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a b s t r a c t

A new composite adsorbent, iron oxide coated zeolite (IOCZ), was characterized and employed for the
removal of Cu(II) from aqueous solution using fixed bed column. Scanning electron microscope (SEM),
FTIR, X-ray diffraction spectrum (XRD) and BET analyses were used to study the surface properties of the
coated layer. The effects of various experimental conditions, such as the flow rate, initial metal concentra-
eywords:
ron oxide-coated zeolite (IOCZ)
opper ion
olumn adsorption
ynamic model

tion and bed depth, were studied. The dynamics of the adsorption process were fitted by Adams–Bohart
model and Thomas model. The Thomas model was found suitable for the description of breakthrough curve
at all experimental conditions, while Adams–Bohart model was only for an initial part of dynamic behav-
ior of the IOCZ column. The bed depth service time (BDST) model was applied to predict the service times
with other flow rate and initial concentration. The theoretical breakthrough curve was compared with
experimental breakthrough curve profile in the dynamic process. The saturated column was regenerated
by 1 mol l−1 hydrogen chloride solution and IOCZ could be reused in Cu(II) removal.
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. Introduction

It is well known that copper is a very common metal, which
s widely used in electroplate, light industry, mechanical man-
facturing industry and architecture. Additionally, copper is an

ndispensable micronutrient to humans and other life forms. How-
ver, it is one of the toxic metals to human beings as excessive
opper would cause serious lesions in the central nervous system
nd even permanent damage particularly for children [1]. With
he increasing discharge of industrial wastewater, copper has been
isted as one of the most widespread heavy metal contaminants [2].
hus, it is quite necessary to remove heavy metals from wastewa-
er.

Up to now, various traditional treatment technologies including
hemical precipitation, filtration, ion exchange and activated car-

on adsorption on a solid heterogeneous surface are widely applied
nd have been developed [3–7]. These methods, however, display
ne or more limitations, such as ineffective, expensive, generation
f secondary pollution and narrow appliance range. Overcoming
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hese limitations, chemists have been devoted to search for effec-
ive, economic and easily implemented materials [8–12].

Natural zeolite, as aluminosilicate mineral, has characteristics of
arge surface area, strong capability of ions exchange and adsorp-
ion for their particular tetrahedral pore framework. Moreover,
hey are one of low-cost and easily obtaining materials which
ave been used as an adsorption for removal of heavy metals
12–18]. In order to enhance the sorption capacity of natural zeo-
ite for heavy metal ions, some researchers modified their surface
y metal oxide. Because iron, manganese, aluminum oxides have a
arge area and high affinity toward metal ions, these metal oxide-
oated materials have been investigated, and these composites
ave effective absorbability for heavy metal removal from wastew-
ter [19–24].

There are seldom papers about the study of a new composite,
ron oxide-coated zeolite (IOCZ) as adsorbent for removal metals
nd other pollutant from water. This study was designed to test
he fixed bed column performance of IOCZ as an adsorbent for
he removal of copper ion from synthetic solution in a continu-
us flow system. The property of IOCZ surface was first analyzed.

hen the effects of flow rate, influent concentration and bed height
n copper adsorption by IOCZ were investigated, respectively. The
ynamic process of adsorption was modeled by Adams–Bohart
odel, Thomas model, BDST model and mass transfer model.

inally, regeneration of the IOCZ bed saturated with copper ions

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:rphan67@zzu.edu.cn
dx.doi.org/10.1016/j.cej.2008.10.015
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as also conducted using 1 mol l−1 HCl to assess whether IOCZ was
ble to efficiently regenerate and reuse.

