
G
e

H
T
a

b

a

A
R
R
A
A

K
E
�
M
C
A
R

1

b
2
2
a
h
e
c
b
w
o
t
S
t
�
a
t

H
f

h
0

Carbohydrate Polymers 113 (2014) 166–173

Contents lists available at ScienceDirect

Carbohydrate  Polymers

j ourna l ho me  pa g e: www.elsev ier .com/ locate /carbpol
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A  novel  �-cyclodextrin  (�-CD)  polymer  adsorbent  named  �-cyclodextrin/ethylenediamine/magnetic
graphene  oxide  (CD-E-MGO)  was  synthesized  for  decontamination  of  Cr(VI)  from  aqueous  solution.  The
sorption kinetics,  isotherms  and  thermodynamics,  as  well  as the  effects  of  pH,  aniline  and  ionic  strength
on  the  sorption  process  were  investigated.  The  results  indicated  that  CD-E-MGO  could  effectively  remove
Cr(VI)  from  aqueous  solution  and  the sorption  data  could  be well  described  by  pseudo-second-order  and
Langmuir models.  The  intraparticle  diffusion  study  indicated  that intraparticle  diffusion  was  not  the  only
thylenediamine
-Cyclodextrin
agnetic graphene oxide

r(VI)
niline
emoval

rate-limiting  step.  Thermodynamic  parameters  revealed  that  the  sorption  reaction  was an  endother-
mic  and  spontaneous  process.  The  decontamination  of Cr(VI)  was influenced  by solution  pH  and  ionic
strength.  In  the  system  with  aniline,  the  Cr(VI)  sorption  was  improved  at low  pH  values  but  reduced  at
high  pH values.  These  results  are  important  for estimating  and  optimizing  the  removal  of  metal  ions  by
CD-E-MGO  composite.
. Introduction

Many organic and inorganic materials, such as activated car-
on (Daifullah, Yakout, & Elreefy, 2007), graphene (Wu et al.,
011; Xu, Wang, & Zhu, 2012), purolite (Balan, Volf, & Bilba,
013), �-cyclodextrin (Ozmen, Sezgin, Yilmaz, & Yilmaz, 2008),
nd chitosan (Hu et al., 2011), have been applied to remove
eavy metal ions and organic substances. �-CD produced from the
nzymatic degradation of starch by bacteria is a doughnut-shape
yclic oligosaccharide with a hydrophilic exterior and hydropho-
ic internal cavity (Ozmen et al., 2008; Pan et al., 2011). It is
idely known that �-CD can form inclusion complexes with vari-

us organic compounds and metal ions in its hydrophobic cavity
hrough host–guest interactions (Chen, Chen, & Chung, 2007;
zejtli, 1998). Besides, the hydroxyl groups on �-CD are known
o form stable complexes with various metal ions. Therefore the

-CD may  be favorable for contaminants removal from wastew-
ters. However, �-CD can be dispersed in aqueous media due
o its hydrophilic exterior, so it is difficult to be separated from
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the solution using traditional separation methods after the sorp-
tion process, which may  increase the cost of industrial application
and/or cause the treated water to be re-polluted (Hu et al., 2013).
Therefore, many researchers undertook a lot of attempts to graft
�-CD on some supports for removal of organic compounds and
heavy metal ions, such as grafting �-CD onto attapulgite (Pan et al.,
2011), chitosan (Fan et al., 2012) and Fe3O4 (Badruddoza, Shawon,
Daniel, Hidajat, & Uddin, 2013). These materials can be easily sep-
arated from the reaction medium and reused in next sorption
cycle.

Graphene oxide (GO), also called graphite oxide sheet, is a two
dimensional nanomaterial prepared from chemical oxidation of
natural graphite (Allen, Tung, & Kaner, 2009; Chen et al., 2011;
Hu et al., 2013). The oxidation process of graphite to GO can intro-
duce abundant oxygen-containing functional groups such as epoxy,
carbonyl, hydroxyl and carboxyl on the GO surfaces (Madadrang
et al., 2012). These groups and large specific surface area make GO
a superb platform for loading magnetic nanoparticles and graft-
ing �-CD (Li et al., 2012). The integration of magnetic properties
into GO can provide advantage of easy solid–liquid separation, but
it has been found to have some negative effects on the sorption

