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" A novel magnetic chelating resin with EDTA functionality was prepared.
" It shows easy separation and excellent adsorption for Cr(VI) in aqueous solution.
" 100% of Cr(VI) could be removed at the low metal concentration (<40 mg/L).
" XPS shows that the mechanism contains Cr(VI) reduction and electrostatic interaction.
" A conceptual model for Cr(VI) adsorption by this resin is proposed to illustrate the mechanism.
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a b s t r a c t

Adsorption of Cr(VI) from aqueous solution onto a magnetic chelating resin with EDTA functionality
(magnetic PS-EDTA) was investigated in a batch system. Various factors affecting the uptake behavior
such as pH, contact time, initial concentration of the metal ions and dosage of resins on Cr(VI) removal
were studied. The magnetic modified resin showed higher adsorption capacity and shorter adsorption
equilibrium time for Cr(VI) compared with the raw PS-EDTA resin. The equilibrium data were analyzed
using the Langmuir, Freundlich and Tempkin isotherm models among which Langmuir isotherm model
was found to be suitable for the monolayer adsorption process. The monolayer adsorption capacity values
of 123.05 mg/g for raw PS-EDTA and 250.00 mg/g for magnetic resin were very close to the maximum
capacity values obtained at pH 4.0. Kinetic studies showed that the adsorption followed a pseudo sec-
ond-order reaction. The mechanism was further identified by fitting intraparticle diffusion and McKay
plots. The result indicates film diffusion was the rate-limiting step and intraparticle diffusion was also
involved in adsorption. XPS spectra confirmed that reduction of Cr(VI) by Fe3O4 nanoparticle on the resin
occurred, while the electrostatic interaction between protonated amine groups and Cr(VI) anion played
an important role in the adsorption. Furthermore, the resin could be regenerated through the desorption
of the Cr(VI) anions using 0.5 M NaOH solution and could be reused to adsorb again.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Many industries such as electrodeposition, leather manufactur-
ing, steel production and wood preservative industries generate a
huge amount of toxic metals. The discharge of such effluents cause
increased adverse effects on human beings and environment. Chro-
mium is one of the most important toxic metals which could dam-
age upper respiratory tract and has chronic toxicity [1]. Chromium
exists in trivalent (Cr(III)) and hexavalent (Cr(VI)) states. Cr(VI) has
been considered more hazardous to public health due to its muta-
ll rights reserved.
genic and carcinogenic properties [2]. It is a relatively strong chem-
ical oxidant and could react with the enzymes of the body or
biological systems, resulting that its toxicity is about 300 times
more than Cr(III) [3].

Because of its high toxicity, Cr(VI) must be substantially removed
from the wastewater before being discharged into the aquatic sys-
tem. Various methods of chromium removal include chemical
reduction, filtration, precipitation, adsorption, electrodeposition
and membrane systems or even ion exchange process [4]. Among
these technologies, adsorption may be considered as preferable in
many cases due to its outstanding simplicity, high efficiency, low
investment, and potential recovery and reuse of metals [5]. In recent
years, investigations have been carried out for low cost, non-
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conventional adsorbents which provide high removal efficiency as
well as specific interactions with the targeted toxic metals [6].

Chelating and chelating magnetic resins represent an important
category of promising adsorbents due to their highly selective,
efficient and easily regenerable relative to other types of adsorbent
materials [7,8]. Several chelating resins containing a variety of at-
tached chemical functional groups have been reported for develop-
ing low cost, non-conventional adsorbents which provide high
removal efficiency as well as specific interactions with the targeted
toxic metals [9–13]. Generally, the amino/carboxyl group on an
adsorbent has been found one of the most effective chelate func-
tional groups for adsorption or removal of heavy metal ions from
an aqueous solution. It is also widely accepted that nitrogen-con-
taining functional groups act as adsorption sites for heavy metals
[14–16]. The mechanism of adsorption includes mainly ionic inter-
actions (chemical interactions) and electrostatic interactions
(physical interactions) between metal cations and chelating mag-
netic resins. Ethylenediaminetetraacetic acid (EDTA) is a hexaden-
tate ligand that provides both carboxylate and amine functions. For
the EDTA modified materials, the amino and two hydroxyl groups
on each EDTA in the repeating unit can act as reactive sites to cap-
ture metals [17–19]. On the other hand, magnetic modified chelat-
ing resins are superior due to their relatively fast, easy separation
and collection by magnetic control and higher uptake capacity
compared to chelating polymers [8,20,21].

In our previous work, we prepared EDTA chelating polystyrene
resin (PS-EDTA) which showed good absorptive effects for metal
ions. The purpose of the present study was devoted to develop
and characterize an magnetic modified PS-EDTA for Cr(VI) ions re-
moval from water. Fourier transform infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM), BET specific surface area
(BET), vibrating sample magnetometry (VSM) and X-ray diffraction
(XRD) were used investigate the properties of the sorbent, such as
microstructure, surface morphology, magnetism and surface area
of the sorbent. A series of batch experiments by raw and magnetic
PS-EDTA resins was carried out and the effects of the process
parameters such as contact time, pH, initial Cr(VI) concentration
and dosage of the resins on Cr(VI) removal were investigated. In
order to better understand the adsorption characteristic, some iso-
therm and kinetic models were employed to evaluate the sorption
process. X-ray photoelectron spectroscopy (XPS) was explored to
probe the interaction of the chromium and sorbent. Further, a con-
ceptual model for the adsorption of Cr(VI) by the magnetic resin is
proposed to illustrate the mechanism.
2. Experimental

2.1. Preparation of adsorbent

The chloromethylated polystyrene grafted by EDTA (PS-EDTA)
was magnetic modified by coprecipitation method. The PS-EDTA
was synthesized and provided by our laboratory [22]. About 2 g
of PS-EDTA was soaked in 50 mL of FeCl3�6H2O (0.02 mol) solution
in a beaker and rotated for 2 h, and then was transferred to a
250 mL three-necked glass flask. FeCl2�4H2O (0.01 mol) dissolved
in 50 mL of deionized water was added in as followed under a
nitrogen atmosphere with vigorous stirring at room temperature.
The aqueous NaOH solution (25 mL, 10 M) was then slowly added
to the solution, which immediately turned black. The reaction mix-
ture was stirred for 1 h at room temperature and then heated in a
water bath at 90 �C with continuous stirring for 2 h.

