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a  b  s  t  r  a  c  t

A  novel  cellulose-based  adsorbent  was  prepared  by radiation-induced  grafting  of styrene  onto  the  sur-
face of  cellulose  microspheres,  followed  by acetylation  and  amination  processes.  The grafting  yield  was
adjusted by  the  total absorbed  dose,  dose  rate  and  the  concentration  of  styrene.  The  structure  of  the
adsorbent  was  characterized  by  micro-FTIR,  XPS  and  SEM.  The  adsorption  of  Cr(VI)  ions  has  been  inves-
tigated  as  a function  of contact  time,  adsorbent  feed,  pH, Cr(VI)  and  NaCl  concentration.  It  was  found  that
eywords:
ellulose microsphere
adiation grafting
tyrene
dsorbent

adsorption  equilibrium  could  be  achieved  within  30 min  for  initial  Cr(VI)  of  100  mg  L−1.  The  adsorption
kinetics  was  well  described  by the  pseudo-second  order  model  equation,  and  the  adsorption  isotherm
was  better  fitted  by the  Langmuir  mode.  The  maximum  theoretical  Cr(VI)  uptake  of  the  adsorbent  was
123.4  mg  g−1. The  influence  of  NaCl  concentration  on  Cr(VI)  uptake  and  XPS  analysis  revealed  that  Cr(VI)
ions  were  adsorbed  through  ion-exchange  mechanism.
r(VI)

. Introduction

Water pollution due to toxic heavy metal ions has been attract-
ng more and more attention in the past decades because heavy

etal ions are potentially hazardous to human health and ecosys-
em even in minute quantities (Zhang, Gao, Zhai, Liu, & Gao, 2008).
hromium is a typical heavy metal which has been used exten-
ively in industries such as electroplating, metal finishing, pigments
nd leather tanning (Xing, Zhang, Ju, & Yang, 2006). It is commonly
ound in two oxidation states; Cr(VI) and Cr(III). Cr(VI) is known
o be highly mobile in soil and aquatic system, and hazardous to
he biological systems and human health (Xu, Gao, et al., 2011).
herefore, the US Environmental Protection Agency (EPA) has set

 maximum contaminant level of 0.05 mg  L−1 for Cr(VI) in potable
ater (Park, Park, Yun, & Kim, 2008).

Different methods such as membrane separation, precipitation
nd solvent extraction have been used for the removal of heavy
etal ions from wastewater (Futalan et al., 2011; Tian et al., 2011).
mong these techniques, ion exchange is the most effective method

wing to its regeneration, high efficiency and low cost (Zhao, Sun,
hao, Xu, & Zhai, 2011). Several studies have been reported on metal
ons adsorption by fiber (Xiong & Yao, 2009), membrane (Takase &

Abbreviations: CPS, styrene grafted cellulose microspheres; CACPS, chloroacety-
ated CPS; AMCPS, aminated CACPS; AEM, anion exchange microspheres.
∗ Corresponding author. Tel.: +86 10 62753794; fax: +86 10 62753794.

E-mail address: mlzhai@pku.edu.cn (M.  Zhai).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2012.01.040
© 2012 Elsevier Ltd. All rights reserved.

Katoh, 1995) and powder adsorbents (Qiu et al., 2009). However,
these adsorbents were not suitable for column packing due to their
poor mechanical properties.

Recently, microsphere adsorbents have attracted much interest
because of their large surface area, low cost, ease of operation and
high mechanical stability (Hou, Wang, Gao, & Yang, 2008). Cellu-
lose is the most abundant and renewable biopolymer in nature.
It possesses very attractive advantages including cost-effective,
biodegradability, non-toxicity, thermal and chemical stability. It
has been considered as one of the economical promising materi-
als for the preparation of adsorbents (Siroky, Blackburn, Bechtold,
Taylor, & White, 2011). However, the heavy metal ions adsorp-
tion capacity of unmodified cellulose is very low. It was reported
that some cellulose-based biosorbents exhibited good adsorption
capacity for heavy metal ions when they possess functional groups
such as carboxyl groups (Park, Park, Yun, & Jo, 2005). Therefore, it
is possible that the functionalization of cellulose can be carried out
to get an efficient adsorbent for removing heavy metal ions.

