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The hybrid ion exchanger consisted of PONF-g-GMA anion fibrous exchanger and IRA-96 bead-type anion
exchanger was developed by combining different types of layers with hot-melt adhesive. Its ion exchange
capacity and the pressure drop with flow rate of water were measured and the adsorption of vanadium
(V) ions on the hybrid ion exchanger was evaluated with various process parameters such as pH, initial
concentration, and temperature. It was observed that the adsorption kinetics of vanadium (V) ions on the
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hybrid ion exchanger could be analyzed with pseudo-second-order model.
© 2008 Elsevier B.V. All rights reserved.
anadium

. Introduction

Many researchers have studied the treatment of heavy metals
uch as copper, lead, and cadmium in wastewater due to the regu-
ation of effluent water in industry. Especially, vanadium (V) having
trong toxicity is widely used in various industries such as ceramic,
lass, and textile. Thus, its recovery in wastewater has lately become
subject of special interest among heavy metals.

The adsorption of vanadium (V) on various adsorbents is consid-
red to be an important issue. The adsorbent materials with bead
nd flake-type such as chitosan [1–5], chemically modified silica
6–10], and aluminum-pillared bentonite [11] have been widely
sed for the removal of vanadium ions from aqueous solution.

Removal of metal ions using ion exchange fiber has recently
een investigated to overcome the disadvantages of ion exchange
ead, which has a good selectivity on metal ions, but also have
rocessing limitations such as high bed pressure drop and long
reatment time [12–18]. However, ion exchange fibers with high
dsorption rate of metal ions have low packing density, which leads

n a decrease in the ion exchange capacity. The binding method
sing solution-type adhesives has good bonding strength. How-
ver, the active functional groups on ion exchanger are covered
y the adhesive to be finally inactivated. In the present work,

∗ Corresponding author. Tel.: +82 42 821 5687; fax: +82 42 821 5681.
E-mail address: tshwang@cnu.ac.kr (T.-S. Hwang).

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.11.032
the hot-melt spraying method was applied for binding with ion
exchange fiber and ion exchanger resin. Therefore, we present
herein new type of ion exchanger, which was formed to be com-
bined commercial ion exchange bead with ion exchange fiber by
hot-melt bonding method. The ion exchange fiber to be used in
this study was synthesized by radiation-induced polymerization
method [14].

The sorption process of the vanadium (V) can be considered to
be controlled by three steps: (1) transfer of the vanadium (V) from
the bulk solution to adsorbent surface, (2) intraparticle diffusion
from the surface to the pores of the adsorbent, and (3) adsorp-
tion of the vanadium (V) on the active sites. Many researchers have
considered that the rate controlling step is the mass transfer resis-
tances in steps (1) and (2) because step (3) is generally assumed
to be rapid with respect to steps (1) and (2) and is neglected in
any kinetic analysis [3,19]. However, the recent work has demon-
strated that the adsorption process is transport-limited in initial
process, but become dominant chemical adsorption in the process
[20].

The present paper has addressed the use of a hybrid ion
exchanger (HIE) which consists of ion exchange fiber and resin
combined with hot-melting adhesive for the effective adsorption of

vanadium (V). In view of the above, the present work investigated
the pressure drop with various flow rates, ion exchange capacity
with bead layers, and the kinetics of vanadium (V) ions onto HIE in
a batch experiments. The influence of initial solution concentration,
pH, and solution temperature is also observed.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:tshwang@cnu.ac.kr
dx.doi.org/10.1016/j.jhazmat.2008.11.032
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centration (0.25, 0.50 and 1.00 mM) and temperature (283, 293 and
313 K). The pH was controlled and maintained at the reference value
by adding 0.1 M nitric acid. The solution was agitated by a mixer.
The concentration of vanadium in the solution was obtained by
2 mL in each solution and analyzed by Inductively Coupled Plasma

Table 1
Basic properties of PE/PP bicomponent fiber.
16 B.-Y. Yeom et al. / Journal of Haz

. Adsorption kinetics of vanadium (V) on hybrid ion
xchange

.1. Elovich model

Elovich model describe the adsorptive capacity with time as
ollowing equation [21]:

dqt

dt
= ra exp(−rdqt) (1)

here qt (mg/g) is the sorption capacity of the hybrid ion exchanger
t time t and ra (mg/g min) is the initial sorption rate and rd (g/mg)
s the desorption rate during any one experiment. Eq. (5) is obtained

ith Eq. (2) and boundary conditions [22].

