Available online at www.sciencedirect.com
ScienceDirect

Journal of Hazardous Materials 151 (2008) 331-338

Journal of
Hazardous

Materials

www.elsevier.com/locate/jhazmat

Sorption characteristics of Cu(II) ions onto silica gel-immobilized
calix[4]arene polymer in aqueous solutions: Batch and column studies

Mustafa Tabakci®*, Mustafa Yilmaz?

& Selcuk University, Department of Chemical Engineering, 42075 Konya, Turkey
b Selcuk University, Department of Chemistry, 42031 Konya, Turkey

Received 18 October 2006; received in revised form 25 May 2007; accepted 29 May 2007
Available online 2 June 2007

Abstract

In the present study, Cu(I) removal from aqueous solutions by sorption was investigated. Aminopropyl silica gel-immobilized calix[4]arene
polymer (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)
concentration, temperature on Cu(Il) removal was observed. In addition, sorption isotherm studies and column studies were made. Maximum Cu(II)
removal was obtained at pH 6 and 25 °C. In the isotherm studies, Langmuir and Freundlich isotherm models were applied and it was determined
that the experimental data confirmed to Langmuir isotherm model. Batch sorption capacity (qo) was calculated as 5.08 mg/g. The capacity value
for column study was obtained by graphical integration as 1.14 mg/g. The Thomas and the Yoon—-Nelson models were applied to experimental data
to predict the breakthrough curves and to determine the characteristics parameters of the column useful for process design.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Heavy metal contamination to various surface waters or
groundwater is great a concern because of the toxic effect of
heavy metal ions to plants, animals and human beings [1-6].
Therefore, effective removal of heavy metal ions from water or
various industrial effluents is very important and has attracted
considerable research and practical interest. Many methods,
such as chemical precipitation, ion exchange, reverse 0osmosis
and sorption, etc., have been used to remove heavy metal ions
from various aqueous solutions [3-5,7,8]. Among these meth-
ods, sorption has increasingly received more attention in recent
years because the method is simple, relatively low-cost and
effective in removing heavy metal ions, especially at medium to
low metal ion concentrations and from wastewaters [3-6,8,9].

Macromolecules are widely used in host—-guest chemistry
for the construction of various receptors for charged or neutral
molecules. Calixarenes are such cyclic oligomers composed of
phenol units and are very well known as attractive and excellent
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ionophores because they provide a unique three-dimensional
structure with almost unlimited derivatization possibilities
[10,11]. Generally two strategies have been adopted by the dif-
ferent groups in order to enhance the affinity of calixarenes
toward metal ions; either there have been incorporated differ-
ent ionophoric groups including carbonyl, amide, nitrile and
other suitable functionalities onto the calix-platform, or the cal-
ixarene units were fixed in a polymeric matrix. Various studies
have been carried out in this regard, for instance, calix[4]arene
tetraethyl ester and calix[6]arene hexaethyl ester were incorpo-
rated onto the surface of silica particles after hydrosilylation of
the p-allyl calixarenes and were used as selective adsorbents for
Na*t ions [12,13]. Chelating calix[4]arene hydroxamates sup-
ported onto silica particles have been studied for their uptake of
different transition metal ions [14]. A chelating resin has been
synthesized by linking calix[4]arene-semicarbazone derivatives
on chloromethylated polystyrene divinyl benzene copolymer for
the separation of La**, Ce3*, Th*" and U®* [15]. In our previous
work, we have also synthesized several polymeric calixarenes
and it has been investigated their cation extraction properties
[16].

The importance of favorable amide (O=C—NH), nitrile
(C=N) and amine (NH,) functionalities for cation binding
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has recently been explored by various groups in the design
of calix[4]arene cation sorbents, which are still relatively
rare [16]. In this study to contribute to this area we used
an aminopropyl silica gel-immobilized calix[4]arene polymer
(APSIC[4]P) bearing amide, nitrile and amine functionalities
and previously prepared [17] in Cu(II) sorption as a sorbent.

2. Experimental

An aminopropyl silica gel-immobilized calix[4]arene poly-
mer (APSIC[4]P) used in this study was previously [17]
obtained according to synthetic method given in Scheme 1. The
APSIC[4]P samples were dried at 105 °C for 2 h before each
set of experiments. The aqueous solution of Cu(NO3),-3H,0
was prepared by using the analytical grade Merck product. The
solution was prepared in such a manner that the initial Cu(I)

