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organic–inorganic hybrid beads
from sepiolite and cellulose for effective adsorption
of malachite green

Xin Jiang,a Sidun Wang,a Lan Ge,a Fengcai Lin,a Qilin Lu,a Ting Wang,b Biao Huanga

and Beili Lu *a

Organic–inorganic hybrid adsorbents based on sepiolite and cellulose were prepared through an easy-to-

handle procedure. Hydrogen-bonding existed between the silanol groups (Si–OH) on the sepiolite surface

and the hydroxyl groups of the cellulose structure resulting in the formation of hybrid beads with good

synergistic effects. Incorporation of the inorganic molecule sepiolite into the renewable polymer

cellulose opened an opportunity for the development of alternative environment-friendly adsorbents

with improved adsorption efficiency as well as enhanced thermal stability compared with neat cellulose

beads. The utility of the obtained sepiolite/cellulose beads was demonstrated by investigating their

performance for the removal of malachite green (MG). The maximum adsorption capacity of MG on

sepiolite/cellulose beads was close to the calculated results from the Langmuir adsorption isotherm, and

the adsorption kinetics followed well to the pseudo-second-order model.
1. Introduction

Hybrid materials composed of organic polymers and inorganic
molecules have received much attention in diversied areas
because of their unique properties.1 In this new class of mate-
rials, organic and inorganic components work synergistically to
construct innovative composites with multi-functions and
enhanced performance over conventional single-component
materials.2 The combination of the superior characteristics of
organic polymers (toughness, exibility and processability) and
inorganic molecules (rigidity, heat resistance and good
mechanical strength) is able to satisfy the requirements for
a wide range of applications, such as catalyst carriers,3a elec-
tronics,3b adsorbents,3c energy storage3d and medicine.3e

It is well known that adsorption is one of the most important
techniques for the removal of chemically and biologically stable
pollutants from wastewater, enjoying many advantages such as
easy operation, high capacity and insensitivity of adsorbents.4

In view of this technique, the adsorbent is considered to be
a key point for an efficient adsorption process. Although acti-
vated carbon is widely used as a conventional adsorbent, it is
restricted in usage by the high cost and energy involved in
preparation of the adsorbent.5 Therefore, a number of
sustainable adsorbents have been designed and fabricated to
meet the ever-increasing desire for practical applications.
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Organic–inorganic hybrid adsorbents, one of the most
promising materials to replace conventional single-component
adsorbents, have become an attractive option as they combined
superior adsorption properties and improved structural
stability. In addition, the performance of the hybrid adsorbents
could be easily modied with the change of the components.
However, the most commonly used organic polymers are ob-
tained from fossil fuel which is liable to cause environmental
pollution. The incorporation of renewable resource-based
polymers into the hybrid adsorbents opened an opportunity
for the development of an alternative environment-friendly
adsorbents.6

Cellulose, one of the most abundant renewable polymers,
has been successfully applied to deal with hazardous waste
pollution (dyes, heavy metal ions) in the water.7 Its adsorption
potential can be attributed to the hydrophilic and cationic
properties of the large number of hydroxyl groups. Due to the
limited adsorption performance of natural cellulose, ways of
enhancing the adsorption ability of cellulose are in high
demand, as they may improve its application scope. To date,
there have been substantial efforts on the modication of
cellulose to improve its adsorption performance.8 However, the
production of modied cellulose usually involves harmful
chemicals, multiple synthetic steps and a time-consuming
purication procedure. In this context, assembly of cellulose
with inorganic molecules may provide an alternative strategy for
the construction of biodegradable, low-cost, non-toxic and
mechanical stable hybrid adsorbents.