ardt〉〉1 (2)

oundary conditions : t = 0, qt = 0 (3)

= t, qt = qt (4)

t = 1
rd

ln(rard) + 1
rd

ln(t) (5)

.2. Pseudo-second-order model

Pseudo-second-order model has been widely used to analyze
he adsorption of heavy metal ions on different ion exchangers
23,24]. The adsorption of metal ions on any adsorbent is repre-
ented as following equation:

dqt

dt
= k(qe − qt)

2 (6)

here qt (mg/g) is the adsorption of vanadium (V) on the ion
xchanger at time t and qe (mg/g) is the equilibrium adsorption of
anadium (V) on the ion exchanger at infinite time and k (g/mg min)
s the reaction rate constant. Integrating Eq. (6) using boundary
onditions (3) and (4), Eq. (7) can be obtained as an arranged form:

t

qt
= 1

h
+ 1

qe
t (7)

t t approaches 0, the initial sorption rate, h (mg/g min), is defined
s following:

= kq2
e (8)

or minimizing the error during the linear least-square method, a
rial-and-error method was used to calculate ra and rd in Eq. (5), qe

nd k in Eq. (7) using Excel solver add-in function [23].

. Flow resistance through hybrid ion exchange

The flow resistance through any fibrous filter is mainly affected
y fiber diameter (df), flow stream viscosity (�), face velocity (U0),
lter thickness (Lf), and dimensionless fiber drag, f(˛) which is a

unction of the packing density of filter media [26]:

Pf = �U0Lf

d2
f

f (˛) (9)

here c is the solid volume fraction which has been published with
arious equations by many researchers [27–29]. Meanwhile, the
ressure drop of the resin packed bed is determined by resin diame-
er (dp), fluid stream density (�), face velocity, bed length (Lb), void

raction of the bed (ε), dynamic viscosity (�), and friction factor
f(r)) [30]:

Pr = �U2
0 Lb

dp

(
1 − ε

ε3

)
f (r) (10)
Materials 166 (2009) 415–420

where f(r) is the friction factor for the packed bed and is related
with Re as following equation:

f (r) = 150
Re

+ 1.75 (11)

Re = dpU0�

(1 − ε)�
(12)

As can be shown in Eqs. (9) and (10), the factors to affect on the
pressure drop of the fiber and the resin are its packing density and
diameter.

4. Experimental

4.1. Preparation of hybrid ion exchanger

The substrate of ion exchange fiber was used a bicomponent
polyolefin fiber (PONF) having polyethylene sheath and polypropy-
lene core provided by Namyang Nonwoven Co. and its basic
properties were shown in Table 1. The PONF-g-GMA copolymer was
synthesized by irradiation method and was functionalized by the
amination reaction which makes it an anionic ion exchanger. And,
Amberlite IRA-96 (Fluka Co.) was used as ion exchange resin. These
two different types of ion exchangers were bound with each other
using hot-melt adhesive and their configurations were shown in
Fig. 1. The detail procedure was reported in the previous report
[25].

4.2. Ion exchange capacity and flow resistance

The HIE was immersed and stirred in 0.1 M NaOH solution for
24 h. The replaced HCl was titrated with 0.1 M NaOH solution. Ion
exchange capacity (IEC) was determined as following:

IEC (meg/g)

=
NNaOH

(
VNaOH/1000

)
NHCl

(
VNaOH/Vion exchanger

)(
VNaOH/1000

)
mass of dry ion exchanger

×100 (13)

where NNaOH and NHCl are the normality and VNaOH and VHCl are
total volume of used NaOH and HCl for the titration, respectively.

For measuring the flow resistance of HIE, the sample was put
into the column with 50 mm inner diameter and pure water was
fed into the column with constant flow rate by centrifugal pump,
and then the pressure drop was recorded. The flow rate to be used
was in range of 0.58–1.91 m/s.

4.3. Adsorption of vanadium

The adsorption kinetic study was carried out by mixing 0.15 g
of HIE with 50 mL of vanadium oxide (V2O5) solution, which was
placed in conical flask with 100 mL volume. The effects of the
process parameters were observed with pH (3, 5 and 7), initial con-
Composition PE/PP

Ratio 50:50
Fiber diameter (�m) 20
Elongation (%) 30
Specific tension (g/d) 5.5
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lower slope with the flow rate than that of more layer-bead HIE.
Therefore, hybrid ion exchanger can be designed with the stack of
1 layer-bead HIE in consideration of the ion exchange capacity and
the flow rate to be used in the process.

