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bstract

In the present study, Cu(II) removal from aqueous solutions by sorption was investigated. Aminopropyl silica gel-immobilized calix[4]arene
olymer (APSIC[4]P) was used in sorption as sorbent. During the experimental part of this study, the effect of parameters, such as pH, initial Cu(II)
oncentration, temperature on Cu(II) removal was observed. In addition, sorption isotherm studies and column studies were made. Maximum Cu(II)
emoval was obtained at pH 6 and 25 ◦C. In the isotherm studies, Langmuir and Freundlich isotherm models were applied and it was determined

hat the experimental data confirmed to Langmuir isotherm model. Batch sorption capacity (q0) was calculated as 5.08 mg/g. The capacity value
or column study was obtained by graphical integration as 1.14 mg/g. The Thomas and the Yoon–Nelson models were applied to experimental data
o predict the breakthrough curves and to determine the characteristics parameters of the column useful for process design.

2007 Elsevier B.V. All rights reserved.

umn s

i
s
[
f
t
e
o
i
h
t
r
t
N
p
d
s

eywords: Cu(II) removal; Calix[4]arene polymer; Sorption; Batch study; Col

. Introduction

Heavy metal contamination to various surface waters or
roundwater is great a concern because of the toxic effect of
eavy metal ions to plants, animals and human beings [1–6].
herefore, effective removal of heavy metal ions from water or
arious industrial effluents is very important and has attracted
onsiderable research and practical interest. Many methods,
uch as chemical precipitation, ion exchange, reverse osmosis
nd sorption, etc., have been used to remove heavy metal ions
rom various aqueous solutions [3–5,7,8]. Among these meth-
ds, sorption has increasingly received more attention in recent
ears because the method is simple, relatively low-cost and
ffective in removing heavy metal ions, especially at medium to
ow metal ion concentrations and from wastewaters [3–6,8,9].

Macromolecules are widely used in host–guest chemistry

or the construction of various receptors for charged or neutral
olecules. Calixarenes are such cyclic oligomers composed of

henol units and are very well known as attractive and excellent

∗ Corresponding author. Tel.: +90 332 2232142; fax: +90 332 2410635.
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onophores because they provide a unique three-dimensional
tructure with almost unlimited derivatization possibilities
10,11]. Generally two strategies have been adopted by the dif-
erent groups in order to enhance the affinity of calixarenes
oward metal ions; either there have been incorporated differ-
nt ionophoric groups including carbonyl, amide, nitrile and
ther suitable functionalities onto the calix-platform, or the cal-
xarene units were fixed in a polymeric matrix. Various studies
ave been carried out in this regard, for instance, calix[4]arene
etraethyl ester and calix[6]arene hexaethyl ester were incorpo-
ated onto the surface of silica particles after hydrosilylation of
he p-allyl calixarenes and were used as selective adsorbents for
a+ ions [12,13]. Chelating calix[4]arene hydroxamates sup-
orted onto silica particles have been studied for their uptake of
ifferent transition metal ions [14]. A chelating resin has been
ynthesized by linking calix[4]arene-semicarbazone derivatives
n chloromethylated polystyrene divinyl benzene copolymer for
he separation of La3+, Ce3+, Th4+ and U6+ [15]. In our previous
ork, we have also synthesized several polymeric calixarenes
nd it has been investigated their cation extraction properties
16].

The importance of favorable amide (O C NH), nitrile
C N) and amine (NH2) functionalities for cation binding

mailto:mtabakci@selcuk.edu.tr
dx.doi.org/10.1016/j.jhazmat.2007.05.077
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as recently been explored by various groups in the design
f calix[4]arene cation sorbents, which are still relatively
are [16]. In this study to contribute to this area we used
n aminopropyl silica gel-immobilized calix[4]arene polymer
APSIC[4]P) bearing amide, nitrile and amine functionalities
nd previously prepared [17] in Cu(II) sorption as a sorbent.

