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Abstract

A novel magnetic Cu(II) ion imprinted composite adsorbent (Cu(II)-MICA) was synthesized, characterized and applied for the selective remov
Cu(II) from aqueous solution in the batch system. The adsorption–desorption and selectivity characteristics were investigated. The maximu
adsorption occurred at pH 5–6. The equilibrium time was 6.0 h, and a pseudo-second-order model could best describe adsorption kinetics. Th
adsorption equilibrium data fit Langmuir isotherm equation well with a maximum adsorption capacity of 46.25 mg/g and Langmuir adsorptio
equilibrium constant of 0.0956 L/mg at 298 K. Thermodynamic parameters analysis predicted an exothermic nature of adsorption and a spontaneou
and favourable process that could be mainly governed by physisorption mechanism. The relative selectivity coefficients of Cu(II)-MICA f
Cu(II)/Zn(II) and Cu(II)/Ni(II) were 2.31, 2.66 times greater than the magnetic non-imprinted composite adsorbent (MNICA). Results suggeste
that Cu(II)-MICA was a material of efficient, low-cost, convenient separation under magnetic field and could be reused five times with about 14

regeneration loss.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The removal of polluting heavy metals from wastewater is
ne of the most important issues due to their harm on human
ealth and environment [1]. Traditional metal ion treatment pro-
esses have been studied including chemical precipitation, ion
xchange, electrolysis, reverse osmosis and adsorption, etc. Each
ethod has been found to be limited with respect to cost, com-

lexity and efficiency. For example, the electrolysis processes
ften have high operational costs and the chemical precipitation
ay generate secondary wastes [2,3]. Among these methods,

dsorption technology has been considered as an economical,
fficient and promising technology in metal ion wastewater
reatment [4]. Many new type or traditional adsorbents have

een tested in different conditions. For example, waste fungi
ycelium is attractive due to their large quantities in industry

nd high binding affinity to metals [5]. Chitosan (CS) is a natural
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acromolecule biosorbents with many NH2 and OH groups
hich can serve as chelation sites to removal metals, itself is
sually used in separation metal ions [6]. Using the imprint-
ng technology, a novel Ni(II) imprinted adsorbent based on
he CS and mycelium, the imprinted CS adsorbent was syn-
hesized to improve the sole adsorption selectivity for metal
ons [7–9]. However, these adsorbents suffer from a number
f disadvantages such as CS is costly and the other adsor-
ents have low mechanical intension. Little was reported about
agnetic adsorbent until now. For example, magnetic parti-

le, magnetic-chitosan particle adsorbents with excellent and
ontrollable properties have been reported to removal metal
ons from aqueous solutions [10–13]. The main disadvantages
re that the used adsorbent is possible to be easily and sim-
ly separated using the external magnetic field and will be
eused.

In this study, a new method combining Cu(II) imprinting and

agnetic separation technology was developed to synthesize

omposite adsorbent for the removal and recovery of Cu(II).
he waste fungal mycelium, CS and Fe3O4 were employed.
onsidering main advantages of this adsorbent: (1) it is low

mailto:renna815815@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2008.01.044
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Nomenclature

Ce the equilibrated concentrations of metal ions
(mg/L)

C0 the initial concentrations of metal ions (mg/L)
E removal efficiency (%)
�G◦ the standard change in Gibbs free energy (kJ/mol)
�H◦ the standard change in enthalpy (kJ/mol)
k1 the first-order rate constant at the equilibrium

(h−1)
k2 the second-order rate constant at the equilibrium

((g/mg)/min)
Kd the equilibrium constant (L/mg)
KL the affinity constant (L/mg)
q the quality of the adsorbed metal ion for per gram

adsorbent (mg/g)
qe the amounts of metal ions adsorbed onto adsor-

bent at equilibrium (mg/g)
qm the maximum adsorption capacity of the adsor-

bent (mg/g)
qt the amounts of metal ions adsorbed onto adsor-

bent at any time t (mg/g)
r2 correlation coefficient
R universal gas constant (8.314 J/mol K)
RL Langmuir dimensionless separation factor
�S◦ the standard change in entropy (kJ/mol K)
t time (min)
T the temperature (K)
V the volume of added solution (L)
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W the mass of the adsorbent (dry) (g)

ost that can be synthesized in large quantity with waste fun-
al mycelium from industry; (2) the adsorption selectivity is
mproved by imprinting technique for the target molecule (i.e.
u(II) ions) due to molecular geometry; (3) the easy separa-

ion of magnetic composite adsorbent from treated water can
e achieved by a magnetic field. Therefore, the Cu(II)-MICA
as characterized by SEM, FTIR, VSM and BET. Investiga-

ions for the removal of Cu(II) ion at different pH, adsorption
inetics, isotherm, thermodynamics and selectivity were carried
ut to understand the mechanism of Cu(II) ion adsorption onto
u(II)-MICA.