capacity of the GO (Li et al., 2012). The main reason for the loss of
sorption capacity is that some sorption sites on the surfaces of GO
are taken up by the magnetic nanoparticles. In order to increase the
sorption ability, a great number of GO derivates have been obtained
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y grafting new chemical substances such as sulfanilic acid (Hu
t al., 2013), EDTA (Madadrang et al., 2012) and ethylenediamine
Ma  et al., 2012) on GO backbone. Guo et al. (2010) and Guo, Guo, Li,

ang, and Dong (2011) have prepared the cyclodextrin-graphene
ybrid nanosheets by reacting GO with cyclodextrin in the pres-
nce of hydrazine. On the basis of the above considerations, we
uspect that grafting �-CD onto magnetic graphene oxide (MGO)
ill offer the possibility to combine the high sorption capacity of
-CD and the separation convenience of MGO. Ethylenediamine,

he simplest 1,2-diamine, has similar physical–chemical proper-
ies to hydrazine. Besides, the amino groups of ethylenediamine
re known to form stable complexes with various heavy metals.
herefore, in this work, we fabricated a novel �-CD polymer named
D-E-MGO by grafting �-CD onto MGO  through the ethylenedi-
mine, and applied it as a sorbent to remove Cr(VI) from aqueous
olution.

Generally, some industrial wastewaters contain not only heavy
etal ions but also high concentrations of organic substances and

alts, which may  affect the removal of heavy metal ions (Xu et al.,
012). Aniline is an important chemical substance for its wide appli-
ations in the manufacture of dyestuffs, rubbers, pesticides, plastics
nd paints (Lin, Zhang, Luo, Zhang, & Zhou, 2011). There is a high
ossibility that aniline and Cr(VI) ions exist in mixed contami-
ant systems. The aniline in wastewater may  affect the sorption
ehaviors of Cr(VI) ions on CD-E-MGO due to that it can form sta-
le complexes with Cr(VI) ions and interact with CD-E-MGO in
quatic systems. Furthermore, there are always some common ions
n wastewater, such as Ca2+, K+, Na+, Cl−, and NO3

−, which may  also
ave influences on the heavy metals sorption processes (Xu et al.,
012). Therefore, it is significant to study the influences of aniline
nd ionic strength on the decontamination of Cr(VI) by CD-E-MGO.

The objectives of this study were to: (1) prepare and charac-
erize CD-E-MGO composite and apply it as an sorbent to remove
r(VI) from aqueous solution; (2) discuss the sorption mechanisms
ith kinetic, isotherm and thermodynamic models; (3) evaluate

he effects of process parameters on Cr(VI) removal; (4) investigate
he effects of aniline and ionic strength on Cr(VI) decontamination.

. Materials and methods

.1. Materials

�-CD was supplied by Tianjin Guangfu Chemical Preparation
o., Ltd. Ethylenediamine was purchased from Shanghai Chemi-
al Reagents Factory. Graphite powder was obtained from Tianjin
engxin Chemical Preparation Co., Ltd. Aniline was  provided by
ianjin Fuchen Chemical Reagents Factory. All other reagents used
n this study were analytical grade.

GO was prepared by using a modified Hummers method from
he natural graphite powder (Hu et al., 2013; Yang et al., 2010).
riefly, graphite powder was first preoxidized by concentrated
2SO4, K2S2O8 and P2O5. Then the obtained preoxidized graphite
as oxidized by the concentrated H2SO4, KMnO4 and NaNO3. After

hat, 30% H2O2 was added to eliminate the excess MnO4
−, and

he products were rinsed with HCl (10%) and Milli-Q  water and
hen sonicated for 2 h. The MGO  was prepared by coprecipitation

ethod (Wang et al., 2013). Fe3+ and Fe2+ (molar ratio 2:1) were
ixed in the GO solution with addition of ammonia solution to

orm Fe3O4-GO composite (MGO). The CD-E-MGO was obtained
y reacting �-CD with MGO  through ethylenediamine at 80 ◦C for

4 h (Che, Shen, & Xiao, 2010; Guo et al., 2010, 2011; Ma  et al.,
012; Ohashi, Hiraoka, & Yamaguchi, 2006). The resulted paste
as washed repeatedly with Milli-Q water until pH was  about

.0 and finally stored at room temperature. Detailed processes are
mers 113 (2014) 166–173 167

illustrated in the Supplementary data, and the preparation sketch
of CD-E-MGO is shown in Fig. 1.