Sepiolite is a brous magnesium hydrosilicate with a unique
pore structure composed of an alteration of blocks and
RSC Adv., 2017, 7, 38965–38972 | 38965
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Fig. 1 Schematic illustration for the preparation of sepiolite/cellulose
hybrid beads.
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channels extending in the ber direction.9 Because of the large
surface area, sepiolite has been proved to be a powerful adsor-
bent for the removal of waste pollutant, offering signicant
advantages like the abundance, easy availability and high
adsorption capacity.10 The presence of numerous silanol groups
at the surface of sepiolite allowed the building of strong inter-
action with other polymers, leading to improved properties of
materials.11

Most recently, materials made from sepiolite and organic
biopolymers such as starch,12a chitosan12b and poly-lactic acid12c

have become an intensive topic from economical and environ-
mental point of view. Nevertheless, in the case of cellulose, few
studies on the use of composites based on cellulose and sepi-
olite as an adsorbent for the removal of waste pollutant, espe-
cially organic dyes, has been reported.13 Due to the powdered
sepiolite and cellulose which may cause difficulty for the
handling and ltration, separation of the adsorbents effectively
needed to be addressed in large scale water treatment. As
a particle shape of cellulose, cellulose-based beads facilitate the
easy separation of hybrid adsorbents in batch operation. For
example, Zhang et al. prepared a magnetic cellulose bead
entrapping activated carbon to remove dyes including methy-
lene blue and methyl orange.14 Li et al. successfully developed
an adsorbent based on the maleic anhydride-modied cellulose
beads and alkali-treated diatomite.15

Malachite green (MG, cationic dye) was one of the most
widely used dyes in textile, distillery, paper, medical disinfec-
tant and sh industries.16a However, MG in wastewater is toxic
to organisms and can cause environmental degradation.16b

Therefore, we proposed a facile, environmentally benign
strategy to construct the hybrid beads derived from sepiolite
and cellulose for the removal of MG from aqueous solutions.
This approach utilizes readily available and non-toxic raw
materials (bamboo pulp, sepiolite). Furthermore, the synthetic
simplicity and ambient experimental conditions leads to
industrial interest in the procedure. The morphology, structure,
thermal stability and adsorption behaviors of the hybrid beads
are also investigated to evaluate its potential application for the
removal of organic dyes.

2. Experimental
2.1 Materials

Bamboo pulp (a-cellulose, >95%) was provided by Nanping
Paper Co., Ltd. (Nanping, Fujian, China) using kra pulping
process followed by hypochlorite bleaching. Then, it was cut
into pieces and beaten to form powdered cellulose with high-
efficient pulverizer. The molecular weight distribution of
cellulose was analyzed by gel permeation chromatography
(GPC) using a Waters 1515 isocratic HPLC pump with a Waters
2414 UV absorbance detector, and DMAc/LiCl was employed as
an eluent. The weight average molecular weight Mw and the
number average molecular weight Mn of cellulose was deter-
mined as 203 k and 58 k, respectively. Malachite green (MG) was
purchased from Aladdin Industrial Corporation (Shanghai,
China) and used as received. Sepiolite was provided by Lang-
fang Advanced Materials Co., Ltd. (Hebei, China). Sodium
38966 | RSC Adv., 2017, 7, 38965–38972
hydroxide (NaOH), calcium chloride (CaCl2), urea and hydro-
chloric acid (HCl) were purchased from Sinopharm Chemical
Reagent Beijing Co., Ltd. (Beijing, China). All reagents used in
this work were of analytical grade, and deionized water was
used for the preparation of aqueous solutions.
2.2 Pretreatment of sepiolite

The raw sepiolite was treated beforehand according to the
following steps: 100 g sepiolite was added into 1000 mL 15%
hydrochloric acid solutions with mechanically stirring for 48 h
at room temperature. The obtained suspension was ltered and
washed by deionized water. Aer that, it was introduced into
planetary ball mill and milled at a rotational speed of 650 rpm
for four hours, followed by centrifuging and drying to get the
samples for the further experiments.
2.3 Preparation of sepiolite/cellulose hybrid bead (SCB)

The powdered cellulose (4 g) was dispersed in 7 wt% NaOH/12
wt% urea aqueous solution (100 g) which was pre-cooled to
�23 �C under vigorous stirring to obtain a homogeneous
cellulose solution as procedures reported in the literature.17

