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To improve the feasibility of MnO2 nanoparticles for applications in wastewater treatment, cotton fibers–

MnO2 hierarchical composites (C-MHCs) were fabricated via a new and efficient two-step strategy. The

as-prepared C-MHCs were characterized by FTIR, XPS, XRD, SEM and TEM analyses, and the results

show that the C-MHCs possess hierarchical structure with a monolayer coverage of MnO2 nanoparticles

on the cotton fiber surfaces. The batch adsorption experiments were executed as a function of pH value,

contact time and initial concentration. Adsorption behavior followed the pseudo-second-order model

(R2 > 0.99) and Langmuir isotherm, with Langmuir maximum adsorption capacity of 68.3, 174.2, 109.4

and 247.0 mg g�1 for Cu2+, Pb2+, CR and MB, respectively. The regeneration experiments show that

more than 85% of the initial adsorption amount was retained at the 5th sequential adsorption–desorption

cycle. Considering the simple and facile fabrication process, all-round adsorption feasibility and high-

efficiency regeneration performance, the C-MHCs are believed to be a versatile and renewable

candidate for wastewater treatment.
Introduction

Water pollution, a major challenge encountering the global
society today, is due to the discharge of effluents from textile
dye, paint, paper, mining and electroplating industries con-
taining harmful chemicals such as dyes and heavy metal ions.1–3

These effluents are toxic and non-biodegradable to fauna and
ora, and some of them are mutagenic and carcinogenic to
organisms.4,5 Manganese dioxide (MnO2) nanoparticles, as
a typical type of transition-metal oxide, have been a subject of
intense interest in various elds, including ion and molecular
sieves, redox catalysts, wastewater treatment, biosensors and
electrode materials due to their prominent structural multi-
formity as well as novel physical and chemical performances.6,7

In terms of high capacity and selectivity, MnO2 nanoparticles
exhibit excellent adsorption performance, which can contribute
to deep removal of pollutants from aquatic systems to meet
increasingly strict standards.8–10 However, the high surface
energy of nanosized MnO2 granules inevitably leads to poor
stability. As a result, granules tend to agglomerate because of
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van der Waals forces and other interactions, resulting in the
reduction of reactivity.11 Moreover, it is difficult to separate the
nanoparticles from aqueous systems, which leads to the
leaching of nanoparticles along with the treated effluents.

Recently, nano-biocomposites with enhanced properties
have been deemed to be a promising alternative for industrial
applications due to the integrated features of biopolymer
matrices and nanomaterials. Moreover, the addition of bio-
supports can avoid the agglomeration of nanomaterials. The
commonly used templates for nano-biocomposite preparation
are biodegradable polymers such as starch, cellulose, pectin,
poly(lactic acid), and chitosan.12

As an abundantly available, economical, renewable, and envi-
ronment friendly material, natural cotton ber is gaining interest
as a support because of its nanoporous surface feature.13,14 Cotton
ber is composed of a large number of b-(1/ 4)-glycosidic bonds
of D-glucose,15,16 and abundant hydroxyl groups facilitate the cross-
linked cotton bers to construct a exible 3D netlike matrix with
strong hydrophilic surfaces, which is suggested to be a suitable
nanoreactor for the growth of MnO2 nanoparticles. In addition,
hierarchical nanostructured metal oxide has been widely used in
gas sensors, water treatment, energy storage, etc.20–23 Although
previous studies have reported manganese oxide (MnOx) hybrids
based on matrix materials,17–19 those reports were generally about
MnOx nanosheets with limited adsorption capacities, and some
MnOx were anchored onto nanosized supports and the loading
content could not be tuned, leading to a poor separation perfor-
mance and unclear analysis about adsorption efficiency. Hence,
the hierarchical structured cotton bers–MnO2 nano-
RSC Adv., 2017, 7, 31475–31484 | 31475
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biocomposites with uniform coverage of MnO2 nanospheres are
valuable to be developed.