2.2. Characterization

The XRD pattern was recorded on an X-ray diffractometer
(Rigaku D/max-2500, Japan) with CuKa radiation. FT-IR spectrum
of CD-E-MGO was measured on a spectrophotometer (Varian 3100,
USA) using the KBr pellet technique. Raman spectra were carried
out by using a Raman spectrometer (Labram-010, FAR). The mag-
netic property was  characterized by magnetization curve using a
vibrating sample magnetometer (Lake Shore 7410, USA). The XPS
measurements were performed using an ESCALAB 250Xi X-ray
photoelectron spectrometer (Thermo Fisher, USA). The zeta poten-
tials of CD-E-MGO were measured at different pH by Zetasizer Nano
ZS (ZEN3690, Malvern, UK).

2.3. Sorption experiments

All batch sorption experiments were performed in an incuba-
tor shaker with a shaking speed of 180 rpm. The stock solution
(1000 mg/L) of Cr(VI) was  prepared by dissolving 2.829 g K2Cr2O7 in
1000 mL  Milli-Q  water in a volumetric flask. The solutions of differ-
ent Cr(VI) concentrations used in batch experiments were obtained
by diluting the stock solution. For all the sorption experiments,
the suspension of MGO  or CD-E-MGO was added to achieve the
desired concentrations of the different components. The pH was
adjusted to desired values by adding negligible volumes of NaOH
or HCl. After being mixed for 24 h, the mixture was  separated by a
permanent magnet. Residual Cr(VI) and aniline concentrations in
the supernatant were determined by an UV–vis spectrophotometer
(Pgeneral T6, Beijing) at 540 nm according to the National Standard
of the People’s Republic of China (NSPRC, 1987) and 280 nm (Guo, Li,
Liu, Yin, & Li, 2009), respectively. The sorption capacity (qe) of CD-
E-MGO for Cr(VI) was  calculated from the difference between the
initial concentration (C0) and the equilibrium concentration (Ce)
[qe = (C0 − Ce) × V/m] (here, V is the volume of the suspension and
m is the mass of CD-E-MGO).

3. Results and discussion

3.1. Characterization of CD-E-MGO

The XRD pattern of CD-E-MGO is shown in Fig. 2(a). The intense
diffraction peaks at the Bragg angles of 30.09, 35.42, 37.05, 43.05,
53.39, 56.94 and 62.51 correspond to the (2 2 0), (3 1 1), (2 2 2),
(4 0 0), (4 2 2), (5 1 1) and (4 4 0) facets of the cubic spinel crystal
planes of Fe3O4 (JCPDS card No. 19-0629), respectively (Hou, Zhang,
Zhu, Li, & Wang, 2011). The broad diffraction peaks are indications
of the nanoparticles with very small sizes (Wang et al., 2013).

The FT-IR spectra of MGO, �-CD, and CD-E-MGO are shown
in Fig. 2(b). The spectrum of MGO  illustrates the presence of
C O in carboxylic acid and carbonyl moieties (vC O at 1725 cm−1),
C OH (vC OH at 1387 cm−1), C O C in the epoxy group (vC O C at
1050 cm−1), Fe O in Fe3O4 (vFe O at 560 cm−1) (Bai et al., 2012;
Hou et al., 2011; Ma  et al., 2012; Si & Samulski, 2008). While in
the FT-IR spectrum of CD-E-MGO, the band at 1657 cm−1 corre-
sponds to the characteristic C O stretching vibration of NHCO
(amide I) (Konkena & Vasudevan, 2012). The stretching band of
amide C N peak and the amide N H bending mode appear at
1239 and 1576 cm−1, respectively (Konkena & Vasudevan, 2012).
The peaks at 1028 and 942 cm−1 correspond to the antisymmet-

ric glycosidic �a (C O C) vibrations (Badruddoza et al., 2013) and
the R-1,4-bond skeleton vibration of �-CD, respectively (Fan et al.,
2012). The characteristic sorption band of magnetic nanoparticles
is 587 cm−1, which is due to Fe O bonds in the tetrahedral sites
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Fig. 1. The proposed scheme for the formation of CD-E-MGO: (Step 1) oxidation of natural graphite to graphite oxide, followed by ultrasonication; (Step 2) preparation of
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GO  by loading magnetic nanoparticles on the GO surfaces through chemical coprec
y  grafting CD-E onto the MGO  surfaces.

