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Elucidating the influence mechanism of surrounding environmental conditions on the adsorption process is essen-

tial  in application of adsorption method for heavy metal removal from wastewater. In the present work, the magnetic

graphene oxide-supported �-cyclodextrin (MGO/�-CD) was synthesized and characterized by FESEM, TEM, TG–DSC,

FT-IR, and zeta potential. The effects of pH, ionic strength, background electrolytes, and citric acid on the adsorption

behavior of Cu(II) by MGO/�-CD were investigated. The results showed that Cu(II) adsorption was strongly dependent

on  solution pH and could be affected by ionic strength, background electrolytes and citric acid. The Cu(II) adsorp-

tion  was increased as the NaNO3 concentration increased from 0 to 0.1 M at pH < 8. The presence of LiNO3, NaNO3,

KNO3, NaCl, and NaClO4 enhanced the Cu(II) removal slightly. The Cu(II) adsorption was also improved by citric acid.

Adsorption kinetics of Cu(II) was found to follow pseudo-second-order rate equation, and the adsorption rate was

controlled by film diffusion. The adsorption data showed good correlation with the Freundlich and Temkin isotherm

models. The results of this work are of great significance for the application of MGO/�-CD as a promising adsorbent

material for Cu(II) removal from aqueous solution.

© 2014 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
Keywords: Copper; Magnetic graphene oxide-supported �-cyclodextrin; Ionic strength; Background electrolytes; Citric

acid;  Influence mechanism

the water (Boudrahem et al., 2011). The background cations in
.  Introduction

dsorption is a relatively new and economical process that has
roven to be very promising in the removal of contaminants
rom wastewater (Boudrahem et al., 2011). It is well known that
dsorption of heavy metals onto adsorbents can be affected by
he surrounding environmental conditions, such as pH, back-
round electrolyte composition, and ionic strength (El-Bayaa
t al., 2009; Hu et al., 2011; Liu et al., 2011). The solution pH

ffects the speciation of adsorbate and the surface charge of
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adsorbent, which may result in varying adsorption efficiency
(Nomanbhay and Palanisamy, 2005). Besides, the wastewa-
ters usually have wide ranges of pH values. Therefore, the
pH of the aqueous solution plays a significant role in the
wastewater treatment process (Khaled et al., 2009). What’s
more, in natural water or wastewater systems, several types
of background electrolyte ions are present over a wide range
of concentration depending on the source and the quality of
eering, Hunan University, Changsha 410082, PR China.
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adsorption sites, while the anions of background electrolytes
may form water-soluble metal-anion complexes or precip-
itates with metal ions, thereby influencing the removal of
heavy metal ions (Yang et al., 2012). Many  researchers have
investigated the effects of background electrolyte and ionic
strength on heavy metals adsorption, and they found that
the background electrolyte and ionic strength have different
effects (no impact, improvement, and reduction) on the heavy
metals adsorption depending on the adsorption system and
solution condition (El-Bayaa et al., 2009; Jiang et al., 2010; Lam
et al., 2008; Tan et al., 2007; Tao et al., 2004; Yang et al., 2006,
2012). Although these studies have given some insights into
the effects of surrounding environmental conditions on heavy
metals adsorption, more  research is still needed in order to
have a better elucidating of the influence mechanism.

As is known to all, heavy metal wastewaters contain not
only metal ions but also various concentrations of organic sub-
stances, and the organic substances can react with metal ions
and adsorbents, thereby influencing the removal of metal ions
(Li et al., 2012). Cu and its compounds are widely used in many
industries, such as electrical, electroplating, paper manufac-
turing, pesticides, herbicides and tannery industries (Manzoor
et al., 2013). Citric acid, which is widely used in medicine, daily
chemical, and food industries, is a weak organic acid with the
formula C6H8O7, and it is frequently found in industrial efflu-
ents and surface water due to its disposal. There is a high
possibility that citric acid and Cu(II) ions co-exist in mixed
contaminant systems. Citric acid consists of three carboxyl
( COOH) groups, which can form complexes with Cu(II) ions
and interact with the groups on the adsorbent surfaces. There-
fore, the presence of citric acid in the wastewater may affect
the Cu(II) ions adsorption. To date, the removal of Cu(II) by
various adsorbents has been studied well (Hu et al., 2013; Li
et al., 2012; Parida et al., 2012). However, reports regarding the
influence of citric acid on Cu(II) adsorption are scant.