Radiation-induced grafting technique has exhibited obvious
advantages over traditional methods since the composition and
properties of the resulting adsorbents can be easily controlled
by applying appropriate grafting conditions. Moreover, radiation-
induced grafted polymer adsorbents fulfill most of the desired
criteria such as high adsorption capacity, fast uptake and regen-

eration (Kumar, Bhardwaj, Jamdar, Goel, & Sabharwal, 2006).
Therefore, the technique has been widely used to synthesis ion
exchange adsorbents for the removal of heavy metal ions from
wastewater (Zhao & Mitomo, 2008). However, to the best of our

dx.doi.org/10.1016/j.carbpol.2012.01.040
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:mlzhai@pku.edu.cn
dx.doi.org/10.1016/j.carbpol.2012.01.040
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nowledge, ion exchanger based on cellulose microsphere, formed
y radiation-induced grafting technique, has not yet been described

n the literature.
The aim of this work is to develop a novel cellulose-based ion

xchange adsorbent for removing heavy metal ions. The adsor-
ent was prepared by radiation-induced grafting of styrene onto
he surface of cellulose microspheres, followed by acetylation and
mination processes. The effects of adsorbed dose, dose rate and
onomer concentration on the grafting yield were investigated.

arameters including contact time, adsorbent feed, solution pH,
r(VI) and NaCl concentration that might influence the adsorption
fficiency, were also discussed in detail.

. Experimental

.1. Materials

Cellulose microspheres (Average particle size ∼240 �m)  were
btained from Asahi Kasei Chemicals Corporation (Japan). Styrene
St) (purity > 99%) was purchased from Acros Organics (Mor-
is Plains, NJ). Chloroacetic chloride and Potassium dichromate
K2Cr2O7) were obtained from Sinopharm Chemical Reagent Co.,
td. Diethylamine was supplied by Shantou Xi Long Chemical Fac-
ory. Methanol and toluene were purchased from Beijing Tong
uang Fine Chemicals Company. All reagents were analytical-grade
hemicals and were used as received without further purification.

.2. Preparation of the adsorbent

The preparation procedure of the adsorbent is illustrated in
cheme 1. The simultaneous radiation grafting method was used.

.2.1. Radiation-induced graft polymerization
Cellulose microspheres were completely immersed in

t/methanol solution and left for 24 h to facilitate the swelling of
ellulose microspheres. After getting rid of oxygen by nitrogen
ow for 15 min, the sealed glass tubes were then irradiated in a
0Co �-chamber for various doses, dose rates and St concentra-
ions. After irradiation, the residual monomer and homopolymer
ttached to the grafted samples were removed by 24 h extraction
n a Soxhlet extractor with toluene as extractant. The samples

ere then dried in a vacuum oven at 50 ◦C for 24 h and weighted.
he grafting yield (GY) was determined by the percentage increase

n weight as follows:

Y (%) = Wg − W0

W0
× 100 (1)

Scheme 1. Synthetic route of cellu
ymers 88 (2012) 931– 938

where W0 and Wg are the weights of the initial and grafted cellulose
microspheres, respectively.

St grafted cellulose microspheres (CPS) with 52% and 100% GY
were prepared and used as the substrates for further chemical mod-
ification.

2.2.2. Chloroacetylation of CPS
CPS (5.0 g) was  first acylated by refluxing with chloroacetyl

chloride (5.5 g) and anhydrous aluminium chloride (7.0 g) in
dichloromethane (50 mL)  at room temperature for 7 h with con-
stant stirring. The chloroacetylated samples (CACPS) were washed
with THF, hydrochloric acid (3%), deionized water and methanol,
respectively. The samples were then dried in a vacuum oven at
50 ◦C for 24 h.

2.2.3. Amination of CACPS
An appropriate amount of CACPS (4.0 g) was allowed to swell

in THF solution (40 mL)  overnight. Diethylamine (18 g) and sodium
bicarbonate (1.6 g) were added to the swollen samples in a three-
neck flask fitted with condenser. The amination reaction of CACPS
was carried out at 70 ◦C (2 h) with constant stirring. After the reac-
tion, the aminated CACPS (AMCPS) were purified by washing with
deionized water, and then dried in a vacuum oven at 50 ◦C for 24 h.

2.2.4. Preparation of anion exchange microspheres (AEM)
The preparation of AEM was  carried out by immersing AMCPS

in 1 mol  L−1 HCl solution for 24 h. The resulting AEM was dried in a
vacuum oven at 50 ◦C for 24 h. Two kinds of AEM were synthesized
and used for further batch experiments. GY of St for AEM-I and
AEM-II were 52% and 100%, respectively.