Badruddoza et al., 2013). After the chemical grafting, the bands at
725 cm−1 and 1050 cm−1 disappear for CD-E-MGO, demonstrat-

ng that �-CD and ethylenediamine mainly react with the carboxyl,
arbonyl, and epoxide groups of MGO.

XPS analysis was performed on MGO  before and after its reac-
ion with ethylenediamine and �-CD, to gain further information
n its chemical composition. From Fig. S2 (Supplementary data),
hree notable peaks assigned to C1s, O1s, and Fe2p are observed in
he XPS survey scan spectra of MGO  and CD-E-MGO. Moreover, XPS
urvey of CD-E-MGO shows significant amount of N1s comparing
o that of MGO, which is originated from the grafted ethylenedi-
mine. The elemental analysis illustrates a considerable increase in
/C atomic ratio in the CD-E-MGO (0.41) compared to that of the
GO (0.31), which may  be attributed to the high O/C atomic ratio of

he introduced �-CD. From Fig. 2(c), the C1s XPS spectrum of MGO
learly indicates a fairly high degree of oxidation with five com-
onents that correspond to carbon atoms: non-oxygenated ring C
284.6 eV), in the form of C O (286.2 eV), C O C (epoxy group,
86.9 eV), C O (carbonyl, 288.1 eV), and O C O (289.0 eV) (Che
t al., 2010; Huang et al., 2011; Liu, Chen, & Jiang, 2011). As shown
n Fig. 2(d), the C1s XPS spectrum of CD-E-MGO can be curve-fitted
nto five peak components at approximately 284.6, 285.5, 286.2,
87.7, and 288.2 eV, attributable to the C H, C N, C O, C O C (in
-CD), and HNC O (Min  et al., 2012; Xu et al., 2010). The peaks at
86.5, 288.1, and 289.0 eV for CD-E-MGO are absent, which may  be
ue to the reaction of the carboxyl, carbonyl, and epoxide groups
f MGO  with �-CD and ethylenediamine. Thus, it can be concluded
hat �-CD and ethylenediamine have been grafted successfully to
he MGO  surface.
As shown in Fig. 2(e), Raman spectra of GO and CD-E-MGO
isplay two prominent peaks at ca. 1336 and 1593 cm−1, which
re assigned to the D band (related to the vibration of sp3 car-
on atoms of defects and disorder) and G band (associated with
ion method; (Step 3) preparation of CD-E solution; (Step 4) formation of CD-E-MGO

the vibration of sp2 carbon atoms in a graphitic 2D hexagonal lat-
tice), respectively (Zhao, Li, Ren, Chen, & Wang, 2011). It is well
known that the intensity ratio of D (ID) and G bands (IG) can be
used to measure the extent of disorder. The ID/IG of CD-E-MGO is
slightly higher than that of the GO, which may  be due to the intro-
duction of �-CD to the sp2 carbon network (Hu et al., 2013; Ji et al.,
2011).

The room-temperature magnetization hysteresis curve was
measured using vibrating sample magnetometry (VSM) to study
the magnetic properties of CD-E-MGO. As shown in Fig. 2(f), the
magnetic hysteresis loop is S-like curve. The saturation magne-
tization (Ms) of the CD-E-MGO composite is 17.49 emu/g, which
is sufficient to be separated from aqueous solution by a perma-
nent magnet. The retentivity (Mr) is 0.154 emu/g, nearly zero. This
indicated that there is almost no remaining magnetization when
the external magnetic field is removed, suggesting that CD-E-MGO
composite exhibits a superparamagnetic behavior (Bai et al., 2012).
The insets in Fig. 2(f) show that the CD-E-MGO can be collected
from aqueous solution by a permanent magnet. This property is
essentially important for the convenient recycling of the CD-E-MGO
composite.