Black magnetic beads were separated from the mixture by fil-
tration and rinsed thoroughly with distilled water and acetone to
neutral. Samples were dried in a vacuum desicator for few days
for the obtainment of magnetic modified PS-EDTA resin.
2.2. Preparation of Cr(VI) solutions

Stock solution (1000 mg/L) of Cr(VI) was prepared by dissolving
2.829 g of potassium bichromate (K2Cr2O7) in 1000 mL of water.
This solution was further diluted to prepare different working con-
centrations. The pH of the solution was adjusted with 0.1 M HCl
and 0.1 M NaOH solutions. The concentration of Cr(VI) was deter-
mined spectrophotometrically at 540 nm by the colored complex
developed between the anions and diphenylcarbazide in acid solu-
tion [20,23].
2.3. Batch adsorption experiments

Batch experiments were conducted in 250 mL conical flasks by
shaking at 120 rpm in a water bath shaker. A specific amount of dry
resins (raw resin or magnetic resin) is added in 100 mL of aqueous
Cr(VI) solution, and then stirred for a predetermined period (found
out from the kinetic studies) at 30 �C in a temperature controlled
shaker incubator. Afterwards, the resins (raw resin or magnetic re-
sin) were separated, and the supernatant was collected for Cr(VI)
measurement. Adsorption isotherm study is carried out with dif-
ferent initial Cr(VI) concentration (5–1000 mg/L). The adsorption
capacity of the resin and the percentage removal of Cr(VI) are cal-
culated using the following Eqs. (1) and (2) respectively

Qt ¼
ðCo � CeÞ � V=1000

W
ð1Þ

% removal of mental ¼ Ci � Co

Ci
� 100 ð2Þ

where Qe (mg/g) is the adsorption capacity; Ci (mg/L) and Ce (mg/L)
are the initial and equilibrated metal ion concentrations, respec-
tively, V (L) is the volume of added solution and W (g) is the mass
of the adsorbent (dry).

The kinetic experiments were carried out as the effect of contact
time with time ranges of 5–600 min. The process of metal ion re-
moval from an aqueous phase by any adsorbent can be explained
by using kinetic models and examining the rate-controlling mech-
anism of the adsorption process such as chemical reaction, diffu-
sion control and mass transfer.

2.4. Desorption experiments

For desorption studies, 0.10 g of resin was loaded with metal
ions using 100 mL (30 mg/L) metal ion solution at 30 �C, pH 4.0
and contact time of 10 h. The agitation rate was fixed as
120 rpm. After adsorption, resins were collected, and gently
washed with distilled water to remove any unabsorbed metal ions.
Then, the resins were agitated with 20 mL of NaOH solution (0.1–
1 M). The final concentration of Cr(VI) in the aqueous phase was
determined. The percentage of Cr(VI) desorption from resins was
calculated from the amount of metal ions adsorbed on resins and
the final concentration of metal ions in the desorption medium,
which was calculated as

% percentage desorption ¼ mNaOH

mad
� 100% ð3Þ

where mNaOH is the metal ion desorbed to the NaOH solution (mg)
and mad is the metal ion adsorbed onto the resin (mg). To test the
reusability of the resin, this adsorption–desorption cycle was re-
peated ten times by using the same affinity adsorbent. The regener-
ation efficiency was calculated using

% regeneration efficiencye ¼ mi

m1
� 100 ð4Þ



Fig. 1. The macro- and micro-structure of the resins: digital pictures of the (a) raw PS-EDTA resins and (b) magnetic modified ones; SEM images of the (c and e) raw resin and
(d and f) magnetic resin.
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where mi is the uptake of Cr(VI) in the second to tenth cycle, respec-
tively, and m1 is the uptake of Cr(VI) in the first cycle.
Fig. 2. The FT-IR spectra of (a) raw PS-EDTA resin and (b) magnetic PS-EDTA resin.
2.5. Characterization

The adsorbents were characterized by FT-IR, SEM, BET, VSM and
XRD. The FT-IR spectra of PS-EDTA and magnetic PS-EDTA were re-
corded with a Nicolet Magna-IR 550 spectrophotometer between
4000 and 400 cm�1 using the KBr pellet technique. For SEM obser-
vation, the size and morphology of the beads were characterized
using a JEOC JSM-6701F scanning electron microscope at accelerat-
ing voltages of 5 kV. The BET of PS-EDTA and magnetic PS-EDTA
were measured by the N2 adsorption–desorption technique using
a Micromeritics Chemisorb 2750 surface area analyzer. Magnetic
properties were detected by a vibrating sample magnetometer
(Lakeshore 7304). For XRD, the structural parameters of beads
were investigated by using an SHLMADZU-6000X equipment.

XPS was used to figure out the mechanism of the removal of
Cr(VI). The XPS spectra of magnetic PS-EDTA before and after Cr(VI)
adsorption at pH 4 were recorded by an X-ray photoelectron spec-
trometer (VG Scientific Escalab 210-UK) equipped with an Mg Ka
X-ray source (1253.6 eV protons). The X-ray source was run at a re-
duced power of 300 W. All the binding energies were referenced to
the C1s peak at 285.0 eV to compensate for the surface charging
effects.