2.3. Characterization of AEM

2.3.1. Micro-FTIR analysis
Micro-FTIR analysis of the original cellulose microsphere, CPS,

CACPS, AMCPS and AEM-I were performed in a Nicolet (Magna-IR
750) spectrometer. The spectra were measured in the absorbance
mode in range of 4000–600 cm−1.

2.3.2. XPS analysis
The X-ray photoelectron spectroscopy (XPS) analysis was per-

formed with an AXIS-Ultra instrument from Kratos Analytical using

monochromatic Al K� radiation (225 W,  15 mA,  15 kV) and low
energy electron flooding for charge compensation. To compensate
for surface charges effects, binding energies (BE) were calibrated
using C1s hydrocarbon peak at a BE of 284.80 eV. The data were

lose microsphere adsorbent.
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Fig. 1. Effect of dose on the GY of St at dose rate of 20 Gy min−1 (St concentration:
Y. Zhang et al. / Carbohydra

onverted into VAMAS file format and imported into CASA XPS
oftware package for manipulation and curve fitting.

.3.3. Morphology observation of AEM
Dried AEM was immersed directly in solution with different

H at room temperature to equilibrium (24 h). The swollen equi-
ibrium AEM was frozen to −70 ◦C and then freeze-dried under

 vacuum until all water was sublimed. Morphology of the sur-
ace of freeze-dried samples was observed by scanning electron

icroscope (SEM) (Hitachi S4700).

.3.4. Ion exchange capacity (IEC) and nitrogen content
Ion exchange capacity (IEC) was determined by titration. An

ppropriate amount of AMCPS were immersed in a 0.05 mol  L−1 HCl
olution at room temperature for 24 h with constant stirring. Then
he solution was back titrated with 0.05 mol  L−1 NaOH to neutral.
he IEC (mmol  g−1) was calculated by the equation as follows:

EC = MHCl − MNaOH

W
(2)

here MHCl is the mole of HCl, MNaOH is that of the required NaOH,
 is the weight of the adsorbent.
The nitrogen content of AEM was determined with an Elemental

nalyzer (Elementar Vario EL, Germany).

.4. Adsorption of Cr (VI) onto AEM

The standard stock solution of Cr (VI) (1000 ppm) was  obtained
y dissolving K2Cr2O7 in distilled water. Certain amount of HCl was
dded in order to stabilize Cr(VI) ions in the solution. The concen-
ration of HCl in the stock solution was 0.02 mg  L−1. This solution
as then diluted with distilled water to desired concentrations.

Kinetics study was carried out as follows: 0.050 g adsorbent
as added to 250 mL  beaker containing 50 mL  Cr(VI) solution

100 ppm). The beaker was then placed in an incubator shaker
140 rpm) at room temperature. Cr(VI) concentration was  mea-
ured by UV-Visible Spectrophotometer (UV-3010, HITACHI) at
40 nm by 1, 5-diphenyl carbamide method (Samani, Borghei, Olad,

 Chaichi, 2010). Cr(VI) uptake was calculated as

r(VI) uptake = (C0 − Ce) × V

m
(3)

here C0 and Ce are the concentrations of Cr(VI) before and after
dsorption, respectively; V is the volume of the Cr(VI) solution and

 is the weight of dry adsorbent.
The influence of pH, adsorbent feed, Cr(VI) and NaCl concen-

ration on Cr(VI) uptake was also conducted using a very similar
rocedure. pH was adjusted with 1 mol  L−1 HCl or 1 mol  L−1 NaOH.
ll values were measured in duplicate with uncertainty within 3%.

.5. Desorption of Cr(VI)

Desorption behavior of Cr(VI) was studied as follows: immersing
EM-II which had fully adsorbed Cr(VI) ions into 1 mol  L−1 NaCl
olution for 24 h, then washed with distilled water and dried in a
acuum oven at 50 ◦C (24 h) for XPS analysis.

. Results and discussion

.1. Preparation of AEM
The effect of absorbed dose on the GY of St onto cellulose micro-
pheres was investigated (Fig. 1A). The GY increases obviously with
ncreasing absorbed dose. It is reported that the process of 60Co �
rradiation graft polymerization is mainly a free radical mechanism,
4  mol  L−1) (A); Effects of dose rate (a) and monomer concentration (b) on the GY of
St  at room temperature (dose: 20 kGy) (B).

and the grafting polymerization is controlled by the total amount of
free radicals formed in both the substrates and monomer solution
(Qiu et al., 2007). The total amount of free radicals formed on the
substrates as well as in monomer solution in the system increase
with increasing absorbed dose.