. Materials and methods

.1. Preparation of IOCZ

The raw zeolite used in the study was obtained from Xinyang city
n China. The raw zeolite was sieved to get average size particles
bout 20–40 mesh. Before used, they were immersed in distilled
ater for 24 h, and changed the water every 4 h, then roasted them

t 300 ◦C in muffle furnace for 1 h, prepared for surface coating.
Mixed 50 g pretreated zeolite and 50 ml ferric chloride solu-

ion of 1 mol l−1, and stirred to make them contacted sufficiently.
he mixture was kept at 80 ◦C using water bath and 50 ml sodium
ydroxide solution of 3 mol l−1 was slowly poured into the mix-
ure with slight stirring. Then placed mixture in muffle furnace
nd keeping at 500 ◦C for 4 h after reaction. Next, the mixture
as cooled to room temperature and washed to pH 7.0 using dis-

illed water. Finally, the sample was dried at 110 ◦C, and stored in
olypropylene bottle for use.

The removal capacity of IOCZ was compared with that of raw
eolite. In batch experiments (temperature 273 K, adsorbent dose
.04 g, 10 ml 30 mg l−1 Cu2+ solution), the equilibrium adsorption
apacities for zeolite and IOCZ were found to be 3.88 mg g−1 zeolite
nd 5.14 mg g−1 IOCZ for Cu(II), respectively. The results indicated
hat the adsorption capacity of IOCZ is bigger than that of raw zeo-
ite for the removal of Cu(II).

.2. Characterization of IOCZ

Photomicrography of the exterior surface of uncoated zeolite
nd IOCZ was obtained by SEM (JEOL6335F-SEM, Japan). Samples
or an energy dispersive analysis of X-ray (EDAX) were coated with
thin carbon film in order to avoid the influence of any charge effect
uring the SEM operation.

Analyses of the physical characteristics of IOCZ included specific
urface area and pore size distributions. The specific surface area
f IOCZ and pore volumes were tested using the nitrogen adsorp-
ion method with a NOVA 1000 high speed, automated surface area
nd pore size analyzer (Quantachrome Corporation, U.S.), and the
ET adsorption model was used in the calculation. Calculation of
ore size followed the method according to implemented software
outines.

The mineralogy of the sample was characterized by X-ray
iffraction (XRD) (Tokyo Shibaura Model ADG-01E). The FTIR of raw
eolite and IOCZ was also presented using FTIR instrument (PE-1710
TIR).

.3. Metal solution

All chemicals used for the study were analytical grades of
opper chloride (CuCl2) and hydrochloride acid supplied by
uoyang Chemical reagent company (China). The stock solution
1000 mg l−1) of copper was prepared by dissolving the salts in dis-
illed water. The initial pH of the working solution was adjusted
o 4 by addition of HNO3 or NaOH solution. No other solutions to
rovide additional ionic strength.
.4. Methods of adsorption studies

Column experiments were operated with 0.95 cm diameter
lass column at 273 K to evaluate the effects of initial Cu(II) concen-
ration, the flow rate, and the bed depth. The bed depths taken were

w
fl
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cm (3 g), 11 cm (5.5 g) and 15 cm (8 g). For different bed depths,
he initial Cu(II) concentration of the solution was 60 mg l−1. The
olumn performance of Cu adsorption onto IOCZ was also studied
t Cu concentration of 40 mg l−1 and 80 mg l−1, keeping bed depth
1 cm and flow rate 11 ml min−1. In addition, the effect of differ-
nt flow rates, 8 ml min−1 and 14 ml min−1, were investigated at
he same Cu(II) concentration (60 mg l−1) and bed depth (11 cm),
espectively. The metal solution was pumped to the column in a
own-flow direction by a peristaltic pump at a certain rate. Sam-
les were collected at regular intervals and in all the adsorption
nd desorption experiments, the concentration of Cu(II) ions in the
ffluent was analyzed using flam atomic absorption spectrometer
AAS) (AAanalyst300, PerkinElmer). The detection limit of copper
ons was 0.05 mg l−1. The concentration of copper ions desorbed
rom ICOZ column by 1 mol l−1 hydrogen chloride solution was also
nalyzed.