The concentration of Cr(VI) was determined using a UV–vis
spectrophotometer (UV-754 N shanghai, China) at 540 nm. The
pH of solutions was determined using a HANNA pH meter. A ther-
mostat oscillators (HaiSheng Da HQD 150L) was used for shaking
all of the solutions.
1 For interpretation of color in Figs. 2, 5 and 7–10, the reader is referred to the web
version of this article.
3. Results and discussion

3.1. Absorbent characterization

The finality products all show as opaque, uniform and black
beads (Fig. 1b). From the SEM (Fig. 1c–f), the number average
diameter of the magnetic PS-EDTA (913.4 lm, Fig. 1d) was bigger
than that of PS-EDTA (788.1 lm, Fig. 1c). The surface morphologies
of the resins are much different. The surface of PS-EDTA is rela-
tively smooth (Fig. 1c) and it is yellowish1 (Fig. 1a) while the color
of magnetic PS-EDTA is black (Fig. 1b) and there are many emboss-
ments on the surface of magnetic modified PS-EDTA (Fig. 1d). This
property is favorable for producing good adsorption. Further, for
the magnetic resin (Fig. 1f), many particles at the size of 20–30 nm
in the surface were observed, which may exist as Fe3O4 nanoparti-
cles. It is also considered helpful for mass transfer of Cr(VI) ions,
which will be explained by XPS in Section 3.6.

The surface area calculated from the method of BJH Adsorption
cumulative volume of pores shows that magnetic PS-EDTA
(77.98 m2/g) exhibits a higher surface area than PS-EDTA resin
(48.55 m2/g). Meanwhile, the magnetic PS-EDTA (0.27 cm3/g)
shows a decreased pore volume compared to raw PS-EDTA
(0.32 cm3/g). It was possibly as a result of improved roughness
on the surface of magnetic resin after magnetic modification.

The FTIR spectra are shown in Fig. 2. The broad bands at 3451
(Fig. 1a) and 3450 (Fig. 1b) are due to the characteristic stretching
vibration of NAH bond in amino (ANH2) and imino (ANHAgroups,
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strongly indicating the presence of a large amount of amino and
imino groups in the raw and magnetic modified PS-EDTA resin
[1]. The two peaks at 2928 (Fig. 1a) and 2930 cm�1 (Fig. 1b) can
confirm the existence of abundant methylene in the polymer main
chain. The two sharp peaks around 820 cm�1 and 1100 cm�1 might
be assigned to the stretching vibration of @CH bond and the vari-
ous amine, respectively. These band positions do not change after
modification, suggesting that the basic structure of PS-EDTA re-
mains constant. The vibration bands at 590 cm�1 are newly ob-
served, which can be attributed to FeAO stretching vibrations.
The peak around 1611 cm�1 in spectrum Fig. 1a is attributed to
tas of aminocarboxylicacid groups. A blue shift of this spectral peak
position at 1643 cm�1 in spectrum Fig. 1b was observed along with
the magnetic modification of PS-EDTA, which might be related to
the complexing of ferric ion and aminocarboxylicacid. Thus, the
analysis of the diagnostic regions confirms the successful magnetic
modification of PS-EDTA.

XRD pattern of magnetic modified PS-EDTA resin is shown in
Fig. 3. Form XRD, six characteristic peaks for Fe3O4 (2h = 30.1�,
35.5�, 43.3�, 53.4�, 57.2�and 62.5�), marked by their indices ((220),
(311), (400), (422), (511), and (440)), were observed. It indicated
the existence of iron oxide particles (Fe3O4) and the resin has mag-
netic properties, which can be used for the magnetic separation.
Fig. 3. XRD pattern of magnetic PS-EDTA resin.

Fig. 4. VSM magnetization curve of magnetic PS-EDTA resin and its magnetic
separation from aqueous solution (inset).
The VSM (Fig. 4) shows the magnetic PS-EDTA had a saturated
magnetization of 2.07 emu/g, and this magnetic susceptibility va-
lue is sufficient for this resin to be used in wastewater treatment.

3.2. Cr(VI) adsorption

The adsorption trends of Cr(VI) on the EDTA chelating resins
(raw and magnetic resin) in aqueous solution were investigated
as a function of PH, contact time, initial metal ion concentration
and resin dosage.

3.2.1. Effect of pH
The extractability of the anions from the solution phase is pH

dependent because of its effect on the solubility of the metal ions,
concentration of the counter ions on the functional groups of the
adsorbent and the degree of ionization of the adsorbate during
reaction [23]. The effect of pH on Cr(VI) removal by PS-EDTA and
magnetic PS-EDTA was investigated in the pH ranges of 2–12 at
30 �C for 6 h. As shown in Fig. 5, the highest uptake capacities of
the resins were achieved at pH 3–4. At pH < 2, the decrease in
adsorption capacity may be attributed to the competitive adsorp-
tion between Cl� anions. At higher pH of 4–12, the adsorption of
Cr(VI) onto the both resins decreased sharply. It can be explained
by the following reasons: (1) For the both resins, the functional
ANH2 and ANHA groups in the raw and magnetic PS-EDTA resin
which are considered as active sites for the adsorption of Cr(VI)
can undergo protonation to ANHþ3 and ANHþ2 , then Cr(VI) anions
existing as HCrO�4 and CrO2�

4 adsorption occurred. In case of chro-
mate ions, they are known to exist in the following equilibrium
states [24–26]:

H2CrO4 $ HCrO�4 þHþ; k1 ¼ 1:21 ð5Þ

Cr2O2�
7 þH2O$ 2HCrO�4 ; k2 ¼ 35:5 ð6Þ

HCrO�4 $ CrO2�
4 þHþ; k3 ¼ 3� 10�7 ð7Þ

HCr2O�7 $ Cr2O2�
7 þHþ; k4 ¼ 0:85 ð8Þ

The extent of protonation will be dependent on the solution pH. The
behavior that both PS-EDTA and magnetic PS-EDTA resins display a
decrease in the uptake value as pH increases can be explained on
the basis of the lower extent of protonation of amino group with
Fig. 5. The effect of pH on the adsorption of Cr(VI) ions into raw and magnetic
modified PS-EDTA (initial concentration of Cr(VI) ions: 30 mg/L; resins feed: 1 g/L;
adsorption time: 5 h; T: 30 �C).
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rising pH. (2) For the magnetic resins, low acidic conditions also
caused the surface of the Fe3O4 nanoparticles to be protonated to
a higher extent, which resulted in a strong attraction between the
negatively charged Cr(VI) complex ions and the positively charged
surface[27]. Further, the two-valent iron (Fe2+) on the surface of
magnetic resin is a moderate reducing reagent, which can react
with chromic acid for Cr(VI) reduction and these reactions are fa-
vored at low pH [28]. The reduction is attributed to the following:

Fe2þ þH2CrO4 þHþ ! Fe3þ þH3CrO4 ð9Þ
Fe2þ þH3CrO4 þHþ ! Fe3þ þH4CrO4 ð10Þ
Fig. 7. The effect of the initial Cr(VI) concentration on the uptake of Cr(VI) ions by
raw and magnetic modified PS-EDTA resins (resins feed: 1 g/L; pH 4.0; adsorption
time: 10 h; T: 30 �C).
Fe2þ þH4CrO4 þHþ ! Fe3þ þ CrðOHÞ3 þH2O ð11Þ

Thus, the effect of pH on the removal of Cr(VI) by magnetic resin
was influenced not only by the protonation of ANH2 groups but
also by the protonation of Fe3O4 nanoparticles and reducing action
of Fe2+, which resulting a higher adsorption of Cr(VI) compared to
raw PS-EDTA resin.
3.2.2. Effect of contact time
The effect of contact time on the adsorption of the Cr(VI) was

investigated in the time ranges of 5 min–10 h under pH 4 at
30 �C. The change in the uptake of Cr(VI) by the given resin (raw
or magnetic resins) as a function of time are shown in Fig. 6. The
uptake-time curves show that the maximum uptake follows the
order magnetic resin > raw resin at all time intervals. The uptake
rates of both resins were fast within 80 min. For PS-EDTA, value
of 99.3% of the maximum uptake was achieved around 8 h while
almost total Cr(VI) was removed by magnetic resin and equilib-
rium is achieved at around 5 h. To be sure of the best adsorption
conditions at higher concentration levels and to obtain equilibrium
at the solid/liquid interface, all the experiments were carried out
with 10 h of contact time. The shorter time period required to at-
tain equilibrium and higher uptake of magnetic resin suggest an
excellent affinity of the magnetic resin for Cr(VI) from aqueous
solution and the behavior could be explained by improved surface
roughness, more active sites and the existence of reducing action of
Fe2+.
Fig. 6. The effect of contact time on the uptake of Cr(VI) ions by raw and magnetic
modified PS-EDTA resins (initial concentration of Cr(VI) ions: 30 mg/L; resins feed:
1 g/L; pH 4.0; T: 30 �C).
3.2.3. Effect of initial Cr(VI) concentration
Initial Cr(VI) concentration was adjusted in the ranges of 5–

1000 mg/L for adsorption on the EDTA chelating resins (raw and
magnetic PS-EDTA) under pH 4 at 30 �C for 10 h as shown in
Fig. 7. The increasing initial Cr(VI) concentration resulted in an in-
crease in the Cr(VI) on the both resins due to abundant active
groups and increased driving force towards the active sites on
the beads [29]. The adsorption capacity of Cr(VI) by the both resins
increased rapidly with increase in the Cr(VI) concentration in the
range of 5–100 mg/L, while increased slowly as the ion concentra-
tion was higher than 100 mg/L. almost total Cr(VI) was removed at
the low initial concentration of 5–20 mg/L for raw resin and 5–
40 mg/L for magnetic resin. The adsorption capacity on the both
resins in 1000 mg/L of Cr(VI) solution reached the maximum val-
ues of 123.2 mg/g and 240.2 mg/g while the effective values
(12.3% and 24.0%, respectively) is much lower. Both of the sorption
capacity and removal percentage of magnetic modified resin are
higher than raw PS-EDTA due to more active sites on the resin’s
surface after modification. These results indicate that the magnetic
modified PS-EDTA was more effective for Cr(VI) removal and this
magnetic chelating resin was fit for being used to treat micro-pol-
luted water with Cr(VI) of low concentrations(<40 mg/L).

3.2.4. Effect of resin dosage
The resin dosage of 0.02, 0.06, 0.10, 0.14, 0.18 and 0.20 g were

used in 30 mg/L Cr(VI) solutions under pH 4 to test their effects
on Cr(VI) removal by PS-EDTA and magnetic modified PS-EDTA.
As shown in Fig. 8, the percentage removal of Cr(VI) by both resins
increased with increasing amount of adsorbents. This behavior can
be attributed to the increased availability of adsorption sites. Al-
most complete removal of Cr(VI) was observed at adsorbent dos-
ages of 1 g/L for magnetic resin. By comparison, more adsorbent
dosage of 1.80 g/L was required to complete adsorption of Cr(VI)
for raw PS-EDTA resin. It might be due to increased adsorption
sites, higher surface area and introduced reducing agent after mag-
netic modification, all of which means more powerful removal for
Cr(VI). As consequence, an adsorbent dosage of 1.0 g/L was selected
as the optimum value for 30 mg/L Cr(VI) removal by magnetic PS-
EDTA and used for the remaining adsorption studies.