Table 2
Ion exchange capacity of hybrid ion exchanger.

Ion exchanger Weight of
fiber (g)

Weight of
bead (g)

Ion exchange capacity
(meq/g)

Fiber 5 – 2.40
ig. 1. Configurations of the hybrid ion exchanger with ion exchange fibers and
esins: (a) fiber:resin = 2:1, (b) fiber:resin = 1:1, and (c) fiber:resin = 1:2.

ICP, Thermo Jarrel Ahs Co., Atomscom 25 model). The adsorbed
oncentration of vanadium on the ion exchanger was calculated at
ny time t by a following mass balance equation:

t = (C0 − Ct)V
m

(14)

here C0 and Ct (mM) are the initial concentration of vanadium
V) ion and the vanadium (V) ion concentration at any time t (min)
n the solution, and V (mL) is the solution volume and m (g) is the

eight of ion exchanger to be used.

. Results and discussion

.1. Ion exchange capacity

Fig. 2 shows the cross-sectional structures of the HIE with two
inds of the ratio of fiber and resin ion exchangers obtained from
EM analysis. As shown in Fig. 2, the HIE had a hot-melt layer to
e formed on the interface between fibers and beads, which pro-
ided a good linkage with different-type ion exchangers. The range
f bead size is 510–1580 �m and the average fiber diameter is about
0 �m. Moreover, the small gaps between fibers and the additional
ot-melt spraying layer prevented the beads from invading among
he fibers. Using these properties, it can be minimized to be loss of
he adsorption capability of the hybrid ion exchanger by bonding
rocess. In addition, the combination of the fiber layer and bead

ayer can be choose freely, and then the ion exchange capacity and
he pressure drop of the HIE can be designed on the purpose of the
argeted performance. Table 2 shows the ion exchange capacity of
IE with various ratios of bead and fiber. The ion exchange capaci-

ies of the fiber and the bead are 2.4 and 2.2, respectively and that
f the HIE is in the range between two types of the ion exchangers.
nd, the ion exchange capacity of the HIE decreased with increas-

ng the ratio of the bead layer, and eventually approached to the ion
xchange capacity of the bead. There is no stiff change with hot-melt

praying and stacked bead layers. The ion exchange capacity of HIE
ith various bead layers illustrates the effectiveness of hot-melt

inding in the combination of the ion exchangers with bead and
ber.
Fig. 2. Scanning electron microscopy images of hybrid ion exchanger: (a)
fiber:resin = 1:1 and (b) fiber:resin = 1:2.

5.2. Flow resistance of ion exchanger

Fig. 3 shows the effect the flow rates on the flow resistance
of the HIE with various its layers. As previously mentioned, the
most advantage of the ion exchange fiber is very low-pressure drop
compared to the ion exchange resin. The pressure drop of the ion
exchange fiber is 1.7–7.7 mmH2O with flow rate in the range of
0.58–1.91 m/s, which has 4.53 of the slope. Meanwhile, the slope
of the pressure drop of HIE was steeply increased to 11.53, 28.71,
33.04, and 32.69 from 1 layer to 4 layer of the resin, respectively.
And the pressure drop of HIE was mainly affected by the resin above
2 layer. The fiber itself and 1 layer-bead hybrid ion exchanger have
Fiber + 1 layer resin 5 10 2.31
Fiber + 2 layer resin 5 20 2.27
Fiber + 3 layer resin 5 30 2.25
Fiber + 4 layer resin 5 40 2.23
Resin – 10 2.20
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and modified chitosan are positive and the hydrolyzed species of
vanadium (V) were dominantly formed in low pH and eventually,
the adsorption of vanadium (V) ions on those ion exchangers was
enhanced [3,11]. Increasing pH results in decreasing the adsorption

Table 3
Parameters for pseudo-second-order model.

Fiber:resin Parameter

q (mg/g) k (g/mg min) h (mg/g min) r2
Fig. 3. Flow resistance through the hybrid ion exchanger with flow rates.

The ion exchange fiber typically has low-pressure drop due to
heir very low packing density (in general, 0.01–0.3) regardless of
ts fine diameter compared to the ion exchange resin [31]. The ion
xchange capacity of the fiber per unit volume, however, is smaller
han that of the resin. Therefore, the HIE to be developed in this
tudy is a good alternative to compensate the disadvantages of two
ifferent types of the ion exchanger: fiber and resin.