Many organic and inorganic materials, such as chitosan

(Hu et al., 2011) �-cyclodextrin (�-CD) (Kozlowski et al., 2005),
activated carbons (Mohan and Pittman, 2006), graphene oxide

Fig. 1 – Schematic representation of the synthesis processes of M
graphite to graphite oxide, followed by ultrasonication; (Step2) p
the GO surface; (Step3) formation of MGO/�-CD by grafting �-CD 
(GO) (Pan et al., 2013; Zhao et al., 2011), and carbon nano-
tubes (Yang et al., 2011), have been applied to remove heavy
metal ions from aqueous solution. GO has received world-wide
attention due to its exceptional physicochemical properties
(Hu et al., 2013). In a previous study, we reported a method
to synthesize a magnetic graphene oxide (MGO) by  copre-
cipitating Fe2+ and Fe3+ ions with ammonia solution in GO
solution (Hu et al., 2013). This composite could be easily sepa-
rated by magnetic separation from the medium. The �-CD can
form inclusion complexes with various organic compounds
and metal ions in its hydrophobic cavity through host–guest
interaction (Chen et al., 2007; Szejtli, 1998). Therefore, graft
of �-CD on the magnetic graphene oxide (MGO) surface may
increase the adsorption ability of the composite for organic
compounds and metal ions.

The objectives of this study were to (1) prepare and char-
acterize magnetic graphene oxide-supported �-cyclodextrin
(MGO/�-CD) and apply it as an adsorbent for Cu(II) ions
removal; (2) study the influences of pH and ionic strength
on Cu(II) adsorption; (3) investigate the effects of background
electrolytes and citric acid on Cu(II) removal; (4) discuss the
adsorption mechanism using kinetics and isotherm models.

2.  Materials  and  methods

2.1.  Materials

Graphite powder was obtained from Tianjin Hengxin Chemical
Preparation Co., Ltd. �-cyclodextrin was supplied by Tian-
jin Guangfu Chemical Preparation Co., Ltd. NaNO3, LiNO3,
KNO3, and NaCl were provided by Tianjin Damao Chemical
Preparation Co., Ltd. NaClO4 and citric acid were purchased
from Sinopharm Chemical Co., Ltd. All reagents above were
of Chemical grade. The MGO was prepared by the proce-
dure reported earlier (Hu et al., 2013). Magnetic graphene
oxide-supported �-cyclodextrin (MGO/�-CD) was synthesized

by grafting ethylenediamine-modified �-cyclodextrin (CD-E)
onto the MGO surface using Guo’s method (Guo et al., 2010).

GO/�-CD from graphite: (Step1) oxidation of natural
reparation of MGO  by loading magnetic nanoparticles on
on the MGO  surface.
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he CD-E was prepared according to Ohashi’s work (Ohashi
t al., 2006). The obtained MGO/�-CD was rinsed with ethanol
nd Milli-Q water until the solution was neutral and stored
t room temperature. Fig. 1 shows the preparation sketch of
GO/�-CD.

.2.  Characterization

he morphology of MGO/�-CD was characterized by field-
mission scanning electron microscopy (FESEM, JSM 6700F,
apan). TEM image  was performed on a JEOL1230 microscope.
G and DSC curves were recorded using thermoanalytical
quipment (STA 409 PC, NETZSCH, Germany). FT-IR spectrum
f MGO/�-CD was measured on a spectrophotometer (Varian
100, USA) using the KBr pellet technique. Zeta potentials were
btained by Zetasizer Nano SZ (ZEN3690, Malvern, UK).