. Experimental

.1. Materials

Ammonia, ferric chloride (FeCl3·6H2O), ferrous chloride
FeCl2·4H2O), polystyrene, acrylamide, chitosan, epichlorhy-
rin, tripolyphoshate sodium, CuSO4·5H2O, EDTA, aether,

cetone and all other chemicals were reagent grade and pur-
hased from Chemical Reagent Company of Tianjin in China.
aste fungal mycelium was provided from Harbin Pharmacy

lant in China.

a
a
1
b
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.2. Instruments

The surface morphological images of magnetic Fe3O4 and
ynthesized adsorbents were analyzed by transmission electron
icrograph (TEM) (Jeol JSM-1200EXII) and scanning electron
icroscopy (SEM) (Quanta-200, USA), respectively.
The complexation among the synthesized adsorbents was

onformed by performing FTIR (Avatar 360, NICOLET Com-
any, USA).

Magnetic behavior was analyzed by vibrating sample mag-
etometer (VSM, JDM-14D, Jilin University, China).

The specific surface area and pore diameter were measured
y the BET method using a Pore Size Micrometric (9320 model,
SA).
The concentration of metal ion was analyzed using

V–Visible Spectrophotometer (721, Shanghai, China) in the
olution.

The equipments including water boiler (DK-98-1, Tianjin,
hina), stirrer (JJ-8, Jiangsu, China) and vacuum oven (DZ-88,
hanghai, China) were used during the synthesis process.

An acidity meter (pHS-25, Shanghai, China) and vibrator
HY-5, Jiangsu, China) were used for pH measurement and
haking, respectively.

.3. Synthesis of magnetic Fe3O4

Magnetic Fe3O4 was prepared by the reporting co-
recipitation method [14] and our improved work. The ferrous
nd ferric chloride (molar ratio 1:1) were dissolved in 500 mL
istilled water under nitrogen gas with vigorous stirring at 35 ◦C.
.5 M ammonia aqueous of about 30 mL (29%) was added
uickly into the solution. The color of bulk solution turned
rom orange to black immediately. Then it was kept with the
ydrothermal treatment at 80 ◦C for 1.5 h and separated under a
agnetic field. The magnetite was decorated with polystyrene

nd acrylamide by ultrasonic treatment for 30–60 min. Then the
olution was raised to 60–80 ◦C and cooled down after being
tirred at 700 rpm for 4.0 h. The magnetic particle was separated
gain and dried in a vacuum oven at 60 ◦C after being washed
everal times with water and ethanol.

.4. Synthesis of adsorbents

Cu(II)-MICA was prepared as shown in Fig. 1. 0.2 g CS was
issolved in 10 mL dilute acetic acid solution of 2.5% (v/v) with
echanical stirring. 5 mL CuSO4 solution of 5000 mg/L was

dded. After stirring for 6.0 h at 25 ◦C, the mixture was washed
y distilled water, ethanol and aether time after time. Afterward,
.5 g Fe3O4 and 0.3 mL epichlorhydrin (crosslinking reagent)
ere added with vigorous stirring for 3.0 h at 30 ◦C to complete

he crosslinking reaction. Then 0.2 g waste fungal mycelium (dry
eight), 10 mL tripolyphoshate sodium solution (counteracting

cetic acid and fixing the outer film of the synthesized composite

dsorbent) of 2.5% (g/L) and 20 mL-distilled water were added,
nd then the mixture was fixed for 8.0 h at 25 ◦C after stirring for
5 min. Then the Cu(II) imprinted in the adsorbent was removed
y 0.2 M EDTA for 2.0 h at 25 ◦C. Regeneration was carried
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Fig. 1. Preparation schematic illustration of Cu(II)-MICA.

ut by washing the adsorbent with 0.2 M NaOH for 1.0 h by
esuspension at shaking bath. The synthesized adsorbent was
ashed several times with distilled water and acetone, followed
y filtration and dryness at 60 ◦C. The dry adsorbent was whetted
o obtain narrow size distributions and stored at a sealed bottle for
urther use. The MNICA was prepared in a similar way without
u(II) imprinting and removal process.