In this study, a new two-step strategy “ion exchange–redox
reaction” was proposed to prepare cotton bers–MnO2 hierar-
chical composites (C-MHCs). The resultant C-MHCs exhibit
inherent merits of cotton bers such as macroscale, exibility
and high surface area for loading MnO2 nanoparticles. The
chemical composition, crystal performance and microstructure
of C-MHCs were characterized by FTIR, XPS, XRD, SEM and
TEM analyses, respectively. Various adsorption parameters such
as pH value, initial concentration, contact time, kinetic models
and adsorption isotherms were studied.

Experimental
Materials

The cotton bers were obtained from Yintong Cotton Co., Ltd,
(Suzhou, China). Manganese(II) sulfate monohydrate (MnSO4$H2-
O), potassium permanganate (KMnO4), copper(II) nitrate hydrate
[Cu(NO3)2$3H2O], lead nitrate [Pb(NO3)2], sodium hydroxide
(NaOH), hydrochloric acid (HCl), and two typical dyes including
cationic methylene blue (MB) and anionic Congo red (CR) were
obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). All reagents were used without any treatment.

Activation of cotton bers

First, the cotton bers were pretreated by NaOH aqueous solution.
In detail, 5 g cotton bers were boiled in 250 mL NaOH aqueous
solution (2 wt%) for 90 min, followed by ltering and transferring
into 150mLNaOH aqueous solution (18 wt%) and kept stirring for
2 h. Then, the resultant was ltered again and washed several
times with abundant deionized water; alkali-activated cotton bers
were acquired aer drying at 50 �C for 3 h.

Preparation of C-MHCs

In a typical synthesis, alkali-activated cotton bers were added
into a three-necked ask containing 45 mL 0.020 mol L�1

MnSO4 aqueous solution and kept stirring for 15 min. Then, the
inltrated cotton bers were ltered and dropped into deion-
ized water. Subsequently, 30 mL 0.020 mol L�1 KMnO4 solution
was added dropwise into the reaction system under continuous
stirring for 6 h at room temperature. The resultant was washed
several times with deionized water to remove residual reactants
and dried at 50 �C for 4 h to obtain the product C-MHCs.

Characterization of C-MHCs

Fourier transform infrared spectroscopy (FTIR, Nicolet 5700,
Thermo Nicolet, USA) was recorded to test the chemical char-
acteristics. The valence of manganese was conrmed on an X-
ray photoelectron spectroscopy system (XPS, Axis Ultra HAS,
Shimadzu, Japan). X-ray diffraction (XRD) studies were per-
formed on an X-ray diffractometer (Bruker AXS, D8 Advance,
Germany). Themicrostructures of C-MHCs were studied by eld
emission scanning electron microscopy (FE-SEM, S-4800, Hita-
chi, Japan). An energy-dispersive spectrometer (EDS, TM3030,
Hitachi, Japan) was used to measure the element content and
31476 | RSC Adv., 2017, 7, 31475–31484
distribution. The morphology of C-MHCs was observed by eld
emission transmission electron microscopy (TEM, G2 F20 S-
Twin, USA). Thermal analyzer (TG, DIAMOND 5700, Perki-
nElmer, USA) was used to survey the MnO2 content in C-MHCs
from ambient condition to 800 �C with a heating rate of 10 �C
min�1 in owing N2. Zeta potential was measured using a zeta-
sizer (ZEN 3600, Malvern, UK).
Adsorption and desorption studies

Herein, 0.1 g C-MHCs was soaked into 100 mL wastewater
containing metal ions or dyes. The initial pH values of the
solutions were calibrated by dilute HCl or NaOH solutions. All
the adsorption experiments were executed at 30 �C with stirring.
The equalized adsorption capacity Qe (mg g�1) was calculated
according to the following equation:

Qe ¼ ðCo � CeÞV
m

(1)

where Co and Ce (mg L�1) are the adsorbate concentrations at
initial and equalized time, respectively. V (L) represents the
volume of wastewater, and m (g) denotes the mass of adsorbent
used for the adsorption experiment.

The concentrations of metal ions were measured via induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES,
iCAP 6000 DUO, Thermo Scientic, USA). The concentrations
of CR and MB were calculated by UV-visible spectroscopy (UV-
vis, TU-1810, Purkinje General, China) at 497 and 664 nm,
respectively.