concentration in sorption experiments was generally held at
6.35 mg/L. The pH values were measured with pH meter (Orion,
420A+). In batch sorption experiments, known weights of sor-
bents (0.025 g) were added to capped volumetric flasks each
of which containing 10 mL solution (6.35 mg/L. Cu(Il)) and
shaken at 175 rpm in a temperature-controlled shaker (BINDER)
for 1h. After sorption, samples were centrifuged and Cu(Il) in
supernatants was analyzed by using Atomic Absorption Spec-
trophotometer (AAS, Unicam 929) at 324.8 nm of wavelength.
All of the tests were duplicated. The effect of pH was studied
by adjusting the pH of Cu(Il) solutions using diluted HCI and
NaOH solutions at 25 °C. The effect of temperature was carried
out by APSIC[4]P at 25 °C at pH 6. Effect of initial Cu(I) con-
centration was investigated at pH 6. Langmuir, and Freundlich
isotherms were employed to study the sorption properties of the
sorbent.
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Scheme 1. The synthetic route of 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 cmi.d. and 7.5 cm
length) was filled with 0.025 g of APSIC[4]P on glass wool sup-
port was treated with 25 mL of 1.0 M HCl and repeatedly washed
with water until free from acid. Cu(II) solution (6.35 mg/L
Cu(ID)) at 25 °C and pH 6 was delivered down flow to the column
using a peristaltic pump (Heidolph) at 0.2 mL/min flow rate as
shown in Fig. 1. To obtain breakthrough curve, the effluent was
collected as 2mL fractions and analyzed with AAS. Column
studies were terminated when the column reached exhaustion.
The desorption studies carried out after the column sorption
studies were conducted at 25 °C and 0.2 mL/min flow rate. The
sorbed Cu(Il) was desorbed from ASPIC[4]P by using 1M
HNO3 solution.

3. Results and discussion
3.1. Effect of pH

The pH is one of the most important factors affecting the
sorption process. The effect of pH on the sorption of Cu(Il) was
studied as follows: 100 mL of Cu(II) solution was taken in a
flask. The pH of solution was adjusted by adding dilute solution
of hydrochloric acid or sodium hydroxide. The concentration of
Cu(Il) in this solution was then determined (initial concentra-
tion). Ten milliliters of Cu(II) solution was taken in a conical
flask and treated with 0.025 g of sorbent and after equilibrium,
the final concentration of Cu(Il) was determined by AAS. The
sorption of Cu(Il) was studied over the pH range 2-7 (Fig. 1).
The maximum uptake of Cu(II) takes place at pH 6. The decreas-
ing of sorption at about pH 6.5 may be due to hydrolysis of Cu(II)
after this pH.

3.2. Effect of initial Cu(Il) concentration
Solutions of different initial Cu(II) concentrations (6.35,

12.7, 25.4, 50.8 mg/L) were used to investigate the effect of
concentration on the removal of Cu(II) by 0.025 g sorbent at
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Fig. 2. Effect of initial Cu(II) concentration on the removal of Cu(Il) (at pH 6,
25°Q).

pH 6. Sorption yield values were calculated from following
equation:

Co—C
Sorption Yield(%) = [Oce} x 100 (1)
0

where Cy is the initial Cu(Il) concentration (mg/L). As it can
be seen from Fig. 2, the sorption yields (%) were decreased
by increasing of initial Cu(II) concentration. Although percent
of sorption (%) decreased, equilibrium sorption capacity of
APSIC[4]P increased with increasing initial Cu(I) ion concen-
tration. The initial concentration provides an important driving
force to overcome all mass transfer resistance of Cu(Il) ions
between the aqueous and solid phases, hence a higher initial
concentration of Cu(Il) ions may increase the sorption capac-
ity. Ozer et al. [18] indicated that at lower concentrations, all
Cu(I) ions present in solution could interact with the binding
sites and thus the percentage sorption were higher than those
at higher initial Cu(Il) ion concentrations. At higher concentra-
tions, lower sorption yield is due to the saturation of sorption
sites.

3.3. Sorption isotherms

Several models have been published in the literature to
describe experimental data of sorption isotherms. The Lang-
muir and Freundlich models are the most frequently employed
models. In this work, both models were used to describe the rela-
tionship between the sorbed amount of Cu(II) and its equilibrium
concentration in solution.

Langmuir isotherm is represented by the following equation
[19]:

C_1 €

=— (2)
ge  qob  qo

where the constant g signifies the sorption capacity (mg/g) and
b is related to the energy of sorption (L/mg).

The linear plot of C¢/g. versus C, shows that sorption follows
a Langmuir isotherm (Fig. 3). Values of ¢ and b were calculated
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Fig. 3. Langmuir plot for the removal of Cu(II) (at pH 6).

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

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

1
1+ bCy

Ry (3)
where Ry is a dimensionless separation factor and b is Lang-
muir constant (L/mg). The parameter Ry, indicates the shape
of the isotherm accordingly: Ry, > 1, unfavorable; R, =1, linear;
0<Ry <1, favorable; Ry, =0, irreversible.