.3. Kinetic models for the hybrid ion exchanger

Fig. 4 shows the plot of the adsorption of vanadium (V) ions
n HIE based on Elovich model and pseudo-second-order model.
ased on Eq. (5), Elovich model was shown as the plot between qt

nd t, which is used to calculate two rate constants by nonlinear
rial-and-error method. As shown in Fig. 4(a), however, the experi-

ental data for all kinds of HIE to be plotted based on Elovich model
id not agree well with the correlation coefficient, r2, in range of
.773–0.956.

The equilibrium adsorption capacity and the rate constant based
n pseudo-second-order model were obtained by trial-and-error
ethod in Excel solver add-in function using the nonlinear data of qt

nd t [23]. Fig. 4(b) showed the adsorption of vanadium (V) ions was
greed with the pseudo-second-order model with the correlation
oefficient, r2, in range of 0.908–0.997 and this means this kinetic
odel can be well describes the experimental data. The reaction

ate to be calculated based on this kinetic model is given in Table 3.
ue to its better fitting with all kinds of HIEs, the pseudo-second-
rder model can be considered as more proper kinetic model for
he adsorption of vanadium (V) ions on the HIE than Elovich model.
he amount of vanadium (V) ions adsorbed at the equilibrium time
ncreased from 16.57 to 25.58, and the rate constant of the pseudo-
econd-order model decreased from 36.51 × 10−4 to 1.03 × 10−4

ith increasing the ratio of the resin. While the reaction rate of the
on exchange fiber is 35 times faster than the ion exchange resin,
he equilibrium adsorption capacity of the fiber is 65% of that of
he resin. The reaction rate between the ion exchanger and metal
ons was generally ignored for analyzing the adsorption mechanism
ecause it is very faster than the diffusion rate of metal ions. How-
ver, when the diffusion reaches steady state, total adsorption of
etal ions on the ion exchanger is controlled by the reaction rate
etween the functional group of the ion exchanger and metal ions
20].

In this study, for the HIE to be consisted of resins and fibers,
seudo-second-order model is considered to explain the adsorp-
ion behavior of vanadium (V) very well.
Fig. 4. Adsorption kinetic models for vanadium (V) ions on hybrid ion exchanger
based on (a) Elovich model and (b) pseudo-second-order model at temperature of
40 ◦C, pH 5 and initial concentration of 0.25 mM.

5.4. Effect of process parameters

The effect of pH on the adsorption of vanadium (V) ions onto
HIE was studied in range of pH 3–7. The hydrolysis of vanadium
(V) and the proton exchange property of the HIE are affected by
pH, and therefore, the adsorption rate of vanadium (V) on the HIE
is varied depending on that of the solution. As shown in Fig. 5,
the fitting lines based on pseudo-second-order model showed the
agreement with the experimental data, which has the correlation
coefficient, r2, between 0.727 and 0.951 in pH range of 3–7. The total
charges of ion exchangers such as alluminum-pillared bentonite
e

1:0 16.57 36.51 × 10−4 1.00 0.908
2:1 16.99 19.38 × 10−4 0.56 0.976
1:1 14.60 17.13 × 10−4 0.37 0.915
1:2 20.55 2.33 × 10−4 0.10 0.994
0:1 25.58 1.03 × 10−4 0.07 0.997
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Table 4
Parameters for pseudo-second-order model with various process factors.

Factor Constant

qe (mg/g) k (g/mg min) h (mg/g min) r2

pH
3 13.83 89.66 × 10−4 1.72 0.727
5 15.31 24.76 × 10−4 0.58 0.918
7 15.10 18.02 × 10−4 0.41 0.951

Initial concentration (mM)
0.25 15.49 14.95 × 10−4 0.36 0.939
0.50 33.24 2.76 × 10−4 0.31 0.994
1.00 46.72 4.36 × 10−4 0.95 0.993

Temperature (K)
ig. 5. Effect of solution pH on the adsorption of vanadium (V) ions on hybrid
on exchanger (fiber:bead = 1:1) at temperature of 40 ◦C and initial concentration
f 0.25 mM.

ate of vanadium (V). The ion exchange resin used in this study is
n anionic exchanger with amine functional group and with oper-
ting pH between 0 and 7. And, the ion exchange fiber also has the
ame functional group with the resin. Vanadium (V) forms differ-
nt hydrolyzed species with pH and solution concentration. The
rinciple-hydrolyzed species formed are followed with pH used in
his study [32,33]:

0VO+
2 + 8H2O ↔ V10O26(OH)4−

2 + 14H+ pK1 = 6.74 (15)

10O26(OH)4−
2 ↔ H+ + V10O27(OH)5− pK2 = 3.6 (16)

10O27(OH)5− ↔ H+ + V10O6−
28 pK3 = 5.8 (17)

hen pH is increased 3–7, VO+
2 is diminished and other three forms

uch as V10O26(OH)4−
2 , V10O27(OH)5−, and V10O6−

28 coexists in the
olution. Due to these ions, the adsorption capacity of vanadium
V) on the HIE was increased from 13.83 to 15.10 with increasing
H and the optimum pH value is 5 for the sorption of vanadium
V). This result agrees with previous studies that the optimum pH

ange for sorption of vanadium (V) ions is between 3 and 8 [4,7]. The
eaction rate of vanadium (V) ions with the functional group of HIE,
owever, became slow with increasing solution pH. In the case of a
orbent with low porosity, its sorption kinetics is affected by metal
on concentration in the boundary layer [3]. As shown from reaction

ig. 6. Effect of initial concentration on the adsorption of vanadium (V) ions on
ybrid ion exchanger (fiber:bead = 1:1) at temperature of 40 ◦C and pH 5.
283 15.01 12.94 × 10−4 0.29 0.984
293 15.10 18.02 × 10−4 0.41 0.951
313 15.22 30.09 × 10−4 0.70 0.994

rate and the correlation coefficient, r2, in Fig. 6 and Table 4, the devi-
ation between experimental data and pseudo-second-order model
in low pH exists due to lower concentration of hydrolyzed species
in low pH than that in high pH.

The influence of initial concentration on the adsorption of vana-
dium (V) ions was examined over the initial concentration range
of 0.25–1.00 mM. Based on Eq. (9), the plot of qt versus t with
three different initial concentrations was shown in Fig. 5. The result
demonstrates a highly significant linear relationship between qt

and t within 0.25–1.0 mM initial concentration with the correlation
coefficient, r2, in the range of 0.939–0.993. The values of the rate
constant (K) was varied from 14.95 × 10−4 to 2.76 × 10−4 in keep-
ing with initial concentrations. These high correlation between qt

and t suggests that the chemical interaction between the vanadium
(V) ions to be adsorbed through the solution and the amino groups
on the HIE dominated the adsorption attachment. Increasing the
vanadium (V) concentration in the solution seems to reduce the dif-
fusion of vanadium (V) ions in the boundary layer and to enhance
the diffusion in the ion exchanger [3]. Therefore, the equilibrium
adsorption is increased from 15.49 to 46.72 in range of 0.25–1.0 mM
of the initial concentration of vanadium (V) ions in the solution. And
the ion exchanger with low porosity is affected by the concentration
of the metal ions and the size of the ion exchanger due to low dif-

fusion rate of the metal ion through the film region and neglecting
the intraparticle diffusion [3].

Effect of the solution temperature on vanadium (V) adsorption
onto the HIE was studied under the temperature between 283 and

Fig. 7. Effect of temperature on the adsorption of vanadium (V) ions on hybrid ion
exchanger (fiber:bead = 1:1) at pH 5 and initial concentration of 0.25 mM.
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13 K and was showed in Fig. 7 in which the correlation coefficient
s between 0.951 and 0.994. As shown in Table 4, the equilib-
ium adsorption capacity is slightly increased from 15.01 to 15.22
nd the rate constant is increased above twice from 12.94 × 10−4

o 30.09 × 10−4. Solution temperature affect to electroselectivity
eaction, ion salvation formation of ion pairs, and association and
ormation of complexes between vanadium (V) ions and the ion
xchanger. And, the diffusion rate of the ion through film boundary
egion becomes faster with increasing temperature, and therefore,
eaction rate is also increased [11].

. Conclusion

The sorption of vanadium (V) ions could be analyzed by Elovich
odel and pseudo-second-order model on hybrid ion exchanger
hich was developed by hot-melt spraying between ion exchange

esin and the fibers with amine functional group and the resin.
he bonding method used in this study little affected on the ion
xchange capacity of hybrid ion exchanger. The effects of the system
arameters such as solution pH, initial concentration, and temper-
ture were also discussed. In the case of our hybrid ion exchanger,
seudo-second-order model described the adsorption of vanadium
V) ions better than Elovich model. This research is expected to be
pplicable on the analysis and optimization of the adsorption of
arious heavy metals on the ion exchanger with various combina-
ions.
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