For regeneration, the C-MHCs aer adsorption were ltered
out and soaked into different eluents with agitation at 30 �C for
4 h. Specically, for C-MHCs loaded Cu2+, Pb2+ and MB, the
eluent was 0.05 mol L�1 HCl. Moreover, 0.05 mol L�1 NaOH was
used for CR-loaded C-MHCs. Aer the elution course, the C-
MHCs were washed and dried to obtain the regenerated C-
MHCs. In order to investigate the reusability of C-MHCs, 5
cycles of sequential adsorption–desorption were tested.
Results and discussion
Principle and strategy for the preparation of C-MHCs

Alkali treatment of cellulose has been an important pretreat-
ment step in the production of various cellulose derivatives
since it was activated by the alkali solution for the main reac-
tions.24 As shown in Scheme 1, the alkali pretreatment of cotton
bers with NaOH solution results in the transformation of non-
active cotton cellulose to alkali-activated cotton cellulose. Then,
with the addition of Mn2+, the sodium salt of Cell$O�Na+ was
exchanged with the manganese salt of (Cell$O�)2Mn2+ due to
higher electronegativity of manganese (1.55) than sodium
(0.93).25 Thereaer, redox reaction occurred as shown in eqn (2)
when MnO4

� was added, achieving the in situ formation of
MnO2 nanoparticles on the cotton ber surface.

3Mn2+ + 2MnO4
� + 2H2O / 5MnO2 + 4H+ (2)
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 (a) Schematic for the fabrication process of C-MHCs, and (b) cyclic adsorption diagram for pollutants by as-prepared C-MHCs.
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Chemical analyses of C-MHCs

FTIR spectroscopy of C-MHCs was performed to characterize
the chemical and crystal change of cotton bers before and aer
loading MnO2. As shown in Fig. 1, a new peak at 532 cm�1

appeared in C-MHCs, indicating the successful loading of the
Fig. 1 (A) FTIR spectra and (B) local magnified FTIR spectra of raw
cotton, MnO2 and C-MHCs.

Fig. 2 (a) XPS survey spectra of raw cotton and C-MHCs. (b) XPS high-
resolution spectrum of the Mn 2p region in C-MHCs.

This journal is © The Royal Society of Chemistry 2017
manganese compound on the cotton matrix.26 Furthermore, the
region of 1500–800 cm�1 has been used to characterize the
polymorphs of cellulose. The adsorption band at 1430 cm�1

shied to 1422 cm�1, demonstrating the crystalline change of
cotton bers from cellulose I to cellulose II.27,28

In order to investigate the valence of manganese, the cotton
bers and C-MHCs were subjected to XPS analysis, and the result
is shown in Fig. 2. The Mn 2p peak can be clearly seen in C-MHCs
spectrum (Fig. 2a), conrming the deposition of manganese
compound on cotton bers. Fig. 2b shows the Mn 2p3/2 feature at
642.1 eV with a separation of 11.9 eV from Mn 2p1/2, which indi-
cates that Mn is present in its IV state.29 This result demonstrates
that the resultant manganese compound is MnO2.
Crystal structure of C-MHCs

To further analyze the crystalline properties, the XRD patterns
of C-MHCs and related components are shown in Fig. 3. There
is a strong peak at 2q of 22.76� in natural cotton bers, which
Fig. 3 Crystal structures of raw cotton, MnO2 and C-MHCs.

RSC Adv., 2017, 7, 31475–31484 | 31477
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can be attributed to 002 lattice plane. The other three peaks at
2q of 14.80�, 16.64� and 34.4� originate from 101, 101 and 040
lattice planes and are characteristic of cellulose I crystal struc-
ture.30 As for MnO2 nanoparticles, the intense diffraction peaks
at 2q of 12.20�, 24.65�, 36.33� and 65.74� can be assigned to the
characteristic peaks of birnessite MnO2, demonstrating the
poorly crystalline MnO2 nanoparticles composed of layered
structures containing K+ and H2O in the interlayer space.31

However, no signicant diffraction peaks related to MnO2 were
observed in C-MHCs, whichmay be due to the strong diffraction
Fig. 4 SEM and digital images of C-MHCs prepared with different conce
L�1.