. Experimental

An aminopropyl silica gel-immobilized calix[4]arene poly-
er (APSIC[4]P) used in this study was previously [17]

btained according to synthetic method given in Scheme 1. The

PSIC[4]P samples were dried at 105 ◦C for 2 h before each

et of experiments. The aqueous solution of Cu(NO3)2·3H2O
as prepared by using the analytical grade Merck product. The

olution was prepared in such a manner that the initial Cu(II)

o
c
i
s

Scheme 1. The synthetic route of
ous Materials 151 (2008) 331–338

oncentration in sorption experiments was generally held at
.35 mg/L. The pH values were measured with pH meter (Orion,
20A+). In batch sorption experiments, known weights of sor-
ents (0.025 g) were added to capped volumetric flasks each
f which containing 10 mL solution (6.35 mg/L Cu(II)) and
haken at 175 rpm in a temperature-controlled shaker (BINDER)
or 1 h. After sorption, samples were centrifuged and Cu(II) in
upernatants was analyzed by using Atomic Absorption Spec-
rophotometer (AAS, Unicam 929) at 324.8 nm of wavelength.
ll of the tests were duplicated. The effect of pH was studied
y adjusting the pH of Cu(II) solutions using diluted HCl and
aOH solutions at 25 ◦C. The effect of temperature was carried

ut by APSIC[4]P at 25 ◦C at pH 6. Effect of initial Cu(II) con-
entration was investigated at pH 6. Langmuir, and Freundlich
sotherms were employed to study the sorption properties of the
orbent.

preparation of APSIC[4]P.
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Fig. 1. Effect of pH on the removal of Cu(II).

In column experiment, a glass column (0.1 cm i.d. and 7.5 cm
ength) was filled with 0.025 g of APSIC[4]P on glass wool sup-
ort was treated with 25 mL of 1.0 M HCl and repeatedly washed
ith water until free from acid. Cu(II) solution (6.35 mg/L
u(II)) at 25 ◦C and pH 6 was delivered down flow to the column
sing a peristaltic pump (Heidolph) at 0.2 mL/min flow rate as
hown in Fig. 1. To obtain breakthrough curve, the effluent was
ollected as 2 mL fractions and analyzed with AAS. Column
tudies were terminated when the column reached exhaustion.
he desorption studies carried out after the column sorption
tudies were conducted at 25 ◦C and 0.2 mL/min flow rate. The
orbed Cu(II) was desorbed from ASPIC[4]P by using 1 M
NO3 solution.

. Results and discussion

.1. Effect of pH

The pH is one of the most important factors affecting the
orption process. The effect of pH on the sorption of Cu(II) was
tudied as follows: 100 mL of Cu(II) solution was taken in a
ask. The pH of solution was adjusted by adding dilute solution
f hydrochloric acid or sodium hydroxide. The concentration of
u(II) in this solution was then determined (initial concentra-

ion). Ten milliliters of Cu(II) solution was taken in a conical
ask and treated with 0.025 g of sorbent and after equilibrium,

he final concentration of Cu(II) was determined by AAS. The
orption of Cu(II) was studied over the pH range 2–7 (Fig. 1).
he maximum uptake of Cu(II) takes place at pH 6. The decreas-

ng of sorption at about pH 6.5 may be due to hydrolysis of Cu(II)
fter this pH.

.2. Effect of initial Cu(II) concentration
Solutions of different initial Cu(II) concentrations (6.35,
2.7, 25.4, 50.8 mg/L) were used to investigate the effect of
oncentration on the removal of Cu(II) by 0.025 g sorbent at

w
b

a

ig. 2. Effect of initial Cu(II) concentration on the removal of Cu(II) (at pH 6,
5 ◦C).

H 6. Sorption yield values were calculated from following
quation:

orption Yield(%) =
[
C0 − Ce

C0

]
× 100 (1)

here C0 is the initial Cu(II) concentration (mg/L). As it can
e seen from Fig. 2, the sorption yields (%) were decreased
y increasing of initial Cu(II) concentration. Although percent
f sorption (%) decreased, equilibrium sorption capacity of
PSIC[4]P increased with increasing initial Cu(II) ion concen-

ration. The initial concentration provides an important driving
orce to overcome all mass transfer resistance of Cu(II) ions
etween the aqueous and solid phases, hence a higher initial
oncentration of Cu(II) ions may increase the sorption capac-
ty. Ozer et al. [18] indicated that at lower concentrations, all
u(II) ions present in solution could interact with the binding

ites and thus the percentage sorption were higher than those
t higher initial Cu(II) ion concentrations. At higher concentra-
ions, lower sorption yield is due to the saturation of sorption
ites.

.3. Sorption isotherms

Several models have been published in the literature to
escribe experimental data of sorption isotherms. The Lang-
uir and Freundlich models are the most frequently employed
odels. In this work, both models were used to describe the rela-

ionship between the sorbed amount of Cu(II) and its equilibrium
oncentration in solution.