3.2. Cr(VI) sorption kinetics

The effects of contact time on decontamination of Cr(VI) by
CD-E-MGO were investigated at three different initial Cr(VI) con-
centrations (10, 20, and 40 mg/L) and the results are shown in
Fig. 3(a). The sorption capacities of CD-E-MGO for Cr(VI) increase

quickly in the initial 60 min  and then rise slowly until the sorp-
tion equilibrium is reached within 360 min. Further increase of
contact time cannot lead to a stronger sorption capacity. Quanti-
fying the changes in sorption with time requires an appropriate
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Fig. 2. (a) XRD pattern of CD-E-MGO; (b) FT-IR spectra of MGO, �-CD, and CD-E-MGO; C1s XPS spectra of (c) MGO  and (d) CD-E-MGO; (e) Raman spectra of GO and CD-E-MGO;
(f)  Magnetization curve (The insets show the CD-E-MGO dispersed in ultrapure water and the magnetic separation).

Table 1
Kinetic parameters of Cr(VI) sorption on CD-E-MGO.

Kinetic parameter 10 mg/L 20 mg/L 40 mg/L

qe,exp = 40.97 qe,exp = 50.69 qe,exp = 60.82

Pseudo-first-order model k1 (1/min) 2.69 × 10−3 3.13 × 10−3 2.44 × 10−3

qe,1 (mg/g) 16.39 23.56 26.91
R2 0.899 0.940 0.866
RMSE 11.865 10.443 12.592
�2 1.408 1.091 1.586

Pseudo-second-order model k2 (g/mg min) 8.57 × 10−4 6.05 × 10−4 4.91 × 10−4

qe,2 (mg/g) 40.88 50.97 60.42
h  (mg/g min) 1.432 1.572 1.792
R2 0.998 0.998 0.997
RMSE 0.496 0.391 0.400
�2 0.246 0.153 0.159
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Fig. 3. (a) Time-dependent Cr(VI) sorption on CD-E-MGO at three different concentration (10, 20 and 40 mg/L); (b) Pseudo-first-order sorption kinetics; (c) Pseudo-second-
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and Freundlich sorption isotherms obtained using the non-linear
method at 10, 30 and 50 ◦C are shown in Fig. 4. The related param-
eters of the two  models are listed in Table 2. From the correlation
coefficients (R2) and the fitting curves, we  can see that the Langmuir
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rder  sorption kinetics; (d) Intraparticle diffusion kinetics; (m/V = 0.17 g/L, I = 0.002

inetic model, and therefore pseudo-first-order, pseudo-second-
rder and intraparticle diffusion models were investigated and
ompared. Detailed information of these models is described in
he Supplementary data. Pseudo-first-order and pseudo-second-
rder sorption kinetics are shown in Fig. 3(b) and (c), respectively.
he kinetic parameters calculated from the two models are
isted in Table 1. It can be seen that the correlation coefficients
f pseudo-second-order model are much higher than that of
seudo-first-order, and the error functions (RMSE and �2) of
seudo-second-order model are lower than that of pseudo-first-
rder. In addition, the calculated qe values of pseudo-second-order
odel are found to agree very well with the experimental

ata. Therefore, the kinetic data for the sorption process obey
he pseudo-second-order model, indicating that the rate-limiting
tep may  be due to the chemical adsorption, high specific sur-
ace area and the absence of internal diffusion resistance (Fan
t al., 2012; Plazinski, Rudzinski, & Plazinska, 2009; Zhao, Shen,
an, & Hu, 2010). From Table 1, the constant rate k2 decreases
ith the increase of initial Cr(VI) concentration, which indi-

ates that the system with higher initial Cr(VI) concentration
equires more time to reach the final equilibrium (Balan et al.,
013).

The intraparticle diffusion model was used to identify the mass
ransfer steps in the Cr(VI) decontamination by CD-E-MGO (Hu
t al., 2013). Detailed information of this model is described in the
upplementary data. Fig. 3(d) shows qt versus t0.5 plots for the sorp-
ion of Cr(VI) at different initial Cr(VI) concentrations. Piecewise
inear regression of the data shows that qt versus t0.5 plots have
hree distinct regions. The initial sharply curved portions may  be
ttributed to the film diffusion. The second portions are the gradual
orption stage, where the intraparticle diffusion is the rate-limiting

tep. The final linear portions indicate the final equilibrium stages
here the intraparticle diffusion starts to slow down due to the

xtremely low Cr(VI) concentrations in the solution and the fewer
orption sites of CD-E-MGO (Daifullah et al., 2007). Therefore, both
l, pH = 3.0 ± 0.1, T = 30 ◦C, t = 24 h).

film diffusion and intraparticle diffusion occur simultaneously, and
the intraparticle diffusion is not the only rate controlling step for
the whole process (Hu et al., 2013).