.5. Column model

The loading behavior of Cu(II) to be removed from solution in
fixed bed was usually expressed in term of Ct/C0 (Ct = effluent
etal ions concentration and C0 = influent metal ions concentra-

ion) as a function of time or volume of the effluent for a given bed
eight, thus the breakthrough curves were obtained [24].The max-

mum column capacity, qtotal (mg), for a given feed concentration
nd flow rate is equal to the area under the plot of the adsorbed
u(II) concentration Cad (Cad = C0–C) (mg l−1) versus effluent time
t, min) and is calculated from Eq. (1):

total = QA

1000
= Q

1000

∫ t=ttotal

t=0

Caddt (1)

here ttotal, Q and A are the total flow time (min), volumetric flow
ate (ml min−1) and the area under the breakthrough curve, respec-
ively.

The equilibrium uptake (qeq(exp)), the weight of Cu(II) adsorbed
er unit dry weight of adsorbent (mg g−1) in the column, is calcu-

ated as following:

eq(exp) = qtotal

m
(2)

here m is the total dry weight of IOCZ in column (g).
Total amount of Cu(II) sent to column(Wtotal) is calculated from

q. (3)

total = C0Qttotal

1000
(3)

Total removal percent of Cu(II) is the ratio of the maximum
apacity of the column (qtotal) to the total amount of Cu(II) sent
o column(Wtotal).

=
(

qtotal

Wtotal

)
× 100 (4)

For the successful design of a column adsorption process, it is
mportant to predict the breakthrough curve for the effluent. Var-
ous kinetics models have been developed to predict the dynamic
ehavior of the column.

.5.1. The Adams–Bohart model
The Adams–Bohart model is used for the description of the ini-

ial part of the breakthrough curve. The expression is the following
25]:
Ct

C0
= exp

(
kABC0t − kABN0

Z

F

)
(5)

here kAB is the kinetic constant (l mg−1 min−1), F is the linear
ow rate (cm min−1), Z is the bed depth of column (cm) and N0
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where VB and VE are total volume of water treated till break-
through and up to exhaust point, respectively, and V is the
volume of water treated within VE for effluent concentration
R. Han et al. / Chemical Engin

s the saturation concentration (mg l−1). The value of t is time (min,
= Veff/v), Veff is the volume of effluent solution (ml), v the flow rate
ml min−1).

Values describing the characteristic operational parameters (kAB
nd N0) of the column can be calculated using nonlinear regression
nalysis according to Eq. (5).

.5.2. Thomas model
The expression of Thomas model for an adsorption column is

iven as follows [26]:

Ct

C0
= 1

1 + exp(kThq0m/v − kThC0t)
(6)

here q0 the equilibrium Cu(II) uptake per g of the adsorbent
mg g−1).

The values of kTh and q0 can be determined from a plot of Ct/C0
gainst t using nonlinear regression analysis as the values of Ct/C0
s within 0.05–0.95.

.5.3. The bed-depth/service time analysis (BDST) model
The BDST model describes a relation between the service time

nd the packed-bed depth of the column and is expressed as [27]:

= N0

C0F
Z − 1

KaC0
ln

(
C0

Ct
− 1

)
(7)

here Ka is the rate constant in BDST model (l mg−1 min−1).
A plot of t versus bed depth, Z, should yield a straight line where

0 and K, the adsorption capacity and rate constant, can be evalu-
ted respectively.