Then a certain amount of pretreated sepiolite was added into
the above cellulose solution and mechanically stirred for 2
hours at room temperature. The resulting suspension was
dropped through a 5 mL glass syringe at the dropping rate of 3
mL min�1 into 5 wt% HCl solution containing 5 wt% CaCl2,
leading to well dened hydrogel beads. The obtained hydrogel
beads were ltered and immersed in deionized water bath to
remove residual un-participated ingredients, followed by freeze-
drying to get the sepiolite/cellulose hybrid beads (SCBs). The
synthetic procedure was generalized in Fig. 1. SCB with 3 : 4
weight ratio of sepiolite and cellulose was labeled as SCB-34.
The pure cellulose bead without sepiolite was fabricated by
the same process and labeled as CB.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra06351b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 7
/8

/2
02

5 
12

:0
9:

35
 A

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
2.4 Characterization of the hybrid beads

FTIR spectra of the samples were studied with a Nicolet 380
FTIR spectrometer (Thermo Electron Instruments Co., Ltd.,
USA) in the frequency range of 4000–400 cm�1 with a total of 32
scans and a resolution of 4 cm�1. Prior to analysis, each sample
was rst ground with KBr and pressed into thin pellets.

The sizes of CB and SCB-34 were analyzed by the SEM
(SU8010 FE-SEM, Hitachi, Japan) images of the samples,18

which were further conrmed by the image analysis soware
(Image J) based on the digital photographs.19 The porosities of
CB and SCB-34 were calculated by the following equations (eqn
(1) and (2)):20

Porosity ¼
�
1� rbead

rsolid

�
� 100% (1)

rsolid ¼
Msep þMcel

Msep

�
rsep þMcel=rcel

(2)

where rbead is the density of the bead (CB or SCB-34) determined
according to the weight and volume of the samples; rsolid is the
density of the solid, which can be calculated according to eqn
(2).Msep andMcel is the mass fraction of sepiolite and cellulose,
respectively. rsep and rcel is the density of sepiolite and cellu-
lose, respectively.

The surface and fracture surface morphology of samples
were characterized with SU8010 FE-SEM (Hitachi, Japan) at an
accelerating voltage of 1.0 kV. The thermal stability of the beads
was characterized with a thermal gravimetric analyzer
(NETZSCH STA 449 F3 Jupiter). The samples were heated from
25 to 800 �C at a heating rate of 10 �C min�1 under nitrogen
atmosphere with a ow rate of 25 mL min�1.
Fig. 2 FTIR spectra of sepiolite, pure cellulose bead (CB) and sepiolite/
cellulose hybrid bead with a weight ratio of 3 : 4 (SCB-34).
2.5 Adsorption experiments

The experiments for the adsorption of MG from aqueous solu-
tions were carried out as follows: 10 mg cellulose-based beads
(CB and SCB) with different weight ratios of sepiolite to cellu-
lose were added into a 50 mL conical ask containing 10 mL of
MG solution. The resultingmixtures was shaken in a thermostat
shaker (SHA-C, Kaihang Instrument Company, China) with
a constant speed (150 rpm) at 30 �C. The effects of contact time,
initial pH value and initial dye concentration on the adsorption
behavior were also investigated respectively. The initial pH
value was adjusted by adding drops of 0.1 M NaOH and/or 0.1 M
HCl solutions. All the conical asks were sealed to avoid the
evaporation of the water. The initial and residual MG concen-
trations were analyzed with UV spectrophotometer (Agi-
lent8453, Agilent technologies, USA) at 618 nm.

The dye removal efficiency (R, eqn (3)) and the adsorption
capacity (qe, mg g�1, eqn (4)) were calculated as follows:

R ð%Þ ¼ C0 � Ce

C0

� 100 (3)

qe ¼ C0 � Ce

m
� V (4)
This journal is © The Royal Society of Chemistry 2017
where C0 (mg L�1) and Ce (mg L�1) are the initial and equilib-
rium concentration of MG in the solution, respectively; V is the
volume of MG solution (L) and m is the weight of CB or SCB (g).
The adsorption data at different time intervals were used to
determine the kinetic parameters of MG adsorption. Moreover,
the isotherms for adsorption were obtained by analyzing the
adsorption capacity at different initial concentrations.
3. Results and discussion
3.1 FTIR analysis