Langmuir isotherm is represented by the following equation
19]:

Ce

qe
= 1

q0b
+ Ce

q0
(2)
here the constant q0 signifies the sorption capacity (mg/g) and
is related to the energy of sorption (L/mg).
The linear plot of Ce/qe versus Ce shows that sorption follows

Langmuir isotherm (Fig. 3). Values of q0 and b were calculated
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Fig. 3. Langmuir plot for the removal of Cu(II) (at pH 6).

rom the slope and intercept of the linear plots and are presented
n Table 1. The applicability of the Langmuir isotherm suggests
he monolayer coverage of the Cu(II) sorption onto APSIC[4]P
19].

To determine if the Cu(II) sorption process by APSIC[4]P
s favorable or unfavorable for the Langmuir type sorption pro-
ess, the isotherm shape can be classified by a term “RL”, a
imensionless constant separation factor, which is defined below
17]:

L = 1

1 + bC0
(3)

here RL is a dimensionless separation factor and b is Lang-
uir constant (L/mg). The parameter RL indicates the shape

f the isotherm accordingly: RL > 1, unfavorable; RL = 1, linear;
< RL < 1, favorable; RL = 0, irreversible.

The calculating of RL value as 0.08 indicated that sorption of
u(II) on APSIC[4]P was favorable at 6.35 mg/L initial Cu(II)
oncentration at 25 ◦C and pH 6.

The Freundlich isotherm was also applied for the Cu(II)
emoval by sorption. Freundlich isotherm model is given by the
ollowing equation [20]:

og qe = log Kf +
(

1

n

)
log Ce (4)
here Kf and n are Freundlich sorption isotherm constants, being
ndicative of the sorption capacity and intensity of sorption. Val-
es of Kf and n were calculated from the intercept and slope of
he plots of log qe versus log Ce (Fig. 4).

t
fi
c
c

able 1
angmuir and Freundlich isotherm parameters

angmuir isotherm parameters

0 (mg/g) b (L/mmol) R2 RL

.08 115 0.9622 0.08
Fig. 4. Freundlich plot for the removal of Cu(II) (at pH 6).

In general, as the Kf value increases, the sorption capacity of
he sorbent increases. The Freundlich isotherm data are given
n Table 1. It has been shown using mathematical calculations
hat n was between 1 and 10 representing beneficial sorption
21]. So APSIC[4]P sorbent used in the study provide beneficial
orption at 25 ◦C and pH 6. On the comparison of the R2 values
iven in Table 1, we can conclude that in sorption of Cu(II) on
PSIC[4]P Langmuir equation represents a slightly better fit to

he experimental data than the Freundlich equation.
Although direct comparison of APSIC[4]P with other sorbent

aterials is difficult, owing to the different applied experimen-
al conditions, it was found, in general, the adsorption capacity
f APSIC[4]P for Cu(II), using equilibrium experiments, deter-
ined to be around 5.08 mg Cu(II)/g APSIC[4]P, is higher than
y ash + wollastonite [22], fly ash, dead fungal biomass (Schizo-
hyllum communie) [23], sawdust [24], baggase fly ash [25],
eanut hulls [26], cork bark [27], natural zeolite [28], olive
omace [29] and powder activated carbon [30]. The values of
orption properties of Cu(II) in different sorbents used in the
iterature with the sorbent of the present study are summarized
n Table 2. It may be observed that the uptake of Cu(II) on
PSIC[4]P is greater than some other sorbents.

.4. Column studies

The performance of packed beds is described through the con-
ept of the breakthrough curve. The breakthrough curve shows

he loading behavior of Cu(II) to be removed from solution in a
xed bed and is usually expressed in terms of sorbed Cu(II) con-
entration (Cs = inlet Cu(II) concentration (C0) − outlet Cu(II)
oncentration (Ce)) or normalized concentration defined as the

Freundlich isotherm parameters

Kf (mmol/g) n R2

23.144 4.58 0.9252
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Table 2
Comparison of Cu(II) sorption on APSIC[4]P and other sorbents

Sorbent qmax (mg g−1) Reference

Fly ash + wollastonite 1.18 [22]
Fly ash 1.39 [22]
Dead fungal biomass

(Schizophyllum
communie)

1.52 [23]

Sawdust 1.79 [24]
Baggase fly ash 2.26 [25]
Peanut hulls 2.95 [26]
Cork bark 3.00 [27]
Natural zeolite 3.4 [28]
Olive pomace 4.26 [29]
Powder activated 4.45 [30]
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C0
=