A simplified form of the BDST model is:

= aZ − b (8)

here

= N0

C0F
(9)

= 1
KaC0

ln
(

C0

Ct
− 1

)
(10)

The slope constant for a different flow rate can be directly cal-
ulated by Eq. (11):

′ = a
F

F ′ = a
v
v′ (11)

here a and F are the old slope and influent linear velocity, respec-
ively, and a′ and F′ are the new slope and influent linear velocity.
s the column used in experiment has the same diameter, the ratio
f original (F) to the new influent linear velocity (F′) and original
ow rate (v) to the new flow rate (v′) is equal. For other influent
oncentrations, the desired equation is given by a new slope, and a
ew intercept given by:

′ = a
C0

C ′
0

(12)

′ = b
C0

C ′
0

ln(C ′
0 − 1)

ln(C0 − 1)
(13)

here b′, b are the new and old intercept, respectively, C ′
0 and C0

re the new and old influent concentration, respectively.
.5.4. Error analysis
In order to evaluate the fitness of Adams–Bohart model and

homas models to the experimental dynamic data, an error func-
ion is required to enable the optimization procedure, combining

(
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he values of determined coefficient (R2) from regressive analysis.
n this study, the values of SS were examined.

S =
√∑ (ye − yc)2

n
(14)

here n is the number of experimental data points, yc is the pre-
icted (calculated) data and ye is the experimental data [28,29].

.5.5. The mass transfer model
The data obtained from the batch adsorption isotherm can be

sed to predict the theoretical breakthrough curve, which can be
ell compared with the experimental curve. The detailed calcula-

ions for the generation of the experimental breakthrough curve
rom the equilibrium data obtained from batch studies are as fol-
ows [14,30]:

1) An experimental equilibrium curve is drawn assuming various
values of Ce (the value is equal to Ct) and calculating the corre-
sponding values of qe using the best fit isotherm model obtained
from the batch results.

2) An operating line is drawn, which was passing through the
original and end points obtained by experimental equilibrium
curve. The significance of this operating line is that the data of
the continuously batch reactor and the data of the fixed bed
reactor are identical at these two points, first at the initiation
and other at the exhaustion of the reaction.

3) According to Weber, the rate of transfer of solute from solution
over a differential depth of column, dh, is given by Eq. (15):

vdC = K ′
a(C − C∗)dh (15)

where v is the wastewater flow rate, K ′
a the overall mass transfer

coefficient, which includes the resistances offered by film diffu-
sion and pore diffusion and C* is the equilibrium concentration
of solute in solution corresponding to an adsorbed concentra-
tion, qe.

The term (C − C*) is the driving force for adsorption and is
equal to the distance between the operating line and equilib-
rium curve at any given value of qe. Integrating Eq. (15) and
solving for the height of the adsorption zone:

hz = v
K ′

a

∫ CE

CB

dC

C − C∗ (16)

For any value of h less than hz, corresponding to a concentration
C between CB and CE, Eq. (16) can be written as:

h = v
K ′

a

∫ C

CB

dC

C − C∗ (17)

Dividing Eq. (17) by Eq. (16) results in Eq. (18)

h

hZ
=

∫ C

CB
dC/(C − C∗)∫ CE dC/(C − C∗)

= V − VB

VE − VB
(18)
C within CE. Dividing the values of
∫ C

CB
dC/(C − C∗) by the value

of
∫ CE

CB
dC/(C − C∗) the term (V–VB)/(VE–VB) was evaluated.

4) Now the plot of Ct/C0 versus (V–VB)/(VE–VB) represents the the-
oretical breakthrough curve.
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Fig. 6.
Fig. 1. SEM micrograph of samples: (a) zeolite and (b) IOCZ.

. Results and discussion

.1. Characterization

.1.1. Mineralogy of IOCZ and results of EDAX
The samples of zeolite coated with iron oxide were dark red

olored precipitates, indicating the presence of iron in the form of
nsoluble oxides. The SEM photographs in Fig. 1 were taken at 2000

agnification to observe the surface morphology of zeolite and
OCZ, respectively. The surface coverage of zeolite by iron oxides
as observed by comparing the images of virgin (Fig. 1a) and IOCZ

Fig. 1b). The coated zeolite surfaces were apparently occupied by
ewborn iron oxides, which were formed during the coating pro-
ess. Fig. 1b also showed iron oxides, formed in clusters, apparently
n occupied surfaces. At the micron scale, the synthetic coating was
omposed of small particles on top of a more consolidated coating.