3.3. Adsorption isotherms

Equilibrium data, commonly known as adsorption isotherms,
are important in the basic design of adsorption systems, and are



Fig. 8. The effect of dosage on the uptake of Cr(VI) ions by raw and magnetic
modified PS-EDTA resins (initial concentration of Cr(VI) ions: 30 mg/L; pH 4.0;
adsorption time: 10 h; T: 30 �C).
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critical in optimizing the use of adsorbents. To optimize the design
of an adsorption system for removing Cr(VI) from solutions, it is
essential to establish the most appropriate correlation for the equi-
librium curves [30]. Several adsorption isotherms originally used
for gas phase adsorption are available and readily adopted to
correlate adsorption equilibria in heavy metals adsorption. Some
well-known ones are Freundlich, Langmuir, Temkin, Redlich–Pat-
erson and Sips equations [31]. In this study, The equilibrium data
for the adsorption of Cr(VI) on both resins was tested with Lang-
muir, Freundlich and Tempkin adsorption isotherm models. The
isotherm constants for the three models were obtained by linear
regression method. The modeled quantitative relationship be-
tween Cr(VI) concentration and the sorption process, the calcu-
lated correlation coefficients and standard deviations are listed in
Table 1, and also three resins’ sorption isotherm are compared
through the calculated constants and regression data for various
adsorption isotherms, which are listed in Table 2.

The Langmuir model assumes that a monomolecular layer is
formed when adsorption takes place without any interaction be-
tween the adsorbed molecules [32], and takes the following linear
form:

Ce

Q e
¼ 1

bQ m
þ Ce

Q m
ð12Þ

where Ce is the equilibrium concentration (mg/L), Qe the amount of
metal ion sorbed (mg/g), Qm is Qe for a complete monolayer (mg/g),
b is a constant related to the affinity of the binding sites (L/mg).

The experimental data (Table 1) exhibited high correlation (R2 is
0.9980 and 0.9918 for the raw and magnetic resin systems, respec-
tively) with Langmuir model for both raw and magnetic PS-EDTA
resins. Further, the values (Table 2) of Qm (123.05 and
Table 1
Isothermal model equations for Cr(VI) sorption on the resins.

Mathematical model The resin Equation

Langmuir Raw resin Ce/Qe = 0.0081Ce + 0
Magnetic resin Ce/Qe = 0.004Ce + 0.0

Freundlich Raw resin log Qe = 0.123 log C
Magnetic resin log Qe = 0.123 log C

Tëvrbh Raw resin Qe = 9.396ln Ce + 59
Magnetic resin Qe = 19.164ln Ce + 1
250.00 mg/g for raw and magnetic resins, respectively) were close
to the experimental data (123.15 and 240.23 mg/g) of adsorption
capacity. Through the above analysis, it can be considered that
Langmuir isotherm equation can be used to describe adsorption
of Cr(VI) by both raw and magnetic resin, which illustrates a mono-
layer adsorption process. The Qm of magnetic resin was remarkably
higher than the Qm value of raw resin, indicating a good adsorption
on magnetic resin.

The Freundlich isotherm theory says that the ratio of the
amount of solute adsorbed onto a given mass of sorbent to the con-
centration of the solute in the solution is not constant at different
concentrations. The heat of adsorption decreases in magnitude
with increasing the extent of adsorption [33]. The linear Freundlich
isotherm is commonly expressed as follows:

log Q e ¼ log Kf þ
1
n

log Ce ð13Þ

where Kf (mg1�1/n L1/n g�1) and n (g/L) are the Freundlich constants
characteristics of the system, indicating the relative adsorption
capacity of the adsorbent related to the bonding energy and the
adsorption intensity, respectively.

To determine the maximum sorption capacity, it is necessary to
operate with constant initial concentration Co and variable weights
of sorbent, thus log Qm is the extrapolated value of log Q for C = Co

[34]. According to Halsey [35]:

Kf ¼
Qm

C1=n
o

ð14Þ

From the corresponding parameters of Freundlich isotherm
summarized in Table 1, high correlation coefficients (R2 > 0.95)
and low standard diversion (Standard deviation < 0.03) can be ob-
served for both resins. However, the maximum sorption capacity
computed using Halsey expression (Table 2) are far lower than
the experimental adsorbed amounts at equilibrium corresponding
to the plateau of the sorption isotherms. This means that the equi-
librium isotherms cannot be described by the Freundlich model.

Tempkin isotherm equation assumes that the heat of adsorption
of all the molecules in the layer decreases linearly with the cover-
age of molecules due to the adsorbate–adsorbate repulsions and
the adsorption of adsorbate is uniformly distributed and that the
fall in the heat of adsorption is linear rather than logarithmic
[36]. The linearized Tempkin equation is given by the following
equation:

Qe ¼ BT ln AT þ BT ln Ce ð15Þ

where BT = (RT)/bT, T is the absolute temperature in K and R is the
universal gas constant (8.314 J/(mol K)). The constant bT is related
to the heat of adsorption, AT is the equilibrium binding constant
(L/min) corresponding to the maximum binding energy. The slope
and the intercept from a plot of Qe versus ln Ce determine the iso-
therm constants AT and bT.