.5. Cu(II) adsorption–desorption experiments

Adsorption of Cu(II) from aqueous solutions was inves-
igated in batch experiments. Effects of pH (2–6), kinetic
xperiments (0–12 h), adsorption isotherm (20–300 mg/L initial
u(II) concentration) and thermodynamic studies (298–328 K)
n adsorption were studied. The experiment conditions were
odulated according to the requirement. All the adsorption

xperiments were carried out at 25 ◦C, in which pH was main-
ained in a range of 5.5 ± 0.1 units, adsorbent concentration was
ept constant at 10 mg in 20 mL solution, initial Cu(II) concen-
ration was 100 mg/L, equilibrium time was kept as 6.0 h, except
tated otherwise.

After adsorption reached equilibrium, the adsorbent was
eparated via an external magnetic field (except non-magnetic
dsorbent). The concentration of Cu(II) ion in the solution was
nalyzed by following the standard methods [15]. For each set
f data presented, standard statistical methods were used to
etermine the mean values and standard deviations. Confidence
ntervals of 95% were calculated for each set of samples in order
o determine the margin error. Adsorption values were calculated
rom the change in solution concentration using the following
quation [16]:

= (C0 − Ce)V

W
(1)

here q (mg/g) adsorption capacity; C0 (mg/L) and Ce (mg/L)
nitial and equilibrated metal ion concentrations, respectively, V
L) volume of added solution and W (g) the mass of the adsorbent
dry).
= C0 − Ce

C0
× 100% (2)

here E (%) removal efficiency.

5
n
(
3
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Desorption of Cu(II) ions was studied in 20 mL 0.2 M EDTA
olution. 0.1 g Cu(II)-MICA was dipped in this desorption
edium and stirred continuously at a 700 rpm for 60 min at

5 ◦C. Metal ion concentrations in the solution were analyzed
t different desorption time and the desorption ratio (D%) was
alculated as Eq. (3) [17]:

% = metal ion desorbed to the EDTA solution (mg/L)

metal ion adsorbed onto adsorbent (mg/L)
(3)

n order to test the reusability of Cu(II)-MICA, Cu(II)
orption–desorption procedure was repeated five times. After
ach cycle, the Cu(II)-MICA was washed thoroughly with
eionised water to neutrality and dried in a vacuum oven at
0 ◦C for adsorption in the succeeding cycle.

.6. Selectivity experiments

In order to prove Cu(II) specificity of Cu(II)-MICA, Zn(II)
nd Ni(II) were chosen as competitive metal ions. Each con-
entration of Cu(II), Zn(II) and Ni(II) was 50 mg/L in the
ixed solution. Cu(II)-MICA and MNICA were treated with

hese competitive ions. After adsorption equilibrium, the con-
entration of each ion in the remaining solution was measured.
istribution and selectivity coefficients of Zn(II) and Ni(II) with

espect to Cu(II) were calculated as the followings [18]:

d =
(

C0 − Ce

Ce

)
V

W
(4)

here Kd the distribution coefficient (mL/g).

= Kd(Cu(II))

Kd(M(II))
(5)

here K is the selectivity coefficient and M(II) represents Zn(II)
r Ni(II) ions. A comparison of the K values of Cu(II)-MICA
ith those metal ions allows an estimation of the effect of

mprinting on selectivity. A relative selectivity coefficient (K′) is
n indicator to express metal adsorption affinity of recognition
ites to the imprinted Cu(II) ions, which can be defined by Eq.
6):

′ = Kimprinted

Knon-imprinted
(6)

. Result and discussion

.1. Characterization of adsorbent

Fig. 2 illustrated the TEM photograph of magnetite. It
evealed that the maghemite nanoparticles synthesized in this
tudy were multidispersed well with a particle size of about
0 nm. SEM images (Fig. 3a and b) showed that Cu(II)-MICA
as irregular clump and had a rough surface with an aver-

ge diameter of around 200 �m. The BET surface area was

2.32 m2/g and average pore diameter was 16.7 nm. However,
o significantly different morphology is observed for MNICA
the imagines are not listed here). The BET surface area was
9.95 m2/g and average pore diameter is 4.9 nm.
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Fig. 4. FTIR spectrum of (a) Fe3O4, (b) CS, (c) Cu(II)-MICA and (d) MNICA.
Fig. 2. TEM of magnetic Fe3O4 stabilized distribution.