FTIR spectra of the sepiolite, pure cellulose bead and sepiolite/
cellulose hybrid bead were presented in Fig. 2 to study changes
of the material structure. As can be seen in Fig. 2, some char-
acteristic peaks of sepiolite were identied: (i) the band at
3675 cm�1 was assigned to the hydroxyl stretching vibration of
Mg–OH group in octahedral layers, (ii) the appearance of peaks
at 3407 cm�1 and 1636 cm�1 were due to the vibrations of
structurally bound water or zeolitic water, (iii) the absorbance at
1091 cm�1 and 949 cm�1 were associated with the stretching of
Si–O bond, (iv) the peak at 1020 cm�1 could be attributed to the
Si–O–Si plane vibration.21 As for pure cellulose bead, the char-
acteristic peaks of cellulose could be observed at 3441 cm�1

(hydrogen bond O–H stretching vibration), 2920 cm�1 (the C–H
symmetric stretching vibration), 1645 cm�1 (O–H bending of
the absorbed water), 1065 cm�1 (the C–O stretching vibration),
and 895 cm�1 (the asymmetric out-of plane ring stretching).22

Compared with the spectra of CB, the peak assigned to O–H
stretching shied from 3441 cm�1 to 3421 cm�1 in the FTIR
spectrum of SCB-34, presumably due to the hydrogen-bonding
existed between the hydroxyl groups of cellulose structure and
the silanol groups (Si–OH) on the sepiolite surface.23 Hence, the
strong interactions between sepiolite and cellulose could be
expected, resulting in the formation of hybrid beads with
improved adsorption capacity and heat resistance, which would
be demonstrated in the following experiments. In addition, the
new peaks at 3672, 1020 and 947 cm�1 appeared in the spectra
of SCB-34, further indicating the involvement of sepiolite in the
hybrid beads.
RSC Adv., 2017, 7, 38965–38972 | 38967
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3.2 Size and porosity analysis

In the digital photographs of CB and SCB-34, as shown in Fig. 3,
all the samples exhibited well spherical shape. The SEM images
determined that the mean diameter of CB and SCB-34 was
2.4 mm and 2.8 mm, respectively. The larger size of SCB-34 was
caused by the brace effect of sepiolite throughout the scaffold of
cellulose-based bead.24 The densities and porosities of CB and
SCB-34 have been calculated by eqn (1) and (2), and the results are
summarized in Table 1. Compared with CB, the porosity of SCB-
34 increased from 95.93% to 97.63%by incorporation of sepiolite,
which contributed to the enhanced adsorption ability of SCB-34.
Fig. 4 Field emission scanning electron microscopy (FESEM) micro-
graphs of (a) sepiolite, (b) the surface of CB and (c) SCB-34, (d) the
fractured cross sections of CB and (e) SCB-34.
3.3 Morphology analysis

To get insight into the structure characteristics of our hybrid
adsorbents, the morphologies of sepiolite, the surface and cross
sections of pure cellulose bead and its hybrid bead with 3 : 4
weight ratio of sepiolite to cellulose (SCB-34) were investigated
by eld emission scanning electron microscopy (FESEM)
respectively (Fig. 4). One can see that sepiolite presented rod
and needle like morphology (Fig. 4a). In comparison with the
surface morphology of CB, the surface of SCB-34 exhibited more
folded and undulant structure, as a result of the incorporation
of sepiolite into the cellulose bead, which is consistent with the
FTIR observation (Fig. 4b and c).25 Fig. 4d and e displayed the
cross sections of CB and SCB-34 to reveal interior structure of
the beads. A rough, interconnected and highly porous structure
can be observed in the hybrid bead (SCB-34), contributed to the
increasing active sites available for the dye adsorption, and led
to improved adsorption capacities of hybrid beads.16b
3.4 Thermogravimetric analysis

To clarify the thermal properties of sepiolite, pure cellulose
bead and sepiolite/cellulose bead, their TGA and DTG curves
were shown in Fig. 5. As for sepiolite, a total mass loss of 14.9%
over the temperature range between 25 �C and 800 �C was
observed in Fig. 5a.26 CB showed an initial weight loss of 10%
Table 1 Densities and porosities of CB and SCB-34

Sample rbead (g cm�3) rsolid (g cm�3) Porosity (%)

CB 0.02063 0.5070 95.93%
SCB-34 0.02424 1.0209 97.63%

Fig. 3 SEM images of (a) CB, (b) SCB-34 (embedded of (a) and (b)
present the corresponding digital photographs).