In conjunction with electron microscopy, elemental identifi-
ations of surface features were performed by qualitative EDAX
nalysis. The EDAX results are following: There are O (48.10%), Mg
0.52%), Al (6.21%), Si (40.21%), K (3.29%), Ca (0.20%), Fe (1.47%) in
urface of zeolite by EDAX analysis, while O (22.56%), Cl (9.45%), Na
3.95%), Si (5.47%), K (3.29%), Ca (1.40%), Fe (47.17%) in surface of
OCZ. EDAX analysis yielded direct evidence for iron oxide coated
n the surface of zeolite.

.1.2. XRD of zeolite and IOCZ

The XRD Spectra of zeolite (a) and IOCZ (b) were shown in Fig. 2.
From Fig. 2, the mineralogical composition of zeolite was com-

rised primarily of clinoptilolite (2�: 22◦, 23◦, 28◦) and additionally
f feldspar, montmorillonite and quartz by means of XRD [31]. Com-

d
r
e

Fig. 2. The XRD of zeolite (a) and ICOZ (b).

ared to XRD of zeolite, XRD of ICOZ contained the peak of iron
xide (2�: 27◦), other peaks were from the zeolite.

.1.3. Specific surface area and pore size distribution analyses
The surface area of IOCZ increased from 24.87 to 29.35 m2 g−1

fter coating iron oxide on the surface of zeolite, while the average
ore diameter decreased from 28.66 to 27.12 Å.

.1.4. FTIR of zeolite and IOCZ
Fig. 3 showed the FTIR of zeolite and IOCZ. From Fig. 3, the FTIR

pectra of zeolite composed of the peaks of sorbed water, vibration
f framework and Si–O or Al–O [31,32]. Compared to FTIR of zeolite,
TIR of ICOZ was similar to zeolite, this was due to the small content
f iron in ICOZ and the sample of FTIR was treated as powder. So
he peaks of iron oxide were masked by those from zeolite.

.2. Influence of operating conditions on column sorption of Cu
on

Operational conditions, such as flow rate, initial feed concentra-
ion and bed depth, are important for column design. We studied
he effects of these parameters on the adsorptive behavior capacity
f IOCZ for Cu(II) adsorption.

.2.1. Effect of flow rate and initial concentration on breakthrough
The breakthrough curves at various flow rates and initial con-

entration of metal ion were shown in Figs. 4 and 5.
From the Figs. 4 and 5, it was shown that adsorption arrived

aturation faster with increasing flow rate and influent Cu(II) con-
entration. The exhaust times (corresponding to 90% of influent
oncentration) for flow rates 8, 11 and 14 ml min−1 were found
o be 680, 300 and 210 min, respectively. For influent Cu(II) con-
entration 40, 60 and 80 mg l−1, the exhaust times were 521,
00 and 160 min, respectively. This tendency was consistent to
ther researches [14,26–28]. When at higher flow rate, the exter-
al film mass resistance at the surface of the adsorbent tends to
ecrease and the residence time of the effluent inside the column
ecreases, hence the time required to reach saturation decreases,
nd in turn gives the lower removal efficiency [33,34]. Higher ini-
ial influent concentrations lead to higher mass transfer driving
orce, hence Cu(II) concentrations saturate the adsorbent more
uickly, which results in a decrease of exhaust time. As influ-
nt concentration increases, sharper breakthrough curves can be
btained.

.2.2. Effect of bed depth on breakthrough
The breakthrough curves at various bed depths were shown in
The experimental exhaust times reaching saturation for bed
epths 6, 11 and 15 cm were found to be 135, 300 and 460 min,
espectively. It was clearly that as the bed depth increased, the
xhaust time increased due to the increased binding sites of the
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Fig. 3. FTIR o

olumn. On the other hand, more contact time of adsorbent/Cu(II)
esulted in higher removal efficiency.