3.3. Sorption isotherms and thermodynamics

To better understand the sorption mechanisms, the Langmuir
and Freundlich models, as described in the Supplementary data,
were applied to simulate the experimental data. The Langmuir
isotherm is often applicable to a homogeneous sorption surface
with all the sorption sites having equal adsorbate affinity, while
the Freundlich isotherm model assumes heterogeneity of sorp-
tion surfaces (Gong, Liu, Wang, Hu, & Zhang, 2011). The Langmuir
Fig. 4. Langmuir and Freundlich non-linear plots of sorption isotherms for Cr(VI)
onto CD-E-MGO at 10, 30 and 50 ◦C. The solid lines are Langmuir model simulation,
and  the dashed lines are Freundlich model simulation (m/V = 0.17 g/L, I = 0.002 M
NaCl, pH = 3.0 ± 0.1, t = 24 h).



H. Wang et al. / Carbohydrate Poly

Table  2
Parameters for Langmuir and Freundlich isotherm models at different temperatures.

T (◦C) 10 30 50

Langmuir qmax (mg/g) 60.95 68.41 89.15
KL (L/mg) 0.220 0.231 0.258
R2 0.966 0.986 0.961
RMSE 2.978 2.148 5.137
�2 8.871 4.615 26.385

Freundlich KF (L/mg) 21.21 23.41 30.11
n  4.06 3.95 3.81
R2 0.790 0.844 0.835
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F
M
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RMSE 7.346 7.240 10.504
�2 54.001 52.417 110.339

odel fits the experimental data better than the Freundlich model,
ndicating that monolayer coverage of CD-E-MGO is the main sorp-
ion mechanism (Hu et al., 2013). The value of qmax at 10, 30, and
0 ◦C are found to be 60.95, 68.41, and 89.15 mg/g, respectively,
hich are higher than that of �-CD polymers (21 mg/g, pH 6.5,

5 ◦C) (Sikder et al., 2012), chitosan-carboxymethyl-�-cyclodextrin
44.7 mg/g, pH 6.0, 25–50 ◦C) (Sikder et al., 2014) and magnetic
yclodextrin-chitosan/graphene oxide (55.0 mg/g, pH 3.0, 50 ◦C) (Li
t al., 2013). The values of KL for Cr(VI) sorption onto CD-E-MGO are
.220, 0.231 and 0.258 L/mg at 10, 30 and 50 ◦C, respectively. Both
max and KL of the Langmuir model increase with the increasing of
emperature, indicating that the sorption process is endothermic
Hu et al., 2011).

The thermodynamic parameters, including the standard free-
nergy change (�G◦), standard enthalpy change (�H◦) and
tandard entropy change (�S◦), provide in-depth information
bout internal energy changes associated with sorption (Xu et al.,
012). These parameters can be calculated by using the equa-

ions, which are described in the Supplementary data. The values
f �H◦ and �S◦ can be obtained from the slope and intercept of
he plot of ln K◦ against 1/T  from Fig. S3. The calculated results
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are listed in Table S1 (Supplementary data). The negative �G◦

values (−5.85 kJ/mol at 10 ◦C, −5.27 kJ/mol at 30 ◦C, −3.47 kJ/mol
at 50 ◦C) indicate that the sorption of Cr(VI) onto CD-E-MGO is a
spontaneous process (Xu et al., 2012). The positive value of �H◦

(22.47 kJ/mol) suggests that the sorption is endothermic, which
is in good agreement with the result that the sorption of Cr(VI)
increases with the increasing of temperature (Fig. 4). The nega-
tive value of �S◦ (−58.11 J/K mol) reflects decreased randomness
at the solid–liquid interface during the sorption of Cr(VI) on CD-E-
MGO  and also implies some structural changes in CD-E-MGO during
sorption process (Li et al., 2012). The results imply that the sorp-
tion of Cr(VI) on CD-E-MGO is an endothermic and spontaneous
process.