38968 | RSC Adv., 2017, 7, 38965–38972
between 25 �C and 105 �C, which was caused by the evaporation
of bound water from the sample. In the case of SCB-34, the
release of water from sample caused less weight loss (5%),
presumably due to its more hydrophobic properties compared
with CB.27 Moreover, it can be seen that the incorporation of
sepiolite into cellulose bead caused an increase in the initial
thermal decomposition temperature from 309 �C to 320 �C.
From Fig. 5b, it was found that the thermal decomposition peak
of the maximum weight loss is 347 �C for SCB-34, which is 10 �C
higher than in the case of CB. Obviously, the hybrid beads
showed higher heat resistant properties than pure cellulose
bead, because of the connement and thermal insulation effect
of inorganic molecules sepiolite.28

3.5 Effect of weight ratio of sepiolite to cellulose

Assembly of sepiolite into cellulose can not only assign the
thermal stability but also increase adsorption ability of the
hybrid beads. Thus, the weight ratio of sepiolite to cellulose was
considered as an important parameter in adsorption studies,
and the effect of which on MG removal efficiency was shown in
Fig. 6a. It was found that the removal efficiency of MG increased
dramatically with the increase of the weight ratio of sepiolite to
cellulose with an initial dye concentration of 50 mg L�1 at 30 �C
for 3 h (pH ¼ 7.0), reaching a maximum of 97.5% at 3 : 4 weight
ratio. This phenomenon could be explained by the increase of
the active sites available for MG with the increase of the amount
of sepiolite.29 The percentage removal of MG decreased at
higher weight ratio of sepiolite to cellulose (4 : 4), probably due
to the collapse of pore structure caused by excessive amount of
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) TGA curves of sepiolite, CB and SCB-34, (b) DTG curves of
CB and SCB-34.
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sepiolite.15 Therefore, 3 : 4 of sepiolite to cellulose was selected
as the optimum weight ratio. As a comparison, the experiments
for the removal of MG with cellulose bead and sepiolite were
conducted separately. 11.0% and 73.5% of MG removal
percentage was obtained, which is lower than that of SCB-34.
These results demonstrate that by incorporation of sepiolite
into cellulose, the adsorption efficiency of bio-based hybrid
adsorbents was greatly improved.

3.6 Effect of contact time

Fig. 6b showed the effect of contact time on the dye removal
efficiency of MG by changing the time range from 30 min to
300 min. It can be seen that the removal of MG changed
signicantly from 44.6% to 91.6% in the rst 180 min. When
the contact time was increased to 240 min, the equilibrium
removal efficiency of 97.6% could be reached. Inconspicuously
inuence on the adsorption efficiency was observed when
further increasing the contact time. As a result, 240 min was the
optimum contact time for the adsorption of MG by using hybrid
beads (SCB-34) as the adsorbents.

3.7 Effect of initial pH value

As can be seen in Fig. 6c, the adsorption behavior of sepiolite/
cellulose hybrid beads for MG (cationic dye) was signicantly
This journal is © The Royal Society of Chemistry 2017
affected by the initial pH value of solution, since it was the main
factor to regulate the surface charge of SCBs. In general, the
removal efficiency of MG is below 22.6% at a low pH value (pH <
2), possibly due to the electrostatic repulsion between adsor-
bent and MG caused by reducing of negatively charged adsor-
bent sites, meanwhile the competitive adsorption between
excess H+ and cationic MG on adsorbents had a negative effect
on the removal efficiency.30 When pH value increased from 2 to
7, the removal of MG increased sharply to its maximum, which
might be explained by the enhanced electrostatic interaction
between cationic MG and negatively charged SCBs at a lower H+

concentration.31 As such, the optimum initial pH value for MG
adsorption was found to be 7. If pH > 7, the adsorption of MG on
SCBs dropped a little. The deprotonation of abundant Si–OH
group on the hybrid beads in alkaline conditions might inu-
ence the hydrogen bonding between dyes and adsorbents.32a On
the other hand, the increase of solubility of the hybrid adsor-
bents at pH > 7 resulted in a little dissolution of adsorbents,
which was not favorable for the removal of dyes.32b
3.8 Effect of initial dye concentration

