  also an
active adsorbent and oxidant, and may  help improve MB  adsorption
and the following oxidation to some extent (Zhu et al., 2008).

It has been reported that the addition of a catalyst such as
MnO2 to the system with H2O2 would lead to higher degrada-
tion reaction rates for the effective removal of organics (Zhang,
Nie, Hu, & Hu, 2011). However, with H2O2 in our system,
the absorbance peaks remained at 664 nm and no significant
intensity decrease was  observed as the reaction time prolonged
(Fig. 6c). Therefore, H2O2 was not adapted to our degradation sys-
tem.

Considering the Nernst equation (MnO2
(s) + 4H+ + 2e− → Mn2+(aq) + 2H2O) (Zhao et al., 2013) and the
formation of other dyes during the oxidative decolorization pro-
cess, the decolorization efficiency could be alternatively expressed
by the Mn  (II) concentration changes in solutions (Fig. 6f). Since
the dissolved Mn  (II) concentration at pH 3.1 was  maintained at

about 4.3 mg  L in the absence of MB,  the increase of Mn (II)
concentration in the presence of MB  as reaction proceeded was
a convictive indicator of oxidative decolorization of MB  (Fig. 6f).
Besides, the higher Mn(II) concentration at pH 3.1 than that at pH
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.7 was caused by the elevated reductive dissolution at lower pH,
hich was in good agreement with the results of UV–vis spectra.

. Conclusion

We  demonstrated the successful synthesis of few-layer MnO2
y a one-step in situ method using bamboo CNFs as both a reduc-

ng reagent and a supporting scaffold under alkaline conditions.
he as-obtained hybrid material was detected to be thin layered
ano-birnessite coated on CNFs. It showed both excellent adsorp-
ion and oxidation efficiency in MB decolorization. The pH took a

ajor role in the adsorption and the oxidation process. Acidic pH
ondition promoted the oxidative decolorization of MB while alka-
ine pH condition facilitated the physical adsorption. Due to the
acile synthesis process and excellent decolorization performance,
he MnO2/CNFs hybrid is promising for industrial applications.
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