The effect of the dose rate on the GY of St onto cellulose micro-
spheres is shown in Fig. 1B (a). The increase in the dose rate during
irradiation resulted in a decrease in the GY. At a high dose rate,
the radicals formed in the substrates tend to decay by recombina-
tion faster than at lower dose rate. Therefore, the grafting process is
inhibited on account of the decreasing amount of radical sites in the
substrates. Also, at higher dose rate, the grafted polystyrene chains
are subjected to faster termination, and consequently the GY of St
decreases, which is in accordance with the result that reported in
reference (Cardona, George, Hill, Rasoul, & Maeji, 2002).

The concentration of monomer during radiation-induced graft-
ing polymerization also affects the kinetic parameters of this
process. Fig. 1B (b) shows the effect of St concentration on the GY.
The GY increases linearly with St concentration from 0 to 4 mol L−1

and then levels off beyond 4 mol  L−1. Since methanol is a nonsolvent
for polystyrene moieties, the growing chains in the polymerization
are immobilized and the termination reaction is inhibited at a low

monomer concentration, resulting in an increasing GY (Nho, Chen,
& Jin, 1999). As monomer concentration increases, the rate of prop-
agation reaction is overcome by the greatly increased termination
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Fig. 2. FITR spectra of Cellulose (a), CPS (52% GY) (b), CACPS (c) and AMCPS (d)
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ate of monomer radicals reacting between monomer radicals and
rowing polystyrene chains grafted onto the substrates. In addition,
he GY also depends on the diffusibility of monomer through graft-
ng chains. As monomer concentration increases, the diffusibility
f monomer decreases with the increase in the viscosity of grafting
edium due to homopolymerization. This subsequently results in

ower diffusion of monomer to the substrates, and hence limits the
apid growth of GY.

Chloroacetylation and amination of CPS resulted in the forma-
ion of ammonium salt groups on the surface of substrates, which
ould probably result in high IEC and Cr(VI) uptake.

.2. Characterizations of the adsorbent

.2.1. Micro-FTIR analysis
Micro-FTIR spectra have been used as a useful tool to verify the

resence of certain functional groups in modifications of mate-
ials. The micro-FTIR spectra of the cellulose microsphere, CPS,
ACPS and AMCPS in the range of 4000–600 cm−1 are shown in
ig. 2A. The GY of St grafted onto cellulose microspheres is 52%.
he broad and strong bands around 3370 cm−1 are due to abun-
ant hydrogen bonded hydroxyl group ( OH) of cellulose (Seppala
t al., 2011). In cellulose microspheres, strong absorption bands
t 1050 cm−1 are assigned to the stretching vibration of cellulose
ing C O. The absorption bands at 1370 and 2900 cm−1 repre-
ent the stretching and bending vibration of cellulose ring C H,
espectively. Grafting of styrene is verified by the characteristic
bsorption bands of aromatic ring at 1490 and 1600 cm−1, cor-
esponding to aromatic C C in-plane stretching vibration. Strong
bsorption bands at 696 and 760 cm−1 are due to the aromatic

 H deformation of substituted benzene ring (Zhang & McCormick,
997). The spectrum also shows the characteristic absorption bands
f aromatic ring at 3030 cm−1 ( C H stretching vibration). Com-
ared with the spectrum of CPS, strong bands appear in CACPS at
210 and 1690 cm−1, corresponding to the rocking of CH2 Cl and
he stretching of the carbonyl group, which indicates successful
cetylation of CPS (Qu, Zhou, Wei, Su, & Ma,  2008). The amina-
ion of CACPS is confirmed by the presence of sharp absorption
ands at 1380 and 2970 cm−1, which are assigned to the rock-

ng and stretching vibration of CH3 introduced by amination.
t is obvious that the CH2 Cl peak gets weakened on account
f the substitution of chloromethyl groups by amination. The
pectrum of the AEM-I is the same as that of AMCPS (data not
hown).