In addition, the adsorption capacity of MG with SCBs was
investigated by using various initial dye concentrations
(Fig. 6d). When the initial concentrations changed from 50 to
400 mg L�1, the adsorption capacity of MG increased quickly
attributed to the enhanced driving force between MG and SCBs
with a rise in the initial concentration.33 While, the adsorption
capacity tended to level off at higher initial concentrations,
implying the active sites of adsorbents reached saturation.30

Finally, the maximum adsorption capacity was found to be
382 mg g�1.
3.9 Adsorption kinetics

The adsorption kinetics was analyzed by employing pseudo-
rst-order and pseudo-second-order kinetic models to eval-
uate the adsorption process involved in the removal of MG by
SCBs. The linear forms of pseudo-rst-order and pseudo-
second-order kinetic models are expressed in eqn (5) and (6),
respectively.34

ln(qe � qt) ¼ ln qe � k1t (5)

t

qt
¼ 1

k2qe2
þ t

qe
(6)

where qe (mg g�1) is the adsorption capacity at equilibrium, and
qt (mg g�1) is the adsorption capacity at time t (min). The
parameters k1 (1/min) and k2 (g mg�1 min�1) are the rate
constants of the pseudo-rst-order and pseudo-second-order
kinetic models, respectively.

The plots according to the pseudo-rst-order and pseudo-
second-order models are shown in Fig. 7. Moreover, the
values of kinetic parameters including the calculated equilib-
rium adsorption capacity (qe), the rate constants (k1, k2) and
the correlation coefficients (R2) are summarized in Table 2.
A good linearity was observed in the plot of t/qt against t,
which was further conrmed by the high correlation coefficient
RSC Adv., 2017, 7, 38965–38972 | 38969
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Fig. 7 (a) Pseudo-first-order and (b) pseudo-second-order plots for adsorption of MG on SCB-34.

Fig. 6 (a) Effect of weight ratio of sepiolite to cellulose on the adsorption of MG, (b) effect of contact time on the adsorption of MG (weight ratio
of sepiolite to cellulose¼ 3 : 4, initial dye concentration¼ 50mg L�1, pH¼ 7.0), (c) effect of initial pH value on the adsorption of MG (weight ratio
of sepiolite to cellulose¼ 3 : 4, initial dye concentration¼ 50mg L�1, t¼ 240min), (d) effect of initial dye concentration on the adsorption of MG
(weight ratio of sepiolite to cellulose ¼ 3 : 4, t ¼ 240 min, pH ¼ 7.0).
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(R2 ¼ 0.9998) determined by the pseudo-second-order model.
Also, the calculated equilibrium adsorption capacity qe based
on the pseudo-second-order model was found to be 61 mg g�1,
Table 2 The adsorption parameters of pseudo-first-order and
pseudo-second-order kinetic models

Kinetics models
qe
(mg g�1)

k1
(1/min)

k2
(g mg�1 min�1) R2

Pseudo-rst-order 62.34 0.0226 — 0.9268
Pseudo-second-order 60.98 — 0.02476 0.9998

38970 | RSC Adv., 2017, 7, 38965–38972
which is close to the experimental data. These results revealed
that the adsorption process of MG onto SCBs tted well
with the pseudo-second-order kinetic model, suggesting that
the overall rate of adsorption process was controlled by
chemisorptions.35
3.10 Adsorption isotherm

Furthermore, the Langmuir and Freundlich adsorption
isotherms were applied to analyze the adsorption of MG on
SCBs and to t the experimental data. Eqn (7) and (8) showed
the linear forms of these two models, respectively.36
This journal is © The Royal Society of Chemistry 2017
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Table 4 Comparison of the maximum adsorption capacities of MG
using different adsorbents