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

The Freundlich isotherm was also applied for the Cu(Il)
removal by sorption. Freundlich isotherm model is given by the
following equation [20]:

1
log ge = log K¢ + (n> log Ce 4
where Kr and n are Freundlich sorption isotherm constants, being
indicative of the sorption capacity and intensity of sorption. Val-
ues of Kr and n were calculated from the intercept and slope of
the plots of log g. versus log C. (Fig. 4).

Table 1
Langmuir and Freundlich isotherm parameters

-1

1.1 4 *
y =0.2182x - 0.4393
R? =0.9252

-1.2
S -1.3 4
s
=

1.4

-1.5 4

-1.6 T T T

-5 4.5 -4 -3.5 -3

log C.

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

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

Although direct comparison of APSIC[4]P with other sorbent
materials is difficult, owing to the different applied experimen-
tal conditions, it was found, in general, the adsorption capacity
of APSIC[4]P for Cu(Il), using equilibrium experiments, deter-
mined to be around 5.08 mg Cu(II)/g APSIC[4]P, is higher than
fly ash + wollastonite [22], fly ash, dead fungal biomass (Schizo-
phyllum communie) [23], sawdust [24], baggase fly ash [25],
peanut hulls [26], cork bark [27], natural zeolite [28], olive
pomace [29] and powder activated carbon [30]. The values of
sorption properties of Cu(Il) in different sorbents used in the
literature with the sorbent of the present study are summarized
in Table 2. It may be observed that the uptake of Cu(Il) on
APSIC[4]P is greater than some other sorbents.

3.4. Column studies

The performance of packed beds is described through the con-
cept of the breakthrough curve. The breakthrough curve shows
the loading behavior of Cu(Il) to be removed from solution in a
fixed bed and is usually expressed in terms of sorbed Cu(II) con-
centration (Cs=inlet Cu(Il) concentration (Cq) — outlet Cu(II)
concentration (Ce)) or normalized concentration defined as the

Langmuir isotherm parameters

Freundlich isotherm parameters

qo (mg/g) b (L/mmol) R? RL

K; (mmol/g) n R?

5.08 115 0.9622

0.08

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 Gmax (Mg g_l) Reference
Fly ash + wollastonite 1.18 [22]
Fly ash 1.39 [22]
Dead fungal biomass 1.52 [23]
(Schizophyllum
communie)
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 445 [30]
carbon
APSIC[4]P 5.08 [Current work]

ratio of effluent Cu(Il) concentration to inlet Cu(II) concentra-
tion (C./Cp) as a function of time or volume of effluent for a
given bed height [31]. The area under the breakthrough curve
obtained by integrating the sorbed concentration (Cs (mg/L))
versus the throughput volume (V (L)) plot can be used to find
the total sorbed Cu(Il) quantity (maximum column capacity).
Total sorbed Cu(Il) quantity (gp (mg/g)) in the column for a
given feed concentration and flow rate is calculated from Eq.

(5):
/VT (Co — C,)dV
q0 = —_—

m

&)

where m is the mass of the sorbent (g). The capacity value gg was
obtained by graphical integration as 1.14 mg/g. From compar-
ison of sorption capacity from batch and column experiments,
we can see that the less-stirred property in column mode reduced
the Cu(II) sorption capacity on APSIC[4]P.

3.4.1. Application of the Thomas model

Successful design of a column sorption process requires pre-
diction of the concentration—time profile or breakthrough curve
for the effluent. The maximum sorption capacity of a sorbent is
also needed in design. Traditionally, the Thomas model is used
to fulfill the purpose. The model has the following form [32]:
Ce 1

_ 6
Co 1+exp[Kr(gom — CoV)/6] ©

where Kt is the Thomas rate constant (L/(min mg)) and 6 is the
volumetric flow rate (L/min). The linearized form of the Thomas
model is as follows:

Co Krgom  K1Cy
In|—-1)]= —
Ce 0 6

14 (N

The kinetic coefficient KT and the sorption capacity of the bed
qo can be determined from a plot of In[(Cy/C,) — 1] against ¢ at
a given flow rate (Fig. 5).

The Thomas equation coefficients for Cu(Il) sorption were
Kt=17.57 x 1073 L/(min mg) and ¢ = 1.13 mg/g. The value of
qo is a measure of the sorption capacity at the APSIC[4]P for

*
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Fig. 5. Plot of t vs. In [(Co/Ce) — 1].

Cu(ID). The theoretical predictions based on the model parame-
ters are compared in Fig. 6 with the observed data.