3.4. Effect of initial solution pH

Solution pH is a significant controlling factor in sorption pro-
cess. Fig. 5(a) shows the influence of the pH on decontamination of
Cr(VI) by CD-E-MGO and MGO. From Fig. 5(a), the sorption capaci-
ties of CD-E-MGO and MGO  for Cr(VI) decrease gradually with the
increase of pH values from 2.5 to 9.3, which indicates that the sorp-
tion of Cr(VI) by CD-E-MGO or MGO  is clearly pH-dependent. It is
well known that the solution pH affects the speciation of Cr(VI)
and the surface charge of the sorbents. The speciation of Cr(VI)
(10 mg/L) as a function of solution pH was obtained using the
program visual MINTEQ. As shown in Fig. 5(b), different forms of
Cr(VI) such as H2CrO4(aq), Cr2O7

−, HCrO4
−, KCrO4

− and CrO4
2−

coexist in the aqueous solution. HCrO4
− is the predominant Cr(VI)

species at pH < 6.51, while CrO4
2− is predominant at pH > 6.51.

Simultaneously, the surface charge of adsorbent can be affected
by the solution pH. As shown in Fig. S4, the zeta potential of CD-
potentials of CD-E-MGO are positive. At pH > 6.16, the surfaces
of CD-E-MGO are negatively charged. The pHpzc value of MGO  is
4.65 as reported by Li et al. (2012). In low pH environments, the
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Fig. 6. Schematic of (a) electrostatic attraction, (b) host–guest interacti

ositively charged surfaces of MGO  and CD-E-MGO readily attract
he negative charged Cr(VI) ions (HCrO4

−) by electrostatic forces.
ith increasing pH, the buildup of negative charge on the CD-

-MGO and MGO  surfaces results in a prevailing electrostatic
epulsion between Cr(VI) ions (CrO4

2−) and the sorbents, which
onsequently reduces the Cr(VI) sorption. Besides, in high pH envi-
onments, there is a high concentration of OH−, which can compete
ith Cr(VI) ions for the binding sites on the surfaces of the sorbents,

esulting in a decreased sorption of Cr(VI) (Hu et al., 2013). Fig. 5(a)
lso shows that the sorption of Cr(VI) on CD-E-MGO is higher than
hat of Cr(VI) on MGO  at the same solid content. The introduction
f �-CD and ethylenediamine to the MGO  surface can increase the
orption capacity of CD-E-MGO for Cr(VI) ions.

.5. Effect of aniline

Aniline and Cr(VI) ions are common co-existing contami-
ants in wastewater. As seen in Fig. 5(c), the presence of aniline
ffects the sorption properties of Cr(VI) on CD-E-MGO. In low
H environments, Cr(VI) sorption increases with increasing ani-

ine concentration from 0 to 20 mg/L. This phenomenon can be
xplained by the complexation of Cr(VI) ions with the adsorbed ani-
ine on CD-E-MGO surfaces. The inset in Fig. 5(c) shows that some
niline can be adsorbed by the CD-E-MGO from aqueous solution.
he main interaction mechanism between aniline and CD-E-MGO
s �–� electron coupling (Wu  et al., 2011). The amino group on the
enzene ring of the adsorbed aniline can form stable complexes
ith Cr(VI) ions, which increases the sorption sites of the CD-E-
GO for Cr(VI), thereby resulting in a more favorable attraction for

r(VI) ions (Yang, Hu, Chen, Shao, & Wang, 2011). However, the
orption capacities of CD-E-MGO for Cr(VI) ions are reduced in the
resence of aniline at high pH values. This can be interpreted by the
ormation of soluble Cr(VI)-aniline complexes in aqueous solution.
rom the inset in Fig. 5(c), the sorption of aniline on CD-E-MGO is
educed in the alkaline pH range, which may  be due to the repul-
ive electrostatic interactions established between the negatively
harged surfaces of CD-E-MGO and the aniline anions (Xu et al.,
012). This means that there are more aniline molecules in the
queous solution at higher pH values, and these aniline molecules
an form Cr(VI)-aniline complexes with Cr(VI) ions. More aniline in
he aqueous solution indicates that there are fewer Cr(VI)-aniline
omplexes on the surfaces of CD-E-MGO.