.2.2. XPS analysis
XPS is known as a powerful tool to analyze the elemental com-

osition of the compounds. Fig. 2B shows XPS wide scan spectra of
PS (a), CACPS (b) and AEM-I (c). All compounds show two  primary
haracteristic peaks corresponding to C1s and O1s at BE of 284.8
nd 533.3 eV, respectively. The acetylated of CPS is confirmed by
he presence of the sharp peaks corresponding to Cl2s and Cl2p at
E of 269.8 and 201.8 eV, respectively. A sharp peak appears after
mination at BE of 400.1 eV, which is in agreement with typical N
1s) binding energies, revealing that AEM is prepared by amination
ith diethylamine.

The N 1s peak is curve-fitted with two peak components
Fig. 2C). One appears at BE of 399.4 eV which is due to N(C2H5)2
roups. The other having higher BE at 401.7 eV can be regarded as a
ignal from the positively charged nitrogen atoms of NH+(C2H5)2
roups (Vallapa et al., 2011).
.2.3. Morphology observation of AEM
The SEM micrographs of AEM-II before and after swelling exper-

ment in different pH are given in Fig. 3. The structure of AEM is
onporous before swelling experiment (Fig. 3a and b). However,
(A); XPS wide-scan spectra of CPS (52% GY) (a), CACPS (b) and AEM-I (c) (B); N 1s
curve-fitting of AEM-I (C).

after immersed in acidic solution (pH = 1.34, 3.75 and 6.38), AEM
reveals a porous structure and high surface area (Fig. 3c, d, and
e). There are numerous N(C2H5)2 groups on the surface of AEM.
When pH is less than 7, N(C2H5)2 groups are protonated to

NH+(C2H5)2 groups with the help of H+. The electrostatic repul-
sion among the NH+(C2H5)2 groups results in the increase in the
mount and size of pores in acidic solution (Tan, Zhao, & Kang,
2006). While pH is more than 7, N(C2H5)2 groups are predom-
inant, leading to the decrease in electrostatic repulsion among

NH+(C2H5)2 groups on the surface of AEM. Therefore, the amount

and size of pores decrease (Fig. 3f). Because AEM possesses com-
plex and porous surface texture and porosity in acidic solution,
Cr(VI) ion can easily diffuse in and out. Therefore, the adsorbents
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Fig. 3. SEM micrographs of AEM-II before (a, b) and after swelling exper

ay  have relative high adsorption capacity and fast adsorption
inetics.

.3. Adsorption of Cr(VI)

.3.1. The adsorption kinetics
The contact time to reach maximum adsorption is of great

mportance for studying the affinity of adsorbents to Cr(VI) ions.
herefore, the effect of contact time on the adsorption of Cr(VI) was
tudied and shown in Fig. 4A. The removal rate of Cr(VI) is initially
apid, but it gradually decreases with time until it reaches equi-

ibrium at about 30 min. The experimental results indicate that the
dsorbents (AEM-I and AEM-II) have rather rapid adsorption kinet-
cs. In order to achieve the saturated adsorption, 40 min  is chosen
s the equilibrium time.
 in different pH: (c) pH = 1.34; (d) pH = 3.75; (e) pH = 6.38; (f) pH = 10.72.

The mechanisms of adsorption processes were also investigated
according to pseudo-first-order and pseudo-second-order kinetic
equations which were given by Eqs. (4) and (5),  respectively.

log(qe − qt) = log qe − k1

2.303
t (4)

t

qt
= 1

qe
t + 1

k2q2
e

(5)

where qt and qe are the amount of Cr(VI) adsorbed (mg  g−1)
at time t (min) and at equilibrium, respectively. k1 is the rate

constant of the pseudo-first-order adsorption process (min−1),
and k2 is the rate constant for the pseudo-second-order model
(Wang, Peng, Yang, Liu, & Hu, 2011). The parameters qe, k1, and
k2 are tabulated in Table 1. The correlation coefficients (R2) for
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ig. 4. Dynamics of Cr(VI) removal by AEM-II in 50 mL  100 mg L−1 solution (A); Ef
ime:  40 min; pH: 4.68) (B); Effect of solution pH on the adsorption of Cr(VI) by AE
xperimental Cr(VI) adsorption on AEM-II (a) and Langmuir linear plot (b) (adsorbe

he pseudo-second-order kinetic model are both 0.999, suggesting
hat pseudo-second-order model represents the present adsorp-
ion system, which implies that the adsorption is an ion exchange
rocess (Xu, Zhao, Sun, Zhao, & Zhai, 2011).