.3.  Adsorption  experiments

he stock solution (1 g/L) of Cu(II) was prepared by dissolv-
ng pure copper powder with HNO3 solution. The solutions
f different concentrations used in various experiments were
btained by diluting the stock solution. All batch adsorption
xperiments were performed in an incubator shaker with

 shaking speed of 150 rpm. The suspension of MGO/�-CD
r MGO  was added to achieve the desired concentrations
f different components. The pH was adjusted to desired
alues by adding negligible volumes of NaOH or HCl. After
eing mixed for 24 h, the mixture was separated by a per-

anent magnet. The Cu(II) concentration in the supernatant
as analyzed using flame atomic absorption spectrometry

ig. 2 – Characterization of MGO/�-CD: (a) FESEM photograph; (b)
nd (e) Zeta potential.
(PerkinElmer AA700, USA). The quantity of Cu(II) adsorbed (qe)
was calculated using the mass balance equation (Eq. (1)).

qe = (C0 − Ce) × V

m
(1)

where C0 (mg/L) and Ce (mg/L) are the initial and final concen-
tration of the Cu(II) solution, V (L) is the volume of the Cu(II)
solution, and m (g) is the mass of MGO/�-CD or MGO.

3.  Results  and  discussion

3.1.  Characterization  of  MGO/ˇ-CD

The FESEM and TEM images of MGO/�-CD are demonstrated
in Fig. 2a and b, respectively. These images showed that
some wrinkles were observed on the surface of MGO/�-CD
and Fe3O4 particles were dispersed on the GO surface. The
TG-DSC curves of MGO/�-CD are demonstrated in Fig. 2c. The
first mass loss between 30 and 148 ◦C (5.9%) corresponding to
the endothermic peak at 108 ◦C, which was attributed to the
dehydration process. MGO/�-CD was found to have 59.4 wt%
weight loss when the temperature range from 148 to 1000 ◦C,
which was due to the loss of functional groups on the sheets
and the degradation of grafted �-CD (Yang et al., 2009). The
spectrum of MGO/�-CD (Fig. 2d) illustrated the presence of
C O in amide I (at 1657 cm−1), C N (at 1239 cm−1), amide N H
(at 1576 cm−1), and Fe O in Fe3O4 (at 587 cm−1) (Badruddoza
et al., 2013; Konkena and Vasudevan, 2012). The peaks at 1028
and 942 cm−1 corresponded to the antisymmetric 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). As shown in Fig. 2e, the zeta potential decreased with
the increase of pH and the point of zero charge (pHpzc) of

 TEM photograph; (c) TG–DSC curves; (d) FT-IR spectrum;
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Fig. 3 – Effect of NaNO3 concentration (0, 0.001, 0.01, and
0.1 mol/L) on Cu(II) adsorption onto MGO  and MGO/�-CD as
a function of pH: C0(Cu) = 10 mg/L, m/V = 0.14 g/L, T = 30 ◦C,
t = 24 h.
MGO/�-CD was 6.16. At pH < 6.16, the zeta potentials were
positive, however, the surfaces of MGO/�-CD were negatively
charged at pH > 6.16.

3.2.  Effects  of  pH  and  ionic  strength

The effect of ionic strength on Cu(II) uptake as a function of
pH was studied by conducting batch experiments at differ-
ent concentrations of NaNO3 (0, 0.001, 0.01, and 0.1 mol/L),
and the obtained results are shown in Fig. 3. It can be clearly
seen that the Cu(II) adsorption onto MGO/�-CD was strongly
dependent on pH values. In the system without NaNO3 addi-
tion, the removal of Cu(II) increased slowly with the increase
of pH at pH 2.5–6, then increased quickly at pH 6–8, and at
last maintained a high level at pH > 8. It is well known that
the solution pH affects the speciation of Cu(II) and the surface
charge of adsorbent. Relative speciation of Cu(II) as a function
of pH values was calculated using the program visual MINTEQ.
The results demonstrated that the predominant Cu(II) species
is Cu2+ (>95%) at pH < 6, while the main Cu(II) species are
Cu(OH)+, Cu(OH)2(aq), Cu2(OH)22+, Cu(OH)3−, and Cu3(OH)42+

at pH > 6. At pH < 6.16, the zeta potentials were positive, thus
the positive Cu2+ were difficult to adsorb on the positively
charged surfaces of MGO/�-CD in this pH range because of the

electrostatic repulsion. The surfaces of MGO/�-CD were neg-
atively charged at pH > 6.16, therefore the positive Cu(OH)+,