.6. Effect of ionic strength

The effect of ionic strength on the sorption of Cr(VI) on CD-E-
GO  was studied by carrying out a series of experiments at three
ifferent NaCl concentrations. As illustrated in Fig. 5(d), the sorp-
ion of Cr(VI) on CD-E-MGO decreases as the NaCl concentration
ncreases from 0.002 to 0.2 M.  This phenomenon can be explained
n terms of three aspects. First, competition of Cl− with the Cr(VI)
d (c) hydrogen bonding between Cr(VI) ions (HCrO4
−) and CD-E-MGO.

anion for sorption sites of CD-E-MGO results in the observed
decrease in the uptake capacities with increasing NaCl concentra-
tion (Wang, Huang, Hu, Wang, & Qin, 2007). Second, the increase
of NaCl concentration increases the screening effect between the
negative charged Cr(VI) ions in solution and the positive charge on
CD-E-MGO surfaces, which reduces the electrostatic interactions
(Moreno-Castilla, Alvarez-Merino, Lopez-Ramon, & Rivera-Utrilla,
2004). Third, the ionic strength of solution influences the activity
coefficient of Cr(VI) ions, which limits their transfers to CD-E-MGO
surfaces (Ravat, Dumonceau, & Monteil-Rivera, 2000). Fig. S5 shows
the effect of foreign anions on the Cr(VI) removal as a function of pH
values in 0.02 M NaCl, NaNO3, and NaClO4 solutions. The sorption
capacity of Cr(VI) on the CD-E-MGO is the highest in NaClO4 solu-
tion at pH < 6, and no drastic difference of Cr(VI) sorption in the
foreign anion solutions is observed at pH > 6. Based on the above
theories and discussions, we  can deduce that electrostatic attrac-
tion, host–guest interactions and hydrogen bonding are the main
mechanisms for the removal of Cr(VI) onto CD-E-MGO. The first
possible mechanism is sorption by electrostatic forces of the pos-
itively charged CD-E-MGO and the negative charge of the HCrO4

−

(Hu et al., 2011). Besides, the �-CD grafted on the MGO  surfaces
can form inclusion complexes with Cr(VI) ions in its hydrophobic
cavity through host–guest interactions (Szejtli, 1998). In addition to
the above two  possible mechanisms, another possible interaction is
the hydrogen bonding between HCrO4

− and surface groups of CD-
E-MGO (Xu et al., 2012). The schematic of the three interactions is
shown in Fig. 6.

4. Conclusions

The analysis results of XRD, FTIR, Raman, magnetization prop-
erty, and XPS indicated that CD-E-MGO composite was  successfully
synthesized. The CD-E-MGO exhibits superparamagnetic behavior
and can be separated from the medium by magnetic separation.
The sorption kinetics studies illustrated that the kinetics data can
be well described with pseudo-second-order model, and both film
diffusion and intraparticle diffusion simultaneously occur during
the sorption processes. The equilibrium data can be well fitted with
Langmuir model. The sorption reaction is an endothermic and spon-
taneous process. Decontamination of Cr(VI) was  found to be more
effective in the lower pH range and at higher temperatures. The
graft of �-CD and ethylenediamine to MGO  surfaces can increase
the sorption capacity of CD-E-MGO. Besides, the presence of aniline
in the solution can improve the sorption process, while the high pH
range is unfavorable. The increasing ionic strength has a negative
influence on the sorption capacity of CD-E-MGO. The large sorption

affinity of CD-E-MGO for Cr(VI) ions may  be due to that the neg-
ative charge of Cr(VI) ions can generate electrostatic interactions,
host–guest interactions and hydrogen bonds with the hydropho-
bic cavity of �-CD and the functional groups of the sorbent. This



te Poly

r
d

A

N
u
S
(
F

A

f
2

R

A

B

B

B

C

C

C

D

F

G

G

G

G

H

H

H

H

J

K

H. Wang et al. / Carbohydra

esearch indicates that CD-E-MGO is an effective sorbent for Cr(VI)
econtamination from aqueous solution.
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