.3.2. IEC and Cr(VI) uptake
IEC is an indication of the content of ammonium salt groups

n the adsorbent. High IEC of adsorbents shows higher amount
f ammonium salt groups existed in the adsorbent. IEC of AEM-

 and AEM-II are presented in Table 2. As expected, IEC of AEM
ncreases with GY and nitrogen content. In addition, the Cr(VI)
ptakes of AEM-I and AEM-II are 55.6 and 85.5 mg  g−1, while the IEC
f AEM-I and AEM-II are 1.71 and 2.60 mmol  g−1. The Cr(VI) uptake
s in the relative high level among all the modified and unmod-
fied biosorbents reported in references (Owlad, Aroua, Daud, &
aroutian, 2009). In the control experiment, the original cellulose

icrosphere could not adsorb Cr(VI) (data not shown). High ion

xchange capacity and Cr(VI) uptake of AEM can be attributed to the
rafted functional groups, while the cellulose microspheres serve
s the backbone of AEM. Besides, the average diameters of AEM-I

able 1
seudo-first-order and pseudo-second-order kinetic parameters for the adsorption of Cr(

Adsorbent Pseudo-first-order 

k1 (min−1) qe (mg  g−1) R2

AEM-I 3.44 55.7 0.994 

AEM-II 3.08 88.5 0.984 
 adsorbent feed on the adsorption of Cr(VI) in 50 mL  100 mg L−1 solution (stirring
in 50 mL  100 mg  L−1 solution (stirring time: 40 min; adsorbent feed: 1.0 g L−1) (C);
d: 1.0 g L−1; stirring time: 40 min; pH: 4.68; V: 50 mL) (D).

and AEM-II are ∼424 and ∼489 �m,  respectively, which is suitable
for column packing in wastewater treatment.

3.3.3. Effect of adsorbent feed
The adsorbent feed is another important parameter in adsorp-

tion process of Cr(VI). The effect of adsorbent feed on the adsorption
of Cr(VI) was  studied (Fig. 4B). The adsorbent feed is in the range
from 0.2 to 1.0 g L−1. The adsorption capacity of Cr(VI) decreases
with increasing adsorbent feed, which can be attributed to the fact
that the amount of unsaturated adsorption sites increase with the
increasing of adsorbent feed.

3.3.4. Effect of solution pH
Knowledge of the optimum pH is very important in the practi-

cal use since pH affects both the surface charge of adsorbent and
the existing forms of adsorbates. The optimum range of pH for
the maximum adsorption of Cr(VI) onto AEM-II was investigated

(Fig. 4C). The maximal Cr(VI) uptake (95.4 mg g−1) is obtained at
pH 3.1. Cr(VI) uptake decreases by either raising or lowering the
pH. However, even when the pH reaches 1.0 or 10.6, AEM-II still
exhibits a sound Cr(VI) uptake of 60.7 and 44.1 mg  g−1, respectively.

VI) on AEM-I and AEM-II.

Pseudo-second-order

k2 (g mg−1 min−1) qe (mg  g−1) R2

0.005 55.6 0.999
0.005 85.5 0.999
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Table 2
Parameters of AEM-I and AEM-II.

Adsorbent GY (%) Diameter (�m) Nitrogen content (%) IEC (mmol g−1) qe (mg  g−1) qm (mg  g−1)

1.71 55.6 69.5
2.60 85.5 123.4
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AEM-I 52 ∼424 2.6 

AEM-II 100 ∼489  3.7 

herefore, this novel adsorbent can be applied in some extreme
nvironment due to its high acidic and alkaline resistance.

Cr(VI) can exist in several stable forms in aqueous solution,
ut the relative abundance of them are dependent on solution pH
nd Cr(VI) concentration (Neagu, 2009). When pH is less than 1.0,
2Cr2O7 are predominant, leading to the decrease in electrostatic
ttraction between adsorbent and Cr(VI) ions. As a result, the Cr(VI)
ptake is low at pH 1.0. The decrease in the adsorption with the

ncrease in pH from 7.0 to 12.0 may  be attributed to the competition
f OH− and the deprotonation of the NH+(C2H5)2 groups. Similar
esults have been reported in the literature (Qiu et al., 2009). The
esults also show that electrostatic attraction results in the adsorp-
ion at the pH from 1.0 to 6.0, while at higher or lower pH, other
nteraction such as the chelation interaction, hydrogen bonding and
he weak van der Waals forces enhance the adsorption capacity
Ting & Deng, 2005).