The FTIR spectra of CS, Fe3O4 and prepared adsorbents
ere shown in Fig. 4. Fig. 4b showed the basic characteristic
eaks of CS at: 3260–3410 cm−1 (O H and N H stretching),
925 and 2854 cm−1 (C H stretching combining with hydrox-
ls on methyl and methylene), 1641 cm−1 (C O of NH C O
tretching), 1519 cm−1 (N H bending), 1086 and 1026 cm−1

C OH stretching). In Fig. 4a, the peaks at 597 cm−1 attributed
o the Fe O bond vibration. The synthesized Fe3O4 were dec-
rated with abundant amido and hydroxy groups. Comparing
ig. 4c and d, the characteristic peaks at 3260–3410, 1641 and
519 cm−1 became weak. This could be attributed to the deple-
ion of hydroxyls or amidos groups in the binding reaction. The
eaks at 1026 disappeared and at 1086 cm−1 became strong,
hich explained the crosslinking had reacted with hydroxyls

nd became C O C. The peaks at 2925 and 2854 cm−1 became
eaken with illustration of reduction of hydroxyls.
The magnetic property was studied. As shown in Fig. 5, the

reatest saturation magnetization (Ms) and remanent magnetiza-
ion (Mr) of Cu(II)-MICA were 4.2 and 0.9 emu/g, respectively.

ompared with the Ms and Mr value (46.5 and 11.9 emu/g) for

he naked Fe3O4 nanoparticles, there was a slightly lower value
or the magnetic adsorbent. However, Cu(II)-MICA exhibits
imilar superparamagnetic properties like Fe3O4 and has a good Fig. 5. The magnetic hysteresis loop of (a) Fe3O4 and (b) Cu(II)-MICA.

Fig. 3. SEM micrographs of Cu(II)-MICA with different magnification: (a) 200× and (b) 3000×.
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Fig. 6. Effect of pH on adsorption capacity of Cu(II) onto Cu(II)-MICA.

esponse under the additional permanent magnetization, which
ade the solid and liquid phases separate quickly.

.2. Effect of pH

The pH is one of the most important parameters governing
he uptake of metal ions on adsorbents [19]. The effect of var-
ous pH on Cu(II) ion removal by Cu(II)-MICA was shown in
ig. 6. At pH 2–3 the sorption was low, possibly because of
n excess of hydrogen ions can compete effectively with Cu(II)
or bonding sites. This condition may be utilized for desorption
f Cu(II) ion from the adsorbent. At higher pH values of 3–5,
dsorption functional groups such as carboxyl or hydroxyl were
eprotonated and negatively charged. Consequently, the attrac-
ion of positively charged Cu(II) ion enhanced. At pH values of
–6 the increasing rate was relatively very slow. After pH 6.5,
he reason for the sharp increase removal was that the Cu(II)
egan to precipitate as Cu(OH)2. So Cu(II) ion were removed
y both adsorption and precipitation above precipitation pH 6.5.
s a result, the optimum pH for Cu(II) ion sorption was found

n the pH range 5–6, and all further experiments were carried
ut at pH 5.5.

.3. Adsorption kinetics

The effect of contact time on the Cu(II)-MICA adsorption
rom solution was given in Fig. 7. The adsorption occurred
apidly at the early stage of the reaction, which was probably
ue to the abundant availability of active sites on the adsorbents,
nd with the gradual decrease of active sites slowing down the

ons exchange action from bulk solution. From 2.0 to 6.0 h of
eaction, the adsorption amount increased very slowly which
ndicated equilibrium condition. As a result, the adsorption time
f 6.0 h was optimal.

o
r
i
s

Fig. 7. Adsorption kinetics of Cu(II)-MICA for Cu(II) ion.