1 + exp [k(τ − t)]
(8)

where k is the rate constant (min−1), τ the time required for 50%
sorbate breakthrough (min) and t is the breakthrough (sampling)
carbon
PSIC[4]P 5.08 [Current work]

atio of effluent Cu(II) concentration to inlet Cu(II) concentra-
ion (Ce/C0) as a function of time or volume of effluent for a
iven bed height [31]. The area under the breakthrough curve
btained by integrating the sorbed concentration (Cs (mg/L))
ersus the throughput volume (V (L)) plot can be used to find
he total sorbed Cu(II) quantity (maximum column capacity).
otal sorbed Cu(II) quantity (q0 (mg/g)) in the column for a
iven feed concentration and flow rate is calculated from Eq.
5):

0 =
∫ VT

0

(C0 − Ce) dV

m
(5)

here m is the mass of the sorbent (g). The capacity value q0 was
btained by graphical integration as 1.14 mg/g. From compar-
son of sorption capacity from batch and column experiments,
e can see that the less-stirred property in column mode reduced

he Cu(II) sorption capacity on APSIC[4]P.

.4.1. Application of the Thomas model
Successful design of a column sorption process requires pre-

iction of the concentration–time profile or breakthrough curve
or the effluent. The maximum sorption capacity of a sorbent is
lso needed in design. Traditionally, the Thomas model is used
o fulfill the purpose. The model has the following form [32]:

Ce

C0
= 1

1 + exp [KT(q0m − C0V )/θ]
(6)

here KT is the Thomas rate constant (L/(min mg)) and θ is the
olumetric flow rate (L/min). The linearized form of the Thomas
odel is as follows:

n

(
C0

Ce
− 1

)
= KTq0m

θ
− KTC0

θ
V (7)

he kinetic coefficient KT and the sorption capacity of the bed
0 can be determined from a plot of ln[(C0/Ce) − 1] against t at

given flow rate (Fig. 5).

The Thomas equation coefficients for Cu(II) sorption were
T = 7.57 × 10−3 L/(min mg) and q0 = 1.13 mg/g. The value of
0 is a measure of the sorption capacity at the APSIC[4]P for

F
a

Fig. 5. Plot of t vs. ln [(C0/Ce) − 1].

u(II). The theoretical predictions based on the model parame-
ers are compared in Fig. 6 with the observed data.

.4.2. Application of the Yoon and Nelson model
This model is based on the assumption that the rate of

ecrease in the probability of sorption for each sorbate molecule
s proportional to the probability of sorbate sorption and the
robability of sorbate breakthrough on the sorbent. The Yoon
nd Nelson model not only is less complicated than other
odels, but also requires no detailed data concerning the charac-

eristics of sorbate, the type of sorbent and the physical properties
f sorption bed. The Yoon and Nelson equation regarding to a
ingle component system is expressed as [32]:

Ce 1
ig. 6. Comparison of the experimental and predicted breakthrough curves
ccording to Thomas model (at 25 ◦C, pH 6 and C0 = 6.35 mg/L).
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ime (min). The linearized form of the Yoon and Nelson model
s as follows:

= τ + 1

k
ln

Ce

C0 − Ce
(9)

he calculation of theoretical breakthrough curves for a single-
omponent system requires the determination of the parameters
and τ for the sorbate of interest. These values may be deter-
ined from available experimental data.
The approach involves a plot of sampling time (t) ver-

us ln [Ce/(C0 − Ce)] according to Eq. (9) (Fig. 7). The
odel parameters for Cu(II) sorption by APSIC[4]P were
= 0.048 L/min and τ = 22.377 min. Alternatively, τ can also
e obtained at the sorption time when ln [Ce/(C0 − Ce)] is zero
ecause of the fact that by definition τ is the sorption time when
e is one-half of C0. These values were used to calculate the

reakthrough curve. The theoretical curves were compared with
he corresponding experimental data in Fig. 8.