Adsorbent
qmax

(mg g�1) Reference

Activated charcoal 0.180 37
Bentonite clay 7.72 38
Graphene oxide/cellulose bead (GOCB) 30.09 18
Jute ber carbon 136.6 39
Bagasse y ash 170.33 40
Treated ginger waste 188.6 41
Cattail biomass based activated carbon 210.18 42
Sepiolite/cellulose hybrid bead (SCB) 314.47 This study

Fig. 8 (a) Plot of Langmuir isotherm, and (b) plot of Freundlich isotherm for the removal of MG using SCB-34 as adsorbents.
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Ce

qe
¼ 1

bqmax

þ Ce

qmax

(7)

ln qe ¼ ln KF þ 1

nF
ln Ce (8)

where qe (mg g�1) and qmax (mg g�1) are the adsorption capacity
at equilibrium and the maximum adsorption capacity, respec-
tively. Ce (mg L�1) is the equilibrium concentration; b (L mg�1)
is the Langmuir constant. KF (L mg�1) and nF are the Freundlich
constants reecting the adsorption capacity and adsorption
intensity, respectively.

The linearized curves and the related parameters from Lang-
muir and Freundlich isotherm models are shown in Fig. 8 and
Table 3, respectively. It was found that the adsorption behavior of
MG on SCBs tted well with the Langmuir model because of the
much higher correlation coefficient value (R2¼ 0.9993) compared
with that of the Freundlich model. Therefore, in our systems, MG
was adsorbed on the SCBs' surface through monolayer adsorp-
tion, resulting in a saturated adsorption capacity.19 It was noted
that the qmax value of MG on SCB was calculated as 314 mg g�1,
which was compared to the maximum adsorption capacities of
some other low-cost adsorbents including activated carbon
(Table 4). It was found that SCB showed a relatively higher qmax

value than other adsorbents reported previously. In addition, the
value of b was in the range 0 to 1. As a result, MG could be easily
adsorbed on the hybrid adsorbents (SCBs) prepared here exhib-
iting good adsorption capacity.

3.11 Adsorption for other pollutants

Additionally, the feasibility of the hybrid adsorbent (SCB-34)
was veried by investigating its adsorption ability for a few
Table 3 The adsorption parameters of Langmuir and Freundlich
isotherm models

Isotherm
models

qmax

(mg g�1)
b
(L mg�1)

KF

(L mg�1) nF R2

Langmuir 314.47 0.2072 — — 0.9993
Freundlich — — 71.77 2.55 0.7697

This journal is © The Royal Society of Chemistry 2017
more pollutants, including methyl violet, Zn(II), Cd(II) and 2,4-
dichlorophenol. As for methyl violet, the maximum adsorption
capacity was found to be 177 mg g�1 with an initial dye
concentration of 300 mg L�1 at 30 �C for 3 h (pH ¼ 7.0). SCB-34
was also suitable to remove heavy metal ions, such as Zn(II) and
Cd(II) from aqueous solutions. The maximum adsorption
capacity was found to be 145 mg g�1 and 140 mg g�1, respec-
tively (initial concentration ¼ 250 mg g�1, pH ¼ 6.5, t ¼ 2 h). In
the case of 2,4-dichlorophenol, 35.7 mg g�1 of adsorption
capacity can be achieved by using 100 mg L�1 of 2,4-dichlor-
ophenol solutions at 30 �C for 3 h (pH ¼ 5.0).
4. Conclusions

In summary, an easily operated and environmentally-friendly
procedure was developed to prepare sepiolite/cellulose hybrid
beads as adsorbents under mild conditions. This approach
utilizes readily available bamboo pulp and sepiolite as raw
materials and features synthetic simplicity. Introduction of
inorganic molecule sepiolite into organic cellulose not only
signicantly enhanced the adsorption efficiency but also facil-
itated the improvement of the thermal stability of neat cellulose
bead. The abundant hydroxyl groups of cellulose, large specic
surface area of sepiolite as well as the synergistic effect between
these two components are believed to be the key factors for the
superior performance of the hybrid adsorbents. Thus, SCBs are
RSC Adv., 2017, 7, 38965–38972 | 38971
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expected to be an alternative efficient adsorbent for the treat-
ment of organic pollutants.
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