(
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Fig. 4 – Effect of 0.01 mol/L background electrolyte cations (a) and
m/V = 0.14 g/L, T = 30 ◦C, t = 24 h.
Cu2(OH)22+, and Cu3(OH)42+ could be easily captured by the
negatively charged MGO/�-CD. What’s more,  the Cu(II) ions
could form precipitation in this pH range. Therefore, the high
removal percentage at pH > 6 is mainly due to the cooperating
role of precipitation of Cu(OH)2 and adsorption of Cu(OH)+,
Cu2(OH)22+, and Cu3(OH)42+ by MGO/�-CD. Fig. 3 also shows
that the Cu(II) adsorption on MGO/�-CD is higher than that
on MGO at the same solid content. The hydrophobic cavity
of grafted �-CD and the amino groups of grafted ethylenedi-
amine on the MGO/�-CD surfaces can act as efficient anchors
for heavy metal ions, thereby improving the adsorption capac-
ity of MGO/�-CD (Cai et al., 2014; Da’na and Sayari, 2013; Donia
et al., 2013).

From Fig. 3, we  can find that the removal of Cu(II) by
MGO/�-CD was affected by the concentration of the NaNO3.
The adsorption of Cu(II) increased as the NaNO3 concentration
increased from 0 to 0.1 M at pH < 8, which indicated that the
Cu(II) was adsorbed as strong inner-sphere surface complexes
on the surfaces of MGO/�-CD (Goldberg, 2005). The increase
in NaNO3 concentration reduced the electrostatic repulsion
between the positively charged Cu(II) ions and the MGO/�-CD
surfaces, which leaded to the increase in the number of colli-
sions between Cu(II) ions and MGO/�-CD. The �-CD grafted on
the MGO surfaces could form inclusion complexes with Cu(II)
ions in its cavity through host–guest interactions, thereby
resulting in the increase of Cu(II) ions adsorption as the NaNO3

concentration increased. From Fig. 3, no drastic difference of
Cu(II) adsorption onto the MGO/�-CD in the presence of differ-
ent NaNO3 concentration was observed at pH > 8, which may
be due to surface precipitates at high pH values (Liu et al.,
2011).

3.3.  Effect  of  background  electrolyte  ions

To investigate the influence of background electrolyte cations
on Cu(II) adsorption, the adsorption of Cu(II) on the MGO/�-
CD was studied as a function of pH values in 0.01 mol/L
LiNO3, NaNO3, and KNO3 solutions. From Fig. 4a, the pres-
ence of LiNO3, NaNO3, and KNO3 enhanced the Cu(II) removal
slightly, and the effects of these background electrolytes on
the Cu(II) adsorption exhibited a similar trend. Based on the
above discussion, we  can get that the Cu(II) ions could form
inner-sphere complexes on the MGO/�-CD surfaces. However,
the background electrolyte ions are usually placed in the

same plane as the outer-sphere complexes (Li et al., 2012).
Therefore, the effects of LiNO3, NaNO3, and KNO3 on Cu(II)
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0(Cu) = 10 mg/L, m/V = 0.14 g/L, T = 30 ◦C, t = 24 h.

dsorption were not very large. The reduction of the electro-
tatic repulsion between the Cu(II) ions and the MGO/�-CD by
he background electrolytes may be the main reason for the
nhancement of the Cu(II) adsorption.

Fig. 4b shows the effect of background electrolyte anions on
he adsorption of Cu(II) as a function of pH values in 0.01 mol/L
aCl, NaClO4, and NaNO3 solutions. The presence of NaCl,
aClO4, and NaNO3 in the aqueous solution improved the
ptake of Cu(II) by MGO/�-CD at various pH values, and these
ackground electrolytes had different influences on the Cu(II)
dsorption under the same pH values. This phenomenon may
e attributed to the different physicochemical properties of
hese background electrolytes.