The constants of Tempkin isotherm can be obtained from the
slope and intercept of a straight line plot of Qe versus ln Ce. Temp-
kin constants are given in Table 1. The Cr(VI) sorption onto the raw
Correlation coefficient Standard deviation

.0454 0.9980 0.0440
38 0.9918 0.0389

e � 1.741 0.9582 0.0249
e � 2.015 0. 9595 0.0283

.022 0.9857 2.536
02.178 0.8842 17.763



Table 2
Isotherm constants and regression data for various adsorption isotherms for adsorption of Cr(VI) onto the resins.

The resin Langmuir Freundlich Tëvrbh

Qm (mg/g) b (L/mg) kf ((L/mg)1/n) n (mg/L) Qm (mg/g) AT (L/min) BT (J/mol) bT

Raw resin 123.457 0.178 0.0182 8.145 0.0426 534.802 9.396 268.253
Magnetic resin 250 0.105 0.00966 8.161 0.0226 206.809 19.164 131.518
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PS-EFTA resin is more appropriately described by the Tempkin iso-
therm model because of a much higher correlation coefficient (R2 is
0.9857 and 0.8842 for the raw and magnetic resin systems, respec-
tively) and a much lower standard diversion. It means that sorp-
tion of Cr(VI) on raw PS-EDTA resin was mainly via chemical
adsorption, and after magnetic modification, the chemical adsorp-
tion was not the dominating adsorb style.
3.4. Kinetics of Cr(VI) adsorption

The rate of metal sorption is an important factor and prerequi-
site for determining the reactor design and process optimization
for a successful practical application. The rate kinetics of Cr(VI)
adsorption on raw and magnetic PS-EDTA resins at initial metal
ion concentration of 30 mg/L were analyzed using pseudo-first or-
der, pseudo-second order and Elovich kinetic models. The modeled
quantitative relationship between time and the sorption process,
calculated correlation coefficients and standard deviations are
listed in Table 3.

Lagergren showed that the rate of adsorption of solute on the
adsorbent is based on the adsorption capacity and followed a pseu-
do first-order equation which is often used for estimating kad con-
sidered as mass transfer coefficient in the design calculations [37].
The integrated rate law after application of the initial condition of
Qt = 0 at t = 0, becomes a linear equation as given by the following
equation:

logðQ e � Q tÞ ¼ log Q e �
kadt

2:303
ð16Þ

where Qe and Qt are the amounts of Cr(VI) adsorbed (mg/g) at equi-
librium time and at any instant of time, t, respectively, and kad (L/
min) is the rate constant of the pseudo first order sorption.

The pseudo second-order kinetic model Eq. (17) [38] is given as:

t
Q t
¼ t

Q e
þ 1

h
ð17Þ

where h ¼ k2Q2
e that can be regarded as the initial sorption rate as t

approaches 0. The k2 (g/(mg min)) is the second-order rate constant.
Elovich equation is a rate equation based on the adsorption

capacity describing adsorption on highly heterogeneous adsor-
bents [39]. Eq. (18) is simplified by assuming ab� t and by apply-
ing the boundary conditions Qt = 0 at t = 0 and Qt = Qt at t = t:

Q t ¼
1
b

lnðabÞ þ 1
b

ln t ð18Þ
Table 3
Kinetic model equations for Cr(VI) sorption onto the resins.

Mathematical model The resins Equation

Pseudo first-order Raw resin log(Qe � Qt) = �0.005
Magnetic resin log(Qe � Qt) = �0.013

Pseudo second-order Raw resin t/Qt = 0.0311t + 1.179
Magnetic resin t/Qt = 0.0304t + 0.721

Elovich Raw resin Qt = 8.061ln t � 12.51
Magnetic resin Qt = 8.380ln t � 10.53
where a (mg/(g min)) is the initial adsorption rate and b (g/mg) is
the desorption constant related to the extent of the surface cover-
age and activation energy for chemisorption.

The calculated kinetic parameters for pseudo first-order, sec-
ond-order and Elovich kinetic models are listed in Table 4. The
experimental Qe values are in agreement with the calculated values
using both pseudo first-order and pseudo second-order kinetics.
Based on the obtained coefficients of determination (R2) from Ta-
ble 3, the pseudo second-order equation was the model that leads
to the best fit for the experimental kinetic data.

The results indicate that the physical adsorption and reducing
action are increased after magnetic modification and mechanisms
of such as; ion exchange, chelation and physical adsorption are all
involved in the adsorption process for magnetic resin. Further,
from Table 4, the larger rate constants of the pseudo first-order
(kad), second-order value (k2) and Elovich (a) suggest that adsorp-
tion systems with magnetic resin will required a shorter time to
achieve a specific fractional uptake [40].

The sorption process for both resins also fit Elovich kinetic mod-
els with correlation coefficient more than 0.96 and standard diver-
sion not very high. It means that sorption of Cr(VI) on both resins
involves chemical adsorption, and the sorbent surface is not only
one type functional groups, which is the same with the result de-
scribed above.
3.5. Rate controlling step analysis

The prediction of the rate controlling step is an important factor
to be considered in the adsorption process [41]. The contact time
variation experiment can be used to study the rate controlling step
in the adsorption process [42]. For a solid–liquid sorption process,
the solute transfer is usually characterized by external mass trans-
fer (boundary layer diffusion), or intraparticle diffusion, or both. As
they happen simultaneously, the slower one of the two stages
would be the rate controlling step. The most commonly used tech-
nique for identifying the mechanism involved in the adsorption
process is by fitting an intraparticle diffusion plot. According to
Weber and Morris [43], the intraparticle diffusion model is ex-
pressed as

Qt ¼ Kidt0:5 þ Ci ð19Þ

where Qt (mg/g) is the amount of metal ion adsorbed at time t (min)
and Kid is intraparticle diffusion rate (mg/(g min1/2)). Ci is the inter-
cept of stage i, which gives an idea of the thickness of the boundary
layer, i.e., the larger the intercept, the greater the boundary layer
Correlation coefficient Standard deviation

55t + 1.357 0.9531 0.0699
9t + 1.467 0.9939 0.0367

0.9956 0.226
0.9926 0.178

9 0.9731 2.119
1 0.9663 2.474



Fig. 10. The McKay plots of Cr(VI) onto raw and magnetic PS-EDTA resins.