3.4.2. Application of the Yoon and Nelson model

This model is based on the assumption that the rate of
decrease in the probability of sorption for each sorbate molecule
is proportional to the probability of sorbate sorption and the
probability of sorbate breakthrough on the sorbent. The Yoon
and Nelson model not only is less complicated than other
models, but also requires no detailed data concerning the charac-
teristics of sorbate, the type of sorbent and the physical properties
of sorption bed. The Yoon and Nelson equation regarding to a
single component system is expressed as [32]:
L ®)
Co 1+ exp [k(T — 1)]
where k is the rate constant (min~1), t the time required for 50%
sorbate breakthrough (min) and # is the breakthrough (sampling)
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Fig. 6. Comparison of the experimental and predicted breakthrough curves
according to Thomas model (at 25 °C, pH 6 and Cp = 6.35 mg/L).
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time (min). The linearized form of the Yoon and Nelson model
is as follows:

1 C
t=14+ —1In ¢

—_— 9
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The calculation of theoretical breakthrough curves for a single-
component system requires the determination of the parameters
k and t for the sorbate of interest. These values may be deter-
mined from available experimental data.

The approach involves a plot of sampling time (f) ver-
sus In[Ce/(Cop — C¢)] according to Eq. (9) (Fig. 7). The
model parameters for Cu(Il) sorption by APSIC[4]P were
k=0.048 L/min and t=22.377 min. Alternatively, t can also
be obtained at the sorption time when In [Ce/(Cy — Ce)] is zero
because of the fact that by definition 7 is the sorption time when
Ce is one-half of Cy. These values were used to calculate the
breakthrough curve. The theoretical curves were compared with
the corresponding experimental data in Fig. 8.

The derivation for Eq. (8) was based on the definition that
50% breakthrough of the sorption process occurs at t. Accord-

Experimental

A Model

V (ml)

Fig. 8. Comparison of the experimental and predicted breakthrough curves
according to Yoon—Nelson model (at 25 °C, pH 6 and Cp = 6.35 mg/L).

ingly the bed should be completely saturated at 27. Due to the
symmetrical nature of breakthrough curve, the amount of Cu(II)
sorbed by the APSIC[4]P is one half of the total Cu(Il) entering
the sorption column within the 2t period. Hence, the following
equation can be written [33]:

1
qo = ECQ@(Z‘L’) = CoOt (10)

The above equation establishes the relation among the sorp-
tion capacity of the column (gg), inlet concentration (Cyp), liquid
flow rate (0) and the 50% breakthrough time (7). The sorption
capacity, qo, was calculated as 1.14 mg/g using Yoon and Nelson
model.

3.5. Desorption studies

The column with a bed depth of 4.5cm was selected for
this study, for which the sorption breakthrough curves. It was
observed that at about 2 h, the column was exhausted. The extra
Cu(II) solution inside the column was pumped out leaving only
APSIC[4]P loaded with Cu(Il). Desorption was carried out by
1M HNOs3 solution through the bed in the downward direc-
tion at a flow rate of 0.2 mL/min, slightly less that the sorption
flow rate 0.2 mL/min so that volume of regenerant is less which
helps in easy handling and high in concentration so that econom-
ical metal recovery is possible. The regenerations were carried
in the counter-current mode, that is, in the down flow mode.
Counter-current operation generally reduces regeneration costs
and regenerant volume and increases effluent quality [34]. The
concentration of Cu(II) was monitored after different time inter-
val as shown in Fig. 9. It was observed that desorption cycle
took 1 h, after which further desorption was negligible. The total
volume of this eluent at 1 h was 12 mL. The maximum concen-
tration of Cu(II) was obtained at a contact time of 10 min and
recorded as 7.63 mg/L, which is 1.2 times higher than influent
Cu(Il) concentration. The eluting solution was low in volume
and high in concentration, which could help in easy handling
and recovery and reuse of Cu(Il). Furthermore, the reuse of sor-
bent was carried out three times and the results showed that the

0 T T T T T T
0 2 4 6 8 10 12 14

V (mlL)

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

4. Conclusions

e APSIC[4]P containing amide, nitrile and amine functionali-
ties is an effective sorbent for the removal of Cu(II).

e Maximum Cu(Il) removal was obtained at 25 °C and pH 6 for
APSIC[4]P.

e The sorption yield was decreased by increasing of initial
Cu(II) concentration.

e Equilibrium sorption data followed Langmuir isotherm for
APSIC[4]P.

e The batch sorption capacity was found as 5.08 mg/g.

e 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.

e 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 1.14mg/g using
Thomas and Yoon—Nelson models, respectively, for APSIC
[4]P.

e The column studies data has shown good agreement with the
predicted results obtained by application of these models.
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