.4.  Effect  of  citric  acid

ig. 5 shows the Cu(II) adsorption as a function of pH val-
es in the presence of various citric acid concentrations (0,
, 10, and 40 mg/L). As seen from Fig. 5, the presence of citric
cid had significant promoting effects on the Cu(II) adsorption.
his phenomenon can be explained by the complexation of
urface-adsorbed citric acid and Cu(II). In the system with the
resence of citric acid, the carboxyl groups ( COOH) of citric
cid could interact with the groups of MGO/�-CD, and then the

itric acid was adsorbed on the surfaces of MGO/�-CD. The car-
oxyl groups of the adsorbed citric acid could act as adsorption

(
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40(a)

q t (m
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 10 mg/L  cit ric  ac id
 0.01 mol/L NaNO3

 Without background electolyte and  citric acid

ig. 6 – (a) Effects of 0.01 mol/L NaNO3 and 10 mg/L citric acid on 

ash line and the solid line are pseudo-first-order and pseudo-s
b) Intraparticle diffusion kinetics: C0(Cu) = 10 mg/L, m/V = 0.14 g/L,
sites for forming complexes with Cu(II) ions. This resulted in
a more  favorable attraction for Cu(II) ions in the solution and
enhanced the formation of MGO/�-CD-citric acid-Cu ternary
surface complexes (Yang et al., 2011). From Fig. 5, we  can also
find that Cu(II) adsorption increased with the increase of cit-
ric acid concentration from 0 to 10 mg/L and the effects of 10
and 40 mg/L citric acid on the Cu(II) removal were very simi-
lar. The increase of Cu(II) adsorption at Ccitric acid < 10 mg/L is
attributed to the increase in complexation of Cu(II) ions with
adsorbed citric acid on MGO/�-CD surfaces. As the citric acid
concentration increased from 10 to 40 mg/L, no distinct dif-
ference of Cu(II) adsorption was observed, which may be due
to that the MGO/�-CD had reached saturation and could not
further adsorb any citric acid and Cu(II) ions (Saman et al.,
2014).

3.5.  Adsorption  kinetics

The adsorption behavior of Cu(II) by MGO/�-CD in relation to
contact time was carried out at pH 5.5 by varying the treat-
ment times from 0 to 24 h. The effects of 0.01 mol/L NaNO3 and
10 mg/L citric acid on the Cu(II) adsorption were also investi-
gated. It is noteworthy in Fig. 6a that the adsorption rate of
Cu(II) uptake was very fast and the maximum uptake was
observed within 10–30 min. Such a fast adsorption rate can
be attributed to the absence of internal diffusion resistance
and the good solubility of the MGO/�-CD (Zhang et al., 2011).
The presence of 0.01 mol/L NaNO3 slightly enhanced the Cu(II)
uptake, and the citric acid significantly improved the Cu(II)
adsorption.

To investigate the mechanism of adsorption and its poten-
tial rate-controlling steps that include mass transport and
chemical reaction processes, kinetic models were exploited
to analyze the experimental data (Hu et al., 2011). The non-
linearized equations of pseudo-first-order (Chen et al., 2008)
and pseudo-second-order (Ho et al., 1996) models can be
described as follows:

pseudo-first-order model : qt = qe,1(1 − e−k1t) (2)

pseudo-second-order model : qt =
q2

e,2k2t

1 + qe,2k2t
(3)
where qt (mg/g) is the amount of Cu(II) adsorbed per unit
mass of the MGO/�-CD at time t (min); qe,1 and qe,2 (mg/g)
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40b)
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the time profiles of Cu(II) adsorption onto MGO/�-CD (The
econd-order adsorption kinetics simulation, respectively.);

 T = 30 ◦C, pH = 5.50 ± 0.02.
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Table 1 – Kinetic parameters for adsorption of Cu(II) onto MGO/�-CD.