.3.5. The isotherm of adsorption of Cr(VI) ions
Adsorption isotherm can be used to investigate how Cr(VI) ions

nteract with the adsorbent. It is characterized by certain constants.
he Langmuir isotherm model is often used to study the relation-
hip between Cr(VI) uptake and the equilibrium concentration in
olution and is effective for homogeneous and monolayer adsorp-
ion onto a surface with a finite number of identical sites (Zhai et al.,
009). It is defined as Eq. (6)

Ce

qe
= Ce

qm
+ 1

KLqm
(6)

where Ce (mg  L−1) is the equilibrium concentration of Cr(VI) in
olution, qm (mg  g−1) is the maximum adsorption at monolayer, qe

mg  g−1) is the amount of Cr(VI) adsorbed by per gram adsorbent, KL

s Langmuir constant related to the affinity of binding sites, which is
 measure of the energy of adsorption. The slope and the intercept
f the linear plot of Ce/qe versus Ce enable the constants of Langmuir
dsorption isotherm to be determined.

The Langmuir plot of Cr(VI) adsorption onto AEM-II is shown in
ig. 4D. The linear correlation coefficient (r) is 0.993, which reveals
hat the adsorption well fit the Langmuir model. The isotherm con-
tants qm and KL are calculated as 123.4 mg  g−1 and 0.167 L g−1,
espectively. The qm of AEM-I were also calculated as 69.5 mg  g−1

Table 2). The experimental Cr(VI) uptake is lower than the theo-
etical maximum adsorption capacity. It may  be attributed to the
ncomplete contact of Cr(VI) and the adsorbent.

.3.6. Effect of NaCl concentration and adsorption mechanism
The effect of NaCl concentration on the adsorption of Cr(VI)

ons was investigated (Fig. 5A). The experiment was conducted
ith 1.0 g L−1 adsorbent in 100 mg  L−1 Cr(VI) solution. Cr(VI) uptake
ecreases with the increase in NaCl concentration, which is mainly
ttributed to increasing competition of Cl−. More Cl− instead of
r(VI) ions mainly interact with NH+(C2H5)2 groups through elec-
rostatic attraction. Besides, the addition of NaCl also results in a
egative effect on the diffusion of Cr(VI) ions by restricting their
obility (El-Bayaa, Badawy, & AlKhalik, 2009).
To further investigate the mechanism of Cr(VI) adsorption, the
PS spectra of adsorbent are shown in Fig. 5B. After Cr(VI) adsorp-
ion, a typical peak at BE of ca. 579.1 eV corresponding to Cr2p can be
bserved in XPS spectra. However, it is noticeable that the Cr2p peak
early disappears after desorption, while two  new peaks at BE of
Fig. 5. Effect of NaCl concentration on the adsorption of Cr(VI) using 50 mL model
solution of 100 mg L−1 (stirring time: 40 min; pH: 4.68) (A); XPS wide-scan spectra
of  AEM-II before (a), after (b) Cr(VI) adsorption and desorption (c) (B).

195.7 eV and 266.0 eV appear, which are in agreement with typical
Cl2p and Cl2s binding energies. It can be concluded that the Cr(VI)
ions are adsorbed onto the adsorbent through the ion exchange.

4. Conclusion

A novel anion-exchange cellulose-based microsphere for
wastewater treatment was  synthesized successfully by radiation
grafting of styrene onto cellulose microsphere, followed by acety-
lation and amination processes. The structure of adsorbent was
testified with FTIR and XPS analysis. The adsorbent possesses com-
plex and porous surface texture in acidic solution. The adsorption
equilibrium can be achieved with 30 min  due to the strong electro-

static interaction between the adsorbent and HCrO4

−. The optimum
adsorption was  observed at pH 3.1 for initial Cr(VI) concentration
of 100 mg  L−1. The Cr(VI) adsorption followed pseudo-second order
mode and decreased with increasing NaCl concentration suggesting
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hat the adsorption is a process of ion exchange. The adsorption
xperimental data fitted Langmuir isotherm with maximum theo-
etical Cr(VI) uptake of 123.4 mg  g−1. As a consequence, there is no
oubt that the work has provided a new candidate of adsorbent for
r(VI) removal in wastewater treatment.
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