.3. Evaluation of breakthrough curves

.3.1. The Adams–Bohart model
The Adams–Bohart adsorption model was applied to describe

he initial part of the breakthrough curve (the concentration
t < 0.5C0). This approach was focused on breakthrough, for all
reakthrough curves using nonlinear regression analysis, relative
alues of N0, and kAB were calculated and presented in Table 1. As

een from Table 1, the value of N0 increased with the increasing bed
epth and decreasing flow rate, while the value of kAB decreased.
able 1 also presented the value of R2 obtained from nonlinear
nalysis (R2 > 0.869) and SS (less than 0.061). The breakthrough
urves predicted from the Adams–Bohart model were compared

b
m
l
l

te and IOCZ.

ith the experimental points and were also shown in Figs. 1–3,
espectively. It was clear from Figs. 1–3 and Table 1 that there was
good agreement between the experimental points and predicted
alues, suggesting that Adams–Bohart model may be valid for the
dsorption processes where relative concentration region was up
o 0.5 at all operating conditions.

Although the Adams–Bohart model provides a simple and com-
rehensive approach to evaluate sorption column test, its validity

s limited in the range of conditions used [14].

.3.2. Thomas model

The Thomas model was fitted to investigate the breakthrough

ehavior of Cu(II) onto IOCZ. The Thomas rate constant (kTh) and
aximum solid-phase concentration (q0) were obtained using non-

inear regression analysis according Eq. (6) and the results were
isted in Table 2. The values of SS (less than 0.094) and qeq(exp) at



128 R. Han et al. / Chemical Engineering Journal 149 (2009) 123–131

Table 1
Adams–Bohart parameters at different conditions using nonlinear regression analysis (up 50%).

C0 (mg l−1) v (ml min−1) Z (cm) KAB × 103 (l mg−1 min−1) N0 (mg l−1) R2 SS

60 11 6 0.998 ± 0.022 3172 ± 0.84 0.903 0.048
60 11 11 0.573 ± 0.078 7319 ± 0.78 0.969 0.0304
60 11 15 0.425 ± 0.094 9378 ± 1.2 0.923 0.0483
60 8 11 0.33 ± 0.089 8018 ± 2.2 0.869 0.0609
60 14 11 1.02 ± 0.2045 5173 ± 0.63 0.915 0.0522
40 11 11 0.549 ± 0.16 8100 ± 2.9 0.903 0.0524
80 11 11 0.552 ± 0.3 7049 ± 0.90 0.935 0.0393

F
I

v
s
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p
t
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F
e
o
l
[
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o
t
a
d

Fig. 5. Experimental and predicted breakthrough curves of Cu(II) adsorption onto
IOCZ at different initial concentrations.

Table 3
Calculated constants of BDST model for the adsorption of Cu (C0 = 60 mg l−1,
v = 11 ml min−1).

Ct/C0 a (min cm−1) b (min) Ka (l mg−1 min−1) N0 (mg l−1) R2 SS

0
0
0

3

o
t
o
t

2

T
T

C

6
6
6
6
6
4
8

ig. 4. Experimental and predicted breakthrough curves of Cu(II) adsorption onto
OCZ at different flow rates.

arious conditions were also listed in Table 2. Analysis of the regres-
ion coefficients indicated that the regressed lines provided good
t to the experimental data with R2 values ranging from 0.87 to
.96, which were higher as there were more than 21 experimental
oints. As shown in Table 2, with the flow rate and initial concen-
ration increasing, the values of kTh became bigger, while the q0
ecame smaller. With the bed depth increasing, the value of q0
hanged slightly. The trend of qeq(exp) change is familiar with q0.
urthermore, the value of q0 obtained from experiment was differ-
nt from calculated result at the same condition. Compared with
ther adsorbents, the adsorption capacity of IOCZ was relatively
ower, however the efficiency can be achieved for their low cost
17,24,35]. Figs. 1–3 also showed the comparison of the experi-

ental points and predicted curves using Thomas model at various

perating conditions. The results in the figures clearly indicated
hat predicted curves proposed by Thomas model were in good
greement with the experimental curves at all experimental con-
itions.