Groups Pseudo-first-order Pseudo-second-order

k1 × 10 (1/min) qe,1 (mg/g) R2 k2 × 102 (g/mg min) qe,2 (mg/g) h (mg/g min) R2

Without BE and CAa 3.75 16.93 0.983 7.65 17.17 22.55 0.988
0.01 M NaNO3 2.11 18.10 0.967 2.80 18.57 9.66 0.981
10 mg/L citric acid 3.70 35.71 0.993 4.98 36.06 64.76 0.995

a
 BE, background electrolyte; CA, citric acid.

are the adsorption capacity calculated by pseudo-first-order,
pseudo-second-order models, respectively; k1 (1/min) and k2

(g/mg min) are the pseudo-first-order and pseudo-second-
order adsorption rate constants, respectively. The initial
adsorption rate h (mg/g min) can be calculated using the fol-
lowing equation (Djeribi and Hamdaoui, 2008):

h = k2q2
e,2 (4)

The non-linearized form of the pseudo-first-order and
pseudo-second-order models is given in Fig. 6a, and the fit-
ting results obtained from the two models are summarized in
Table 1. It can be seen that the R2 values of pseudo-second-
order model (0.988, 0.981, and 0.995) were higher than those
of pseudo-first-order model (0.983, 0.967, and 0.993). More-
over, the calculated qe values of the pseudo-second-order
model agreed with the experimental data better than those of
the pseudo-first-order model. These indicated that the Cu(II)
uptake processes followed the second-order type kinetic reac-
tion, and because of the existence of the functional groups
on the MGO/�-CD, the processes could be controlled by the
chemical reaction (Song et al., 2013; Unlu and Ersoz, 2006).
Similar results were observed in the adsorption of Hg(II) onto
mercapto-grafted rice straw (Song et al., 2013). From Table 1,
the initial adsorption rate h was the lowest in 0.01 M NaNO3

solution (9.66 mg/g min) and was the highest in the system
with the presence of 10 mg/L citric acid (64.76 mg/g min). This
phenomenon may be attributed to the following: (1) the NaNO3

in the solution could interact with the Cu(II) ions and the
adsorbent, and this process was slow, which affected the
initial adsorption process slightly; (2) when the citric acid
was added to the adsorption system, it could be adsorbed
by the MGO/�-CD immediately, and the carboxyl groups of the
adsorbed citric acid had high affinity for Cu(II) ions, thereby
improving the initial adsorption rate.

The pseudo-first-order and pseudo-second-order kinetic
models have been used successfully to predict the possible
adsorption behavior of Cu(II) ions onto MGO/�-CD, but these
models did not reflect the Cu(II) ions transportation from the
solution phase to the surface of the MGO/�-CD (Song et al.,
2013). The four consecutive steps in the adsorption of a adsor-
bate by a adsorbent are: (1) transfer from the solution to the
boundary film surrounding the adsorbent (bulk diffusion), (2)
diffusion from the film to the external surface of the adsor-
bent (film diffusion), (3) diffusion in the internal structure of
the adsorbent (intraparticle diffusion), and (4) adsorption on
the internal surface of the adsorbent (Djeribi and Hamdaoui,
2008). The first and fourth steps are often assumed to be
extremely rapid and can be ignored. Therefore, film diffusion
and intraparticle diffusion are the possible rate-controlling
steps (Cheung et al., 2007). In order to investigate the actual

rate-controlling step involved in the adsorption processes of
Cu(II) ions onto MGO/�-CD, the kinetic data were analyzed
by applying the intraparticle diffusion model, which can be
described as follows (Zhang et al., 2012):

qt = kpt0.5 + C (5)

where kp is the intraparticle diffusion model rate constant, and
C is a constant related to the thickness of the boundary layer.
Piecewise linear regression of the data shows that the plots
(Fig. 6b) had two distinct regions. The first linear portion rep-
resented external mass transfer, and the second linear portion
indicated the adsorption–desorption equilibrium, which sug-
gested that intraparticle diffusion was not a rate-limiting step.
The �-CD grafted on the MGO  surface and the groups of the
GO mainly existed on the surfaces of the adsorbent, there-
fore, the Cu(II) ions adsorption mostly occurred on the external
surfaces of the MGO/�-CD. The intraparticle diffusion plots
suggest that the Cu(II) diffusion in the boundary film (film
diffusion) controls the adsorption rate.