31478 | RSC Adv., 2017, 7, 31475–31484
peaks of cotton bers and the weak diffraction peaks of MnO2.
In addition, the crystal texture of cotton changes into cellulose
II type as displayed in C-MHCs spectrum, which is consistent
with the FTIR result and can be attributed to the alkali-
activation pretreatment of cotton bers.32

Microstructure of C-MHCs

The effect of precursor concentration on the MnO2 loading was
studied by SEM. As shown in Fig. 4, native cotton bers act as
the control group to indicate surface changes, and they show
ntrations of precursors such as 0, 0.005, 0.010, 0.020 and 0.050 mol

This journal is © The Royal Society of Chemistry 2017
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the typical natural twists and netting lines on the ber surface.
The C-MHCs exhibit an increasing load of MnO2 nanoparticles
along the ber direction with increasing precursor concentra-
tion. With low concentration of 0.005 mol L�1, nearly no MnO2

nanoparticles are generated on the ber surface. On increasing
the concentration to 0.010 mol L�1, a number of MnO2 granules
are deposited on the ber surface, which are not enough to
cover the entire ber. Moreover, it is clear that these resultant
MnO2 unit cells assemble along the grooves formed by adjacent
netting lines of cotton, which provide abundant directional
anchor points for the deposition of MnO2 nanoparticles and
facilitate the formation of C-MHCs with uniform coverage of
MnO2 nanoparticles.

When the precursor concentration is increased to 0.020 mol
L�1, these MnO2 granules dispersing homogenously on ber
surface can be clearly observed, and magnied SEM image
display the lamella-stacked plicated-typed nanospheres with
Fig. 5 (a)–(d) EDS mapping results of C-MHCs prepared by 0.020 mol
selected area of (a). (f) Typical TEM image of C-MHCs.

This journal is © The Royal Society of Chemistry 2017
a size of 200–350 nm. As shown in Fig. S1 and Table S1 (ESI†),
the growth of MnO2 nanoparticles onto cotton bers increases
the number of active sites and specic surface area (5.77 m2 g�1

for raw cotton and 21.72 m2 g�1 for C-MHCs prepared by
0.020 mol L�1 precursor), which play an important role in the
adsorption process. However, as the precursor concentration is
further increased to 0.050 mol L�1, considerable amount of
MnO2 aggregation appears withmultilayer coverage as shown in
the yellow circles, leading to an unfavorable adsorption. More-
over, the photograph colors change from white to dark brown,
and their loading amounts calculated from the TG curves
(Fig. S2†) are 0 wt%, 2.74 wt%, 5.64 wt%, 8.78 wt% and 14.25
wt%, indicating that the MnO2 load can be tuned by varying the
precursor concentration. This result is highly in line with the
SEM result.

Furthermore, as shown in Fig. 5, the EDS mapping analyses
also conrm the uniform dispersion of MnO2 nanoparticles. In
L�1 precursor, the scale bar is 10 mm. (e) EDS spectrum of C-MHCs in

RSC Adv., 2017, 7, 31475–31484 | 31479

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra04287f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

10
:0

7:
32

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
terms of the structure of C-MHCs, TEM image shown in Fig. 5f
demonstrates the hierarchical structured C-MHCs with mono-
layer coverage of MnO2 nanoparticles. In addition, TEM further
conrms that MnO2 exhibits a structure with lots of small
wormhole-like pores composed of lamella-stacked spherical
granules, which enhances the adsorption of pollutants owing to
their large surface area and substantial active sites.
Adsorption studies

Effect of various loads. As shown in Fig. S3†, the effect of
MnO2 loads on the adsorption capacity was performed at initial
pH surrounding without adjustment, which is equal to 5.5 for
Cu2+, 5.4 for Pb2+, 9.2 for CR, and 5.8 for MB, respectively.
Initially, the adsorption capacities of C-MHCs for all pollutants
enhanced with increasing MnO2 load, reached the maximum
value with 8.78 wt% load, and then decreased slightly with
further increasing MnO2. The reason can be ascribed to the fact
that C-MHCs can provide more active points and larger specic
surface area whenmoreMnO2 are loaded, while toomanyMnO2

granules can aggregate on cotton surface, leading to the
decrease in reactivity. Therefore the C-MHCs prepared by
0.020 mol L�1 precursor can be considered as the optimum
adsorbent.