Table 4
Calculated kinetic parameters for pseudo first order, second order and Elovich kinetic models.

The resin Qe, exp (mg/g) Pseudo first-order Pseudo second-order Elovich

kad � 10�3 (L/min) Qe, Cal (mg/g) k2 � 10�4 (g/mg min) h (mg/g min) Qe, Cal (mg/g) a (mg/g min) b (g/mg)

Raw resin 29.80 12.78 22.73 8.21 0.848 32.15 1.71 0.124
Magnetic resin 30.00 32.08 29.32 12.85 1.39 32.89 2.39 0.119
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effect. If intraparticle diffusion is involved in the adsorption process,
then the plot of Qt versus t0.5 will be linear; and if these lines pass
through the origin, then the rate controlling process is due only to
the intraparticle diffusion [44].

In this model, it is assumed that the mechanism for a solid–li-
quid adsorption process involves the following three steps: (i) bulk
diffusion, which involves the movement of metal ions from aque-
ous phase through the hydrodynamic boundary layer film of the
solid; (ii) intraparticle diffusion, where the metal ions move
through the interior solid surface transport of the adsorbate within
the pores of the adsorbent (particle diffusion); (iii) adsorption at
the active sites. The third step is considered to be very rapid and
therefore it cannot said to be the rate controlling step. Thus, the
overall rate of adsorption is controlled by either film or intraparti-
cle diffusion, or a mixture of both [30]. The plot of Qt vs t0.5 as
shown in Fig. 9 represents the different stages of adsorption. The
initial curved portion of the plot indicates a boundary layer effect,
while the second linear portion is due to intraparticle or pore dif-
fusion. The third portion indicates the final equilibrium stage
where intraparticle diffusion starts to slow down because of the
extremely low adsorbate concentrations in the solution. For both
resins, the plots do not go through origin. It means that the adsorp-
tion involved intraparticle diffusion, but it was not the only rate
controlling step. A slope Kid, intercept Ci and correlation coefficient
R2 were determined from the second linear portion of the plot, as
listed in Fig. 9. The intercept and correlation coefficient values ob-
served indicated that the contribution of the surface sorption in the
rate controlling step was greater for magnetic resin.

The McKay plot establishes whether the rate controlling step of
mass transfer is film diffusion or particle diffusion [45]. The plot is
based on the assumption that adsorption follows Fick’s law which
reduces to the follow form at longer times of adsorption

log 1� Q t

Q e

� �
¼ log

6
p2 þ

�D2p2

a2

� �
t ð20Þ
Fig. 9. The intraparticle diffusion plots of Cr(VI) onto raw and magnetic PS-EDTA
resins.
where D2 (cm2 s�1) is the particle diffusion coefficient.
McKay plots of log(1 � Qt/Qe) vs t for both resins are shown in

Fig. 10. It can be observed that the plot for unmodified PS-EDTA
was much scattered, indicating an intraparticle diffusion adsorp-
tion. However, linearity was found for magnetic modified resin,
which indicates that film diffusion becomes the rate controlling
step. This is the same with the result described above and it should
be due to the improved surface roughness resulted by the intro-
duction of Fe3O4 nanoparticles after modification. The Fe3O4 nano-
particles loaded on the resin improved more active sites,
meanwhile, these Fe3O4 nanoparticles obstructed the pores of the
resin, which lead to the surface adsorption of Cr(VI).
3.6. Sorption mechanism

XPS has often been used to identify the interaction of an adsor-
bate with the surface functional groups on an adsorbent because
the creation of a chemical bond between them changes the distri-
bution of the electrons around the corresponding atoms [46,47].
The XPS wide scan spectra of the sorbents before and after adsorp-
tion are shown in Fig. 11a, while the high-resolution spectra of Cr
2p, Fe 2p, and N 1s are shown in Fig. 11b–d.

From Fig. 11a, the major peaks at binding energy of 712, 531
and 399 eV are clearly observed for both magnetic resins (virgin
and Cr-loaded sorbents), which are assigned for Fe 2p, O 1s and
N 1s, respectively. A small peak at 577 eV is observed after chro-
mate adsorption (Cr-loaded sorbent). It indicates a small amount
of chromate in the sorbent after adsorption.

Fig. 11b displays the high-resolution scan of Cr 2p. From the
deconvolution of the curve, it can be observed that the major peak
at the binding energy of 577 eV consisted of two peaks assigned to
Cr(I) and Cr(VI) at 577.8 and 580.4 eV, respectively. Cr(VI) consti-
tutes the basic structure unit of the adsorbate (K2CrO4). The Cr(VI)
peak indicates the loading of the adsorbate on the resin, whereas
the Cr(I) peak reflects the possible reduction of Cr(VI) to Cr(I)
on the resin surface.