3.6.  Adsorption  isotherms

The adsorption isotherm indicates the distribution relation-
ship of the adsorbed heavy metal ions between the liquid
phase and the solid phase when the adsorption process
reaches equilibrium state (Liu et al., 2013). The Langmuir
model assumes that a monomolecular layer is formed when
adsorption takes place without any interaction between the
adsorbed molecules (Aksu, 2002). The Freundlich isotherm
model is applicable to both monolayer adsorption (chemisorp-
tion) and multilayer adsorption (physisorption) and is based
on the assumption that the adsorbate is adsorbed onto the
heterogeneous surface of an adsorbent (Yang, 1998). The
Temkin isotherm is based on the heat of adsorption of the ions
due to the adsorbate and adsorbent interactions (Boudrahem
et al., 2011). The Langmuir, Freundlich, and Temkin mod-
els were applied to simulate the adsorption isotherms, and
non-linearized form of these models can be described by the
following equations:

Langmuir : qe = qmaxKLCe

1 + KLCe
(6)

Freundlich : qe = KFC
1/n
e (7)

Temkin : qe = RT

bT
ln(aTCe) (8)

where qe (mg/g) is the amount of Cu(II) ions adsorbed on
MGO/�-CD; qmax (mg/g) is the maximum amount of Cu(II) ions
adsorbed per unit weight of MGO/�-CD to form a complete
monolayer coverage on the surface. KL (L/mg) is the Langmuir
constant related to the affinity of the binding sites; Ce (mg/L)

is the equilibrium concentration; KF is the Freundlich con-
stant related to adsorption capacity and n is the heterogeneity



chemical engineering research and design 9 3 ( 2 0 1 5 ) 675–683 681

Table 2 – The isotherm parameters for Cu(II) adsorption onto MGO/�-CD.

Models Parameters Groups

Without BE and CAa 0.01 M NaNO3 10 mg/L citric acid

Langmuir isotherm
qmax (mg/g) 30.98 37.32 48.67
KL (L/mg) 0.190 0.253 2.249
R2 0.842 0.878 0.436

Freundlich isotherm
n  4.31 4.98 7.84
KF 10.97 15.35 30.37
R2 0.979 0.941 0.931

Temkin isotherm
aT (L/g) 4.69 8.63 518.95
bT (KJ/mol) 0.500 0.450 0.513
R2 0.957 0.948 0.875

a BE, background electrolyte; CA, citric acid.
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actor; R (8.314 × 10−3 kJ/mol K) is the gas constant and T (K)
s the absolute temperature; aT (L/g) is the equilibrium bind-
ng constant corresponding to the maximum binding energy;
nd bT (kJ/mol) is the Temkin constant related to the heat of
dsorption.

Isotherm experiments were conducted at different initial
u(II) concentration (5, 10, 20, 40, 60, 80, and 100 mg/L) at pH
.5 for 24 h, and the effects of 0.01 mol/L NaNO3 and 10 mg/L
itric acid on the adsorption isotherm were also investigated.
he Langmuir and Freundlich adsorption isotherms obtained
sing the non-linearized method are shown in Fig. 7, and
he calculated results of the isotherm constants are listed in
able 2. It is found that the Freundlich model could fit the
xperimental data better than the Langmuir model under dif-
erent conditions. Wang and Chu (2011) also reported that
reundlich adsorption model better explained the adsorption
f Rhodamine B (RhB) on silica fume (SF) and coal fly ash