Effect of pH values. The pH value of the solution plays
a considerable role in the sorption study, which can be attrib-
uted to the variations of surface charge of the adsorbate and
adsorbent with different pH values.33 As depicted in Fig. 6b, the
adjustable pH range is limited because the conjugated struc-
tures of dye molecules can be easily inuenced by acidic and
alkaline environments, because of which UV-vis spectropho-
tometer cannot precisely measure the concentration of dyes.

The CR adsorption capacity increased as the pH value
increased from 4.0 to 5.0, and then decreased gradually with
a further increase in the pH value to 12.0. This can be attributed
to the protonation and deprotonation of functional groups of
the adsorbent and adsorbate.34 CR has a pKa value of 4.5–5.5; it
would be positively charged because the nitrogen atoms and
sulfonate groups of the CR molecules become protonated when
Fig. 6 (a) Zeta potential of C-MHCs, and (b) effect of pH values on the a
condition: 500 mg L�1, 4 h).

31480 | RSC Adv., 2017, 7, 31475–31484
the pH < 5.0.35 Herein, the isoelectric point (pI) of C-MHCs is
4.4, as displayed in Fig. 6a. It follows that the removal is ex-
pected to increase at pH range of 4.4–5.0 and reached
a maximum capacity (96.6 mg g�1) at about pH ¼ 5.0, for the C-
MHCs was negatively charged and CR was either neutral or
positively charged. When pH > 5.0, the surface charges of CR
and C-MHCs become negative, and the adsorption is impeded,
leading to a gradual decrease in the adsorption capacity.

The adsorption capacity for MB displays an “S-shape”
increasing trend under the pH range of 3.0–10.0. In consider-
ation of the pI of C-MHCs, the C-MHCs are positively charged in
the pH range of 3.0–4.4 and are not conducive to adsorbing
cationic MB due to electrostatic repulsion, generating a slow
increase for adsorption capacity. When pH > 4.4, the adsorption
rose rapidly owing to the electrostatic attraction between
cationic MB molecules and negatively charged adsorbent. For
metal ions, the effect of pH on the solubility and speciation of
metal ions should be considered, and hence the corresponding
initial pH value-3.0 was set. The adsorption capacity trends for
Cu2+ and Pb2+ are close to that of MB because of the similar
mechanism. The above results indicate that the adsorption
ability of C-MHCs depends largely on the pH environment, and
it possesses all-round adsorption feasibility for anionic and
cationic pollutants.

Adsorption kinetics. Kinetics study is a crucial character that
provides the adsorption mechanism and governs the solute
uptake rate of adsorbent and therefore, determines its potential
applications. As displayed in Fig. 7a, adsorption capacities for
all pollutants increase dramatically in the rst 2 h. Apparent
equilibriums were reached gradually within 3 h for Cu2+, Pb2+

and MB, and 4 h for CR. To further analyze the adsorption rate
of C-MHCs for different adsorbates, the linear regression of
pseudo-rst-order (Fig. 7b) and pseudo-second-order models
(Fig. 7c) was evaluated based on the experimental data:

Pseudo-rst-order model

ln(Q1e � Qt) ¼ ln Q1e � k1t (3)

Pseudo-second-order model
dsorption capacity of C-MHCs for Cu2+, Pb2+, CR and MB (adsorption

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) Adsorption behaviors of C-MHCs for Cu2+, Pb2+, CR and MB. (b) Pseudo-first-order and (c) pseudo-second-order kinetic plots of C-
MHCs (adsorption condition: 500 mg L�1, pH ¼ 5.5, 5.4, 5.0 and 10.0 for Cu2+, Pb2+, CR and MB).
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t

Qt

¼ t

Q2e

þ 1

k2Q2e
2

(4)

where Q1e (mg g�1) and Q2e (mg g�1) represent the adsorption
capacity calculated from the kinetic models,Qt is the adsorption
amount at given time t (min), and k1 (min�1) and k2 (g (mg
min)�1) are the rate constants of pseudo-rst-order and pseudo-
second-order kinetics equations, respectively.