The prediction of adsorption rate gives important information
or selecting optimum operating conditions for full-scale batch
rocess. In order to investigate the mechanism of adsorption
inetics, two different kinetic models were tested to interpret
ata obtained from batch experiments. The pseudo-first-order
ate equation of Lagergren and Kungliga [20] is given as:

og(qe − qt) = log qe − k1t

2.303
(7)

here qe and qt the amounts of Cu(II) adsorbed onto adsorbent at
quilibrium and any time t (mg/g), respectively, k1 the first-order
ate constant at the equilibrium (h−1). When the experimental
ata was plotted in form of log(qe − qt) versus t, a straight line
ould be obtained if the pseudo-first-order kinetic model was a

uitable expression. The rate constant (k1) can be obtained from
he slope of the line.

Assuming that the adsorption capacity of adsorbent is pro-
ortional to the number of active sites on its surface, the
seudo-second-order rate equation developed by Ho and McKay
20] is as the following:

t

qt

= 1

k2q2
e

+ 1

qe
t (8)

here k2 the second-order rate constant at the equilibrium
(g/mg)/min). Thus, by plotting t/qt against t, the values of k2
slope2/intercept), qe (1/slope) can be determined graphically
rom the slope and intercept of the revealed plots.

As seen from Fig. 8a and b, the correlation coefficients
r2) given by the two kinetic models were 0.9948 and 0.9996,
espectively. Obviously, the pseudo-second-order kinetic model
ave a good correlation for the adsorption of Cu(II) ions

n Cu(II)-MICA. The adsorption kinetic constants and linear
egression values with standard deviation were summarized
n Table 1. The theoretical q value estimated from pseudo-
econd-order kinetic model was very close to the experimental



Y. Ren et al. / Journal of Hazardous Materials 158 (2008) 14–22 19

v
d
s
n
t
t
d
l
m

t
e

3

M
A
c
o
L
a
e
a
[

q

w
b
o
c
T
s

Fig. 9 showed the fitted equilibrium data in Langmuir
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Fig. 8. The linear plot of (a) log(qe − qt) vs. t and (b) t/qe vs. t.

alue. These values showed that this adsorbent system was not
escribed by pseudo-first-order kinetic model. So, the results
uggested that the pseudo-second-order adsorption mecha-
ism was predominant for this adsorbent system and that
he overall rate of the Cu(II) adsorption process appeared
o be controlled by chemical reaction. The rate constant k2

etermined was 0.1923 (g/mg)/min. The max capacity was
ess than the value from Langmuir isotherm equation, which

ight because Cu(II) ion initial concentration was lower

i
fi
a

able 1
inetic parameters of the pseudo-order rate equation for Cu(II) adsorption onto Cu(I

xperimental q (mg/g) Pseudo-first-order rate equation

k1 (h−1) q (mg/g) r2
1 S.D

9.85 0.8438 23.63 0.9948 0.09
Fig. 9. Linear isotherm plots of Langmuir isotherm for Cu(II)-MICA.

han that of achieving equilibrium in adsorption isotherm
xperiment.

.4. Adsorption isotherm

Adsorption isotherm of Cu(II) onto the prepared Cu(II)-
ICA was similar to the Langmuir sorption isotherm at 25 ◦C.
n adsorption isotherm provides a relationship between the ion

oncentration in the solution and the amount of ion adsorbed
n the solid phase when the two phases are at equilibrium. The
angmuir sorption isotherm assumes monolayer coverage of the
dsorption surface, the adsorption sites are also assumed to be
nergetically equivalent and distant to each other so that there
re no interactions between molecules adsorbed to adjacent sites
21]. It is expressed as:

e = qmKLCe

1 + KLCe
(9)

here qe the amount of Cu(II) adsorbed per unit weight of adsor-
ent at equilibrium (mg/g), Ce the equilibrium concentration
f Cu(II) ions in solution (mg/L), qm the maximum adsorption
apacity of the adsorbent (mg/g), KL the affinity constant (L/mg).
he values of qm and KL can calculate from the intercept and
lope of the linear plot of Ce/qe against Ce.
sotherm expressions for Cu(II)-MICA. The correlation coef-
cient (r2) was 0.9996. The Langmuir adsorption model can be
pplied in this affinity adsorbent system. From the slope and

I)-MICA

Pseudo-second-order rate equation

. k2 ((g/mg)/min) q (mg/g) r2
2 S.D.