CFA). The better fitting of the Freundlich isotherm model may
e attributed to the heterogeneous distribution of adsorption
ctive sites on MGO/�-CD surfaces (Gong et al., 2011; Ramesh
t al., 2007). The Freundlich constant KF indicates the adsorp-
ion capacity of the adsorbent. From Table 2, the value of KF
or Cu(II) adsorption onto MGO/�-CD in the adsorption sys-
em without NaNO3 and citric acid addition was 10.97. While
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q e
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ig. 7 – Effects of 0.01 mol/L NaNO3 and 10 mg/L citric acid
n the Langmuir (dash lines) and Freundlich (solid lines)
dsorption isotherms for Cu(II) adsorption onto MGO/�-CD:
/V  = 0.14 g/L, T = 30 ◦C, t = 24 h, pH = 5.50 ± 0.02.
in the systems with the presence of 0.01 mol/L NaNO3 and
10 mg/L citric acid, the KF values were 15.35 and 30.37, respec-
tively. This indicated that the NaNO3 and citric acid in the
system could improve the adsorption capacity of MGO/�-CD
for Cu(II). The Freundlich constant n is also an indication of
the favorability of adsorption (Wang and Chu, 2011). Gener-
ally, n values between 1 and 10 represent beneficial adsorption
based on mathematical calculations (Treybal, 1980). All the n
values (Table 2) in this study were within the beneficial adsorp-
tion range, which indicates that MGO/�-CD can be used as an
effective adsorbent.

As presented in Table 2, the adsorption data of Cu(II) ions
on MGO/�-CD in the system without NaNO3 and citric acid
and in the system with addition of 0.01 mol/L NaNO3 could
be well fitted by Temkin isotherm model with high correlation
coefficient values of 0.957 and 0.948, respectively. However, the
Temkin model could not describe the adsorption data in the
presence of 10 mg/L citric acid. We can also find that the value
of the Temkin constant bT in the presence of 0.01 mol/L NaNO3

(0.450 kJ/mol) was lower than that in the absence of NaNO3

and citric acid (0.500 kJ/mol), which suggested that the pres-
ence of NaNO3 could enhance slightly the Cu(II) adsorption
(Song et al., 2013). This is probably due to the reduction of the
electrostatic repulsion between the Cu(II) and the MGO/�-CD
by the NaNO3. Besides, the higher value of aT (8.63 L/g) for the
system with presence of NaNO3 indicates the good adsorp-
tion potential of the adsorbent in this solution (Babaeivelni
and Khodadoust, 2013).

4.  Conclusions

The analysis results of FESEM, TEM, TG–DSC, FT-IR, and zeta
potential indicated that the MGO/�-CD composite was suc-
cessfully prepared. MGO/�-CD shows excellent adsorption
capacity for Cu(II) ions, and the adsorption process can be
affected by the experimental conditions. High pH value is
preferred for Cu(II) adsorption on the MGO/�-CD due to the
increase in the negative surface charge of the adsorbent and
the formation of precipitation. The introduction of �-CD to
the MGO surface could increase efficiency of Cu(II) adsorption.
The Cu(II) adsorption is dependent on ionic strength at low
pH and is independent of ionic strength at high pH values.
The presences of 0.01 mol/L LiNO3, NaNO3, KNO3, NaCl, and

NaClO4 in the solution enhance the Cu(II) adsorption slightly,
and different background electrolyte cations (Li+, Na+, and
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K+) have similar effects on the Cu(II) adsorption, while the
background electrolyte anions of Cl−, ClO4

−, and NO3
− have

different influences on the Cu(II) removal. The presence of cit-
ric acid enhances the Cu(II) adsorption at various pH values.
The Cu(II) adsorption processes can reach their equilibrium
state within 10–30 min. The adsorption kinetics and isotherm
can be affected by the presence of NaNO3 and citric acid, and
they can be well described by the pseudo-second-order kinetic
model and the Freundlich isotherm, respectively. The rate con-
trolling mechanism study revealed that the Cu(II) diffusion in
the boundary film controls the adsorption rate. What’s more,
the adsorption data in the system without NaNO3 and citric
acid and the system with presence of NaNO3 can be well fitted
by Temkin isotherm model.
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