All kinetics parameters, correlation coefficients, and experi-
mental adsorption capacities are listed in Table 1. It can be
clearly seen that the result presented an ideal t to the pseudo-
second-order model with an extremely high R2 (0.9905–0.9978).
Moreover, a good agreement can be supported by the consis-
tency of the calculated value Q2e and experimental value Qexp,
Table 1 Kinetic parameters and experimental adsorption capacities for

Adsorbates Qexp (mg g�1)

Pseudo-rst-order model

Q1e,cal (mg g�1) k1 (min�1)

Cu2+ 62.6 30.6 0.0093
Pb2+ 144.4 73.3 0.0165
CR 96.6 72.1 0.0082
MB 203.5 283 0.0200

Fig. 8 (a) Effect of initial concentrations on the absorption capacity of
isotherm plots of C-MHCs (adsorption condition: 4 h, pH ¼ 5.5, 5.4, 5.0

This journal is © The Royal Society of Chemistry 2017
indicating that pseudo-second-order kinetics can reasonably
describe the adsorption process.

Adsorption isotherm. As shown in Fig. 8a, the adsorption
capacity at equilibrium for each adsorbate rises dramatically
with an increase in the initial concentration from 25 to 800 mg
L�1 at rst and then tends to level off, which can be ascribed to
the increasing driving force coming from the concentration
gradient.36

Adsorption isotherm models are commonly used to describe
adsorption process and investigate its mechanism. In this
study, two important isotherm equations, namely Langmuir
and Freundlich isotherms, were employed to investigate the
adsorption process. The Langmuir isotherm (Fig. 8b) assumes
Cu2+, Pb2+, CR and MB by C-MHCs

Pseudo-second-order model

R2 Q2e,cal (mg g�1) k2 � 104 (g (mg min)�1) R2

0.8500 68.0 3.2252 0.9940
0.7495 161.3 1.3315 0.9905
0.9801 108.7 1.4302 0.9978
0.9616 232.6 0.7922 0.9934

C-MHCs for Cu2+, Pb2+, CR and MB. (b) Langmuir and (c) Freundlich
and 10.0 for Cu2+, Pb2+, CR and MB).

RSC Adv., 2017, 7, 31475–31484 | 31481
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Table 2 Langmuir and Freundlich parameters for Cu2+, Pb2+, CR and MB by C-MHCs

Adsorbates

Langmuir Freundlich

Qmax (mg g�1) kL (L mg�1) R2 RL kF (L mg�1) n R2

Cu2+ 68.3 0.0180 0.9978 0.0649–0.6897 7.9799 2.9323 0.8423
Pb2+ 174.2 0.0078 0.9919 0.1381–0.8368 6.3105 1.9562 0.9158
CR 109.4 0.0134 0.9943 0.0853–0.7491 7.7868 2.3890 0.8577
MB 247.0 0.0073 0.9923 0.1462–0.8457 9.2159 1.9881 0.9395
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that the adsorption occurs at specic homogenous sites of the
adsorbent,37 and the equation is given as follows:

Ce

Qe

¼ Ce

Qmax

þ 1

kLQmax

(5)

where Ce (mg L�1) is the equilibrium concentration, Qe (mg g�1)
is the adsorption amount at equilibrium, Qmax (mg g�1) repre-
sents the maximum monolayer capacity of adsorbent, and kL (L
mg�1) is the Langmuir constant that denotes the energy of the
adsorption process. In order to determine whether the
adsorption is favorable, a dimensionless constant separation
factor or equilibrium parameter is dened based on eqn (6):

RL ¼ 1

1þ kLCo

(6)

where RL indicates the type of the isotherm favorable (0 < RL < 1),
unfavorable (RL > 1), linear (RL ¼ 1), or irreversible (RL ¼ 0). In
the present case in Table 2, RL is over the range 0–1 and,
therefore, indicates a favorable adsorption.