T
p

e

able 2
homas parameters at different conditions using nonlinear regression analysis.

0 (mg l−1) v (ml min−1) Z (cm) qeq(exp) (mg g−1)

0 11 6 12.4
0 11 11 14.7
0 11 15 13.5
0 8 11 16.2
0 14 11 11.3
0 11 11 15.0
0 11 11 11.9
.2 3.84 9.40 0.00242 2536 0.989 10.5

.4 5.66 11.3 0.000534 3736 0.995 8.66

.6 8.57 14.1 0.00052 5653 0.999 1.61

.3.3. BDST model
The BDST model was used to evaluate the feasibility of the design

f adsorption column for changed flow rate and initial concentra-
ion. According to Eqs. (7) and (8), the value of related parameters
f BDST and SS at Ct/C0 0.2, 0.4 and 0.6 were shown in Table 3. With
he increased Ct/C0, the values of N0 increased while Ka decreased.

he values of R and SS indicated the validity of BDST model for
resent system.

The BDST equation obtained at flow rate 14 ml min−1 and influ-
nt concentration 80 mg l−1 was used to predict the adsorbent

q0(cal) (mg g−1) KTh (ml min−1 mg−1) R2 SS

7.54 ± 0.0016 0.721 ± 0.092 0.948 0.0637
11.1 ± 0.0026 0.370 ± 0.058 0.917 0.0817

8.94 ± 0.0027 0.242 ± 0.41 0.871 0.0910
11.3 ± 0.0047 0.177 ± 0.029 0.866 0.0935
7.57 ± 0.0014 0.603 ± 0.095 0.924 0.0824
10.9 ± 0.0051 0.311 ± 0.053 0.878 0.0855
8.68 ± 0.0014 0.471 ± 0.063 0.959 0.0555
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using 1 mol l HCl solution at the same flow rate. Next, the column
was washed with distilled water until the pH of effluent water
reached 4.0. In this paper, we repeated the above process three
times. Figs. 8 and 9 showed three consecutive desorption and
sorption cycles (Ct in Y axis is the Cu2+ concentration of elution
ig. 6. Experimental and predicted breakthrough curves of Cu(II) adsorption onto
OCZ at different bed depths.

erformance at lower flow rates of 11 ml min−1 and influent con-
entration of 60 mg l−1, respectively. The predicted time (tc) and
xperimental time (te) were shown in Table 4. From Table 4,
he calculated time and experimental values were well con-
istent with each other, indicating that the BDST model can
e used to predict adsorption performance at other operating
onditions for adsorption of Cu(II) onto IOCZ in fixed bed col-
mn.

.3.4. Mass transfer model based on batch isotherm studies to the
xperimental data

According to mass transfer model, the date obtained from the
atch isotherm studies can be used to predict the theoretical
reakthrough curve, which can be compared with the experi-
ental breakthrough curve. Evaluating the result from fitting the

atch experimental data to the Langmuir, Freundlich, Temkin,
edlich–Peterson and Koble–Corrigan isotherm [36], it was showed
hat Redlich–Peterson isotherm (R2 = 0.999) provided a best fit-
ess compared to others (Langmuir 0.990, Freundlich 0.918, Temkin
.956, Koble–Corrigan 0.985). So the Redlich–Peterson isotherm
qe = ACe/(1 + BCg

e )s) was used to generate the theoretical break-
hrough curve. Fig. 7 showed the theoretical breakthrough curve
ompared with the experimental breakthrough curve which rel-
vant to 11 cm bed depth and initial Cu(II) concentration of
0 mg l−1. The two curves followed the same trend with small
ifferences. Therefore, Redlich–Peterson isotherm constants found
rom the batch experimental data can be used to predict the

reakthrough in fixed bed system for Cu(II) adsorption onto
OCZ.