The derivation for Eq. (8) was based on the definition that
0% breakthrough of the sorption process occurs at τ. Accord-

ig. 8. Comparison of the experimental and predicted breakthrough curves
ccording to Yoon–Nelson model (at 25 ◦C, pH 6 and C0 = 6.35 mg/L).

r
C
a
a
b

ous Materials 151 (2008) 331–338

ngly the bed should be completely saturated at 2τ. Due to the
ymmetrical nature of breakthrough curve, the amount of Cu(II)
orbed by the APSIC[4]P is one half of the total Cu(II) entering
he sorption column within the 2τ period. Hence, the following
quation can be written [33]:

0 = 1

2
C0θ(2τ) = C0θτ (10)

he above equation establishes the relation among the sorp-
ion capacity of the column (q0), inlet concentration (C0), liquid
ow rate (θ) and the 50% breakthrough time (τ). The sorption
apacity, q0, was calculated as 1.14 mg/g using Yoon and Nelson
odel.

.5. Desorption studies

The column with a bed depth of 4.5 cm was selected for
his study, for which the sorption breakthrough curves. It was
bserved that at about 2 h, the column was exhausted. The extra
u(II) solution inside the column was pumped out leaving only
PSIC[4]P loaded with Cu(II). Desorption was carried out by
M HNO3 solution through the bed in the downward direc-

ion at a flow rate of 0.2 mL/min, slightly less that the sorption
ow rate 0.2 mL/min so that volume of regenerant is less which
elps in easy handling and high in concentration so that econom-
cal metal recovery is possible. The regenerations were carried
n the counter-current mode, that is, in the down flow mode.
ounter-current operation generally reduces regeneration costs
nd regenerant volume and increases effluent quality [34]. The
oncentration of Cu(II) was monitored after different time inter-
al as shown in Fig. 9. It was observed that desorption cycle
ook 1 h, after which further desorption was negligible. The total
olume of this eluent at 1 h was 12 mL. The maximum concen-
ration of Cu(II) was obtained at a contact time of 10 min and
ecorded as 7.63 mg/L, which is 1.2 times higher than influent

u(II) concentration. The eluting solution was low in volume
nd high in concentration, which could help in easy handling
nd recovery and reuse of Cu(II). Furthermore, the reuse of sor-
ent was carried out three times and the results showed that the

Fig. 9. Desorption profile of Cu(II).
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orption efficiency of sorbent was decreased about 2% at per
euse. This can be attributed to decomposition effect of HNO3
sed as stripping agent on sorbent.

. Conclusions

APSIC[4]P containing amide, nitrile and amine functionali-
ties is an effective sorbent for the removal of Cu(II).
Maximum Cu(II) removal was obtained at 25 ◦C and pH 6 for
APSIC[4]P.
The sorption yield was decreased by increasing of initial
Cu(II) concentration.
Equilibrium sorption data followed Langmuir isotherm for
APSIC[4]P.
The batch sorption capacity was found as 5.08 mg/g.
The column capacity value was obtained by graphical inte-
gration as 1.14 mg/g, which indicates that practically sorption
capacity of APSIC[4]P is far less than batch mode results.
This may be due to the potential irreversibility of the sorption
process and the different approaches to sorption equilibrium
in different systems, i.e. the solution phase concentration is
continuously decreasing in the sorption.
The Thomas and the Yoon–Nelson models were applied
to data obtained from experimental studies performed
on fixed column to predict the breakthrough curves and
to determine the column kinetic parameters. The capac-
ity values were obtained as 1.13 and 1.14 mg/g using
Thomas and Yoon–Nelson models, respectively, for APSIC
[4]P.
The column studies data has shown good agreement with the
predicted results obtained by application of these models.
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[5] A. Özcan, A.S. Özcan, S. Tunali, T. Akar, I. Kiran, Determination of the
equilibrium, kinetic and thermodynamic parameters of adsorption of cop-

per(II) ions onto seeds of Capsicum annuum, J. Hazard. Mater. B 124 (2005)
200–208.

[6] A.K. Meena, G.K. Mishra, P.K. Rai, C. Rajagopal, P.N. Nagar, Removal
of heavy metal ions from aqueous solutions using carbon aerogel as an
adsorbent, J. Hazard. Mater. B 122 (2005) 161–170.

[

ous Materials 151 (2008) 331–338 337

[7] A. Mellah, S. Chegrouche, M. Barkat, The removal of uranium(VI) from
aqueous solutions onto activated carbon: kinetic and thermodynamic inves-
tigations, J. Colloid Interface Sci. 296 (2006) 434–441.

[8] M. Kobya, Adsorption, kinetic and equilibrium studies of Cr(VI) by
hazelnut shell activated carbon, Adsorpt. Sci. Technol. 22 (2004) 51–
64.
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