039 0.1923 30.53 0.9996 0.00403
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Table 2
RL values in Langmuir isotherm of Cu(II)-MICA

C0 (mg/L) RL

20 0.343407
40 0.207297
60 0.148456
80 0.115634

1
2
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1

00 0.094697
00 0.049702
00 0.033693

ntercept, the values of qm and KL were found to be 46.25 mg/g
nd 0.0956 L/mg.

It also assumes that all the binding sites on the sorbent are
ree sites, ready to accept the sorbent from solution. The affinity
etween Cu(II) ion and Cu(II)-MICA can be predicted using
angmuir dimensionless separation factor RL given by relation

22]:

L = 1

1 + KLC0
(10)

here C0 the initial Cu(II) concentration (mg/L). Others
esearcher [22] had shown RL indicated the shape of the
sotherm, value of RL < 1 represented the favourable adsorption
nd value RL > 1 represented unfavourable adsorption. The val-
es of RL were shown in Table 2. In our study RL were all
ound to be within 0 and 1 that indicated a highly favourable
dsorption with increasing adsorption efficiency at higher Cu(II)
oncentrations.

.5. Adsorption thermodynamics

The effect of temperature on the adsorption equilibrium of
u(II) ion onto Cu(II)-MICA was investigated. Adsorption of
u(II) increased as the temperature increased from 298 to 328 K

figure is not listed here). Based on fundamental thermody-
amics concept, supposing that the reaction is in an isolated
ystem, system energy cannot be gained or lost and the entropy
hange is the only driving force. In order to gain insight into the
echanism involved in the adsorption, the variations including

tandard Gibbs free energy (�G◦), enthalpy (�H◦) and entropy
hange (�S◦) for the adsorption were calculated from the slope
nd intercept from the plots of log Kd versus 1/T (Fig. 10)
ccording to Eqs. (11)–(13) [23]. The values of thermodynamic
arameters calculated are shown in Table 3.
d = qe

Ce
(11)

og Kd = �S◦

R
− �H◦

RT
(12)

b
N
a

able 3
hermodynamic parameters for Cu(II) adsorption onto Cu(II)-MICA

0 (mg/L) �H◦ (kJ/mol) �S◦ (kJ/mol K)

00 10.70 0.04
Fig. 10. The plots of log Kd vs. 1/T for Cu(II)-MICA.

G◦ = �H◦ − T�S◦ (13)

here Kd the same meaning in Eq. (4), qe and Ce meaning
epresenting in Eq. (6). �S◦ the standard change in entropy
kJ/mol K), �H◦ the standard change in enthalpy (kJ/mol), �G◦
he standard change in Gibbs free energy (kJ/mol), T the tem-
erature (K) and R universal gas constant (8.314 J/mol K).

Positive �H◦ (10.7 kJ/mol) value indicated the endothermic
ature of adsorbent, which fact was supported by the increase
n the adsorption of Cu(II) with temperature. Literature [24]
uggested that �H◦ of physisorption is smaller than 40 kJ/mol.
his study suggested ion-exchange may play a significant role

n the adsorption process. Furthermore, �G◦ (from −1.22
o −2.42 kJ/mol) was negative verifying that Cu(II) adsorp-
ion was spontaneous and thermodynamically favourable. �G◦
ecreased further with increase in temperature implies a greater
riving force and more spontaneous adsorption at high tempera-
ure. The positive �S◦ (0.04 kJ/mol K) revealed that the degrees
f freedom increased at the solid–liquid interface during the
dsorption and it might be related to the substitution of water
yderation molecules of metal ion by different chelating groups.

.6. Adsorption selectivity
Zn(II) and Ni(II) were chosen as competitive metal ions
ecause of their similar ionic radii (Cu(II): 73 pm, Zn(II): 74 pm,
i(II): 69 pm). Our experiment had confirmed the capacity could

chieve a maximum at pH 5.5 in their pure aqueous solution.