able 4
redicted breakthrough time based on the BDST constants for a new flow rate
v = 14 ml min−1, Z = 6 cm) and a new influent concentration (Z = 6 cm, C0 = 80 mg l−1).

t/C0 Z (cm) v′ (ml min−1) tc (min) te (min) C ′
0 (mg l−1) tc (min) te (min)

.2 6 14 23.8 20.8 80 24.1 26.6

.4 6 14 37.6 31.1 80 37.6 39.2

.6 6 14 59.9 53.4 80 59.3 58.7
ig. 7. Measured and predicted breakthrough curve according to the mass transfer
odel (C0 = 60 mg l−1).

.4. Desorption of Cu(II) and regeneration of IOCZ

Disposal of the exhausted adsorbent loaded with heavy metal
ons can create another environmental problem as it is hazardous

aterial which pollutes environment. This problem may be over-
ome to some extent by using one of the elimination (e.g. elution,
ncineration and pyrolysis) methods. The elution of heavy metals
s the most common elimination method, allowing both recov-
ry of solutions of heavy metal ions at higher concentrations for
nertisation and recycling of the adsorbent for subsequent uses.
egeneration of the adsorbent material is of crucial importance in
he economic development [37].

Once the column reached exhaustion, it is important to regener-
te IOCZ for the recovery of metal ions as well as the reuse of IOCZ
or adsorption. Fixed bed column regeneration study was con-
ucted to assess the possibilities for the reuse of the adsorbent and
ecovery of metal ions. Firstly, 6 cm depth of IOCZ was saturated
y influent solution of 60 mg l−1 initial Cu(II) concentration at the
ow rate of 11 ml min−1. Then the exhausted IOCZ was regenerated

−1
Fig. 8. Desorption of Cu(II) for three cycles.
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ig. 9. Cu(II) removal capacity of IOCZ during three consecutive cycles
C0 = 60 mg l−1, v = 11 ml min−1, Z = 6 cm).

olution). The figures indicated that Cu(II) was easily desorbed
ecause the desorption completed in less than 20 min, before
min, the effluent Cu(II) concentration was very high which was
eneficial to metal recovery. Fig. 9 indicated that the removal
apacity of IOCZ decreased at a certain extent in the second cycle,
ut there was no obvious change in the third cycle which decreased
y not more than 6%. Hence, it was proved that the regeneration
nd reuse of IOCZ was an economical and efficient method for
emoval of Cu(II) from water. From the results of desorption and
egeneration using HCl solution, ion exchange was an important
echanism of Cu(II) adsorption onto ICOZ [24,37].

. Conclusion

In this study, ICOZ was characterized. Experimental and the-
retical investigations were carried out to evaluate the fixed bed
olumn performance of Cu(II) removal from aqueous solution onto
OCZ. The following conclusion was drawn:

1) Iron oxide coated in the surface of zeolite was characterized by
SEM, EDAX and XRD analysis.

2) This study showed that IOCZ was an effective adsorbent for
removal of Cu(II) from aqueous solution.

3) The adsorption of Cu(II) was strongly dependent on the flow
rate, the initial Cu(II) concentration and bed depth.

4) At all experimental condition, the whole breakthrough process
can be described by Thomas while the initial region of break-
through curve was defined by Adams–Bohart model.

5) The breakthrough data predictions by BDST model showed good
agreement with experiment data.

6) The mass transfer model could provide a good agreement
between the experimental breakthrough curve and theoretical
breakthrough curve.

7) Copper ions were easily desorbed from the IOCZ column using
1 mol l−1 HCl solution and the ICOZ column can be reused to
remove Cu(II) from aqueous efficiently.
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