Fig. 11. XPS wide scan of the virgin and Cr-loaded magnetic resin, Cr 2p core-level spectrum of the Cr-loaded magnetic resin, Fe 2p and N 1s core-level spectra of the virgin
and Cr-loaded magnetic resin.
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Fig. 11c shows the high-revolution scan of Fe 2p for both virgin
and Cr-loaded sorbents. It can be observed from virgin sorbent that
the deconvolution of the Fe 2p spectrum produces three different
peaks: octahedral ferrous (Fe(G)oct.), octahedral ferric (Fe(I)oct..)
and tetrahedral ferric (Fe(I)tet.) peaks at 711.3, 712.8 and
714.8 eV, respectively. With the adsorption of Cr(VI) on the
magnetic resin, the same three peaks can still be observed but
the ratio of Fe(II)/Fe(III) decreased from 1.33 to 0.65. The results
indicate that the process of solid redox reaction might occur during
the adsorption process which involves the oxygen functionalities
with the reduction of Cr(VI) and oxidation of Fe(II).

The N 1s core-level XPS spectra of the resin before and after
Cr(VI) sorption were presents in Fig. 11d. For the spectrum of the
resin before sorption, the peaks at binding energy of 398.5 and
399.7 eV are attributed to the nitrogen in the ANHA and the peak
at 401.3 eV is assigned to ANHþ2 [48]. About 7% amine groups were
protonated before adsorption. After anion Cr(VI) was adsorbed on
the resin at pH 4, the area ratio of the peak at 401.3 eV increased
to 24%, which might be attributed to the protonated nitrogen atom
on the resin and adsorption of negative Cr(VI). The protonated
amine groups are responsible for Cr(VI) sorption. The amine groups
were first protonated at pH 4, and then adsorbed the negative
Cr(VI) ions via electrostatic attraction.
On the basis of above experimental and instrumental analyses,
the mechanism of chromate removal by the magnetic PS-EDTA re-
sin is proposed as shown in Fig. 12. The metal oxides and amine
groups are first protonated, followed by bonding of anionic Cr(VI).
Some of the adsorbed Cr(VI) species are further reduced to Cr(I),
and divalent iron in the Fe3O4 provides electrons in the chemical
reduction of Cr(VI).

3.7. Resins regeneration

For potential practical application of the resins, it is important
to examine the possibility of desorption and reusing the resins.
20 mL NaOH with various concentration of 0.01–1 M was used
as the desorbing agent for the recovery of Cr(VI) from metal-
loaded magnetic resin. Desorption experiments were performed
maintaining the process condition similar to the batch experi-
ments. As shown in Fig. 13, the desorption ratio of metal ions in-
creased as NaOH concentration increased. This can be interpreted
according to the deprotonation of the chromate species. However,
the desorption ratio of the Cr(VI) was almost the same in the
range over the concentration of 0.5 M. Hence, the best concentra-
tion of NaOH was determined to be 0.5 M for economical process.
Complete desorption was not possible, perhaps due to the
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Fig. 12. A proposed mechanism for the adsorption of Cr(VI) onto magnetic PS-EDTA resin.

Fig. 13. Desorption of Cr(VI) from metal loaded magnetic PS-EDTA resin by 0.01–
1 M NaOH (20 mL).

Fig. 14. Repeated adsorption of Cr(VI) using magnetic PS-EDTA resin (initial
concentration of Cr(VI) ions: 30 mg/L; resins feed: 0.1 g; pH 4.0; contact time: 10 h;
T: 30 �C).
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involvement of reduction of the Cr(VI) ions and non-electrostatic
forces between the resin and the Cr(VI) ions [49]. The regenerated
resin was reused for up to ten adsorption–desorption cycles and
the results are illustrated in Fig. 14. It was found that the effi-
ciency of regeneration was more than 91% after the tenth cycle.
These results showed that the magnetic modified PS-EDTA can
be successfully regenerated and repeatedly used in Cr(VI) ions
adsorption studies without appreciable losses in their adsorption
capacities.
4. Conclusions

Magnetic chelating resin with EDTA functionality (magnetic PS-
EDTA) was prepared and characterized by means of FT-IR, SEM,
BET, VSM and XRD. The adsorption properties of the raw and mag-
netic modified PS-EDTA resin toward Cr(VI) ions were evaluated
via batch method. Various factors affecting the uptake behavior
such as pH, contact time, initial concentration of the metal ions
and dosage of resins on Cr(VI) removal were investigated. The re-
sults showed that the magnetic modified resin has higher adsorp-
tion capacity (240.23 mg/g) and shorter adsorption equilibrium
time (5 h) for Cr(VI) compared with the raw resin (123.15 mg/g,
10 h). The equilibrium data were analyzed using the Langmuir, Fre-
undlich, and Tempkin isotherm models among which Langmuir
isotherm model was found to be suitable for the Cr(VI) adsorption.
The kinetic parameters were evaluated utilizing the pseudo first-
order, pseudo second-order and Elovich kinetic models. The
adsorption kinetics followed the mechanism of the pseudo sec-
ond-order equation for magnetic resins, evidencing that both
chemical and physical adsorption are involved in adsorption pro-
cess. The mechanism was further identified by fitting intraparticle
diffusion and McKay plots. The result indicates film diffusion was
the rate-limiting step and intraparticle diffusion was also involved
in adsorption. The interaction of Cr(VI) with the surface functional
groups on magnetic resin was characterized via XPS, which proved
that reduction of Cr(VI) by Fe3O4 nanoparticle on the resin oc-
curred, while the electrostatic interaction between protonated
amine groups and Cr(VI) anion played an important role in the
adsorption. The mechanism of Cr(VI) adsorption is also illustrated
by a proposed conceptual model. Regeneration of magnetic PS-
EDTA obtained was achieved by using 0.5 M NaOH and subsequent
use of the regenerated PVA-EDTA resin end up in practically no
change in sorption effectiveness.
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