Freundlich isotherm equation, the most widely used
adsorption isotherm for heterogeneous surface of adsorbent, is
an empirical relationship as eqn (7) describes.

ln Qe ¼ ln kF þ 1

n
ln Ce (7)
Table 3 Previous representative studies of MnOx and MnOx

composites in the application for metal ions and dyes removal

Adsorbent

Adsorption capacity (mg g�1)

ReferenceCu2+ Pb2+ CR MB

MnO2/CNTs 78.7 38
Manganese oxide
nanostructure

68.4 6

a-MnO2 hierarchical
hollow microspheres

96.0 39

Hollow MnO2

nanostructure
60.0 40

MWCNTs/MnO2 19.9 41
Manganese oxide
coated sand

2.1 1.8 42

Cellulose–manganese
oxide

80.1 29

Manganese oxide
coated zeolite

10.2 75.8 43

C-MHCs 68.3 174.2 109.4 247.0 This work

31482 | RSC Adv., 2017, 7, 31475–31484
where kF and n are Freundlich constant and heterogeneity factor
determined by the intercept and slope of the linear tting,
respectively (Fig. 8c).

All corresponding parameters are summarized in Table 2.
Comparing their linear correlation coefficients R2, it is
concluded that the adsorption for Cu2+, Pb2+, CR and MB on C-
MHCs was well tted to the Langmuir isotherm equation. In
addition, the suitable Langmuir constant (kL > 0) and reason-
able separation factor (0 < RL < 1) also demonstrate the feasi-
bility of the Langmuir isotherm, illuminating the monolayer
homogeneous adsorption of C-MHCs.

As shown in Table 2, Qmax of C-MHCs is 68.3, 174.2, 109.4
and 247.0 mg g�1 for Cu2+, Pb2+, CR and MB, respectively.
Compared with representative studies about MnOx and MnOx

composite adsorbents in Table 3,6,29,38–43 the C-MHCs show
improved adsorption capacities. This excellent adsorption
performance directly benets from the hollow and at ber
structure and high hydrophilicity of native cotton bers.
Moreover, the two-dimensional lamina-stacked birnessite-
MnO2 granules with a uniform distribution provide more
additive sites for adsorption, suggesting that the C-MHCs is
a promising candidate for applications in wastewater
treatment.
Regeneration of C-MHCs

Regeneration ability is a vital factor to evaluate the performance
of an adsorbent, and desorption process aims to refresh the
adsorption capacity of the adsorbent at the maximum extent for
effective reuse. As shown in Fig. 9, the Qe for all pollutants can
Fig. 9 Adsorption capacity of regenerated C-MHCs at different cycle
numbers.

This journal is © The Royal Society of Chemistry 2017
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still keep above 85% of the initial adsorbability at the h cycle,
indicating a benign renewable adsorbent. Furthermore, the
phenomenon that the adsorbates can be desorbed by strong
mineral acids or bases demonstrates that the electrostatic
interaction and chemisorption contribute to a large proportion
of adsorption capacity.44 This desorption process shows
a similar correlation and mutual correspondence with the pH-
dependent adsorbability of C-MHCs.
Conclusions

This study reported the fabrication of the C-MHCs via a new and
efficient “ion exchange–redox reaction” strategy, in which
cotton bers worked as nanoreactor and macroscopic support
for a straightforward separation of pollutants. A series of char-
acterizations demonstrate that the C-MHCs are equipped with
homogeneous monolayer coverage of MnO2 nanoparticles
formed by lamella-stacked birnessite-MnO2 granules with high
reactivity. Compared with the adsorbability of representative
studies, the C-MHCs show improved adsorption capacity for
cationic and anionic pollutants. The adsorption behavior
follows pseudo-second-order kinetics and Langmuir isotherm,
with the Langmuir monolayer capacity of 68.3, 174.2, 109.4 and
247.0 mg g�1 for Cu2+, Pb2+, CR and MB, respectively. In terms
of advantageous straightforward separation aer adsorption,
the C-MHCs were regenerated and the adsorption amounts
could be retained above 85% at the 5th adsorption–desorption
cycle for all pollutants, demonstrating that the C-MHCs are
versatile and renewable candidates for wastewater treatment.
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