�G◦ (kJ/mol)

298 K 308 K 318 K 328 K

−1.22 −1.62 −2.02 −2.42
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Table 4
Kd, K and K′ values of Zn(II) and Ni(II) with respect to Cu(II)

Metal ions MNICA Cu(II)-MICA K′

Kd (mL/g) K Kd (mL/g) K

Cu(II) 124 – 210 – –
Z
N

T
r
p
s
t
C
i
T
a
i
C
t
n
g
m
o

3

f
t
a
w
9
a
t
i
5
u
s

4

t
s
m
a
i
t
p
4
t
i
c
p

a
b
f
a
e
s
h
c
p
n
w
m
t
i
f
t
b
d

R

[

[

[

[

[

[

[

n(II) 116 1.07 85 2.47 2.31
i(II) 58 2.13 37 5.67 2.66

able 4 summarizes Kd, K and K′ values of Zn(II) and Ni(II) with
espect to Cu(II). When they existed in the same medium, a com-
etition would start for the same attachment sites. The Cu(II)
orption capacity of the Cu(II)-MICA was much higher than
hat for other metal ions. A comparison of the Kd values for the
u(II) imprinted adsorbent with the control samples showed an

ncrease in Kd for Cu(II) while Kd decrease for Zn(II) and Ni(II).
he relative selectivity coefficient is an indicator to express an
dsorption affinity of recognition sites to the imprinted Cu(II)
ons. The results showed that relative selectivity coefficients of
u(II)-MICA for Cu(II)/Zn(II) and Cu(II)/Ni(II) were 2.31, 2.66

imes greater than MNICA, respectively (Table 4). It should be
oted that the imprinted beads showed selectivity for the tar-
et molecule (i.e. Cu(II) ions) due to molecular geometry. This
eans that Cu(II) ions can be determined even in the presence

f Zn(II) and Ni(II) interferences.

.7. Desorption and repeated use

The regeneration of the adsorbent is likely to be a key
actor in improving wastewater process economics. Desorp-
ion of Cu(II) ions from the Cu(II)-MICA was performed in
batch experimental set-up. In this study, the desorption time
as found to be 20 min. Desorption ratios could be up to
2%. In order to obtain the reusability of the Cu(II)-MICA,
dsorption–desorption cycles were repeated five times by using
he same magnetic imprinted adsorbent. The adsorption capac-
ty of the recycled Cu(II)-MICA was about 14% loss at the
th cycle. It can be concluded that the Cu(II)-MICA can be
sed many times without decreasing their adsorption capacities
ignificantly.

. Conclusions

A novel Cu(II)-MICA was prepared and characterized using
he SEM, FTIR, VSM and surface area, pore diameter by BET
tudies. Characteristics of pH effect, equilibrium, kinetics, ther-
odynamics, selectivity sorption and desorption which are used

s adsorbents for Cu(II) were tested. The results showed that
t was amorphous and the complexation in Cu(II)-MICA was
hrough amide and hydroxy groups, etc. It exhibited super-
aramagnetic properties with a saturation magnetization of
.2 emu/g and a remanent magnetization of 0.9 emu/g, respec-

ively. The surface area and pore diameter of Cu(II)-MICA
mproved greatly. In addition, the Cu(II)-MICA was quite effi-
ient for the removal of Cu(II) ions from aqueous solutions at
H 5–6. The adsorption equilibrium time was 6.0 h, and Cu(II)

[
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dsorption process onto Cu(II)-MICA could be best described
y the pseudo-second-order model. The adsorption behavior
ollowed the Langmuir adsorption isotherm with a maximum
dsorption capacity of 46.25 mg/g and a Langmuir adsorption
quilibrium constant of 0.0956 L/mg at 25 ◦C. Langmuir dimen-
ionless separation factor calculation results indicated that a
ighly favourable adsorption with increased adsorption effi-
iency was at higher Cu(II) ion concentrations. Thermodynamic
arameters suggested that the adsorption process was sponta-
eous and governed by physisorption interaction, the adsorption
as a spontaneous process at high temperature and endother-
ic in nature. The relative selectivity coefficient is an indicator

o express an adsorption affinity of recognition sites to the
mprinted Cu(II). The results showed that Kd of Cu(II)-MICA
or Cu(II)/Zn(II) and Cu(II)/Ni(II) were 2.31, 2.66 times greater
han MNICA, respectively. The desorption time was found to
e 20 min. The Cu(II)-MICA can be used five times without
ecreasing their adsorption capacities significantly.
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