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� Magnetic copolymer beads were functionalized by azide–alkyne click reaction.
� The chelating beads showed excellent adsorption capacity for heavy metal ions.
� The beads possessed a sensitive magnetic response and could be repeatedly used.
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Novel chelating magnetic copolymer beads in micron-size range were prepared by suspension polymer-
ization and click reaction. The click chemistry was proposed as a tool for tuning the surface functionality
of magnetic poly(vinylbenzyl chloride-co-styrene-co-divinyl benzene), M-PVBC, by a covalent attach-
ment with propargyl alcohol via triazole formation. After click-coupling reaction, the changes in surface
morphology and chemical functionality were examined by SEM–EDX and FT-IR, respectively. Adsorption
characteristics for heavy metal were investigated by a batch adsorption in an aqueous system under dif-
ferent experimental conditions. The adsorption process was pH, concentration and time dependent. The
maximum adsorption capacities of the chelating magnetic copolymer, M10-PVBC-C, for Zn(II), Cu(II) and
Ni(II) in 500 ppm solutions were 67.29, 61.20 and 57.18 mg/g, respectively. Adsorption of Cu(II) ion, the
model heavy metal ion, was well fitted to the Langmuir isotherm model. The magnetic chelating beads
could be rapidly recovered from aqueous solution by an external magnetic field, regenerated and reused
for 5 cycles without significant lost in adsorption capacity. The results of this work indicated that the sur-
face functionalization by click reaction could be a simple and suitable method for the preparation of poly-
meric adsorbents for an effective removal of metal ions from aqueous solution.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Heavy metals are among the pollutants in aqueous waste efflu-
ents of many industries. Battery production, mining industry, oil
refinery and paint production are just a number of examples. These
toxic metals pose significant risks to the environment due to their
non-biodegrading, carcinogenicity even at low concentration and
tendency to accumulate, causing severe diseases in living organ-
isms. Removal of heavy metals from wastewater has been a chal-
lenge in the field of environment protection and generally
performed by traditional separation techniques including extrac-
tion, neutralization, precipitation/coagulation, membrane technol-
ogy, biological treatment, and adsorption [1–5]. The application of
adsorption technique has drawn enormous research attention over
the past years. Polymeric adsorbents have been used for this
purpose because of their chemical functionality, adjustable surface
area, dimension stability, easiness of handling and regeneration
[6–8].

Recently, metal chelate adsorption combined with the use of
magnetic nanoparticles is one of the promising techniques
proposed due to its simplicity and fast separation in recovering
adsorbent from wastewater under an appropriate magnetic field
[9–12]. Several types of magnetic nanoparticles have been
investigated including carbon-encapsulated magnetic, magnetite,
maghemite and magnetic graphene nanoparticles [13–15]. These
nanoparticles have attracted considerable attention because of
their unique properties that make them very useful in different
fields. They have at least one dimension smaller than 1 lm and
are possible to be manipulated under an external magnetic field.
Upon removal of the magnetic field, the superparamagnetic
nanoparticles (usually diameter less than 15 nm) exhibit no
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magnetic properties and therefore have no attraction for each
other, offering an advantage of reducing risk of particle aggregation
and a possibility to be used for preparing polymeric composite
[12,14]. The application of adsorption process based on the use
of magnetic polymer composite involves the following steps:
(i) adsorption, (ii) magnetic separation of the adsorbent from
wastewater, (iii) adsorbent regeneration, and (iv) handling of the
regeneration solution and the adsorbent. These magnetic polymer
composites have been reported exhibiting good performance for
the purpose of efficient removal owing to the choice of functional-
ity and modification of the polymer matrix [16–18].

Different types of polymeric material have been chemically
modified for the use of metal ion removal. The category of highly
efficient organic reactions first described in 2001 by Sharpless
and co-workers has emerged and become very popular in polymer
chemistry [19]. The attention paid to the Cu-catalyzed ‘‘click”
cycloaddition of azides and terminal alkynes has increased enor-
mously in recent years as a useful and promising synthesis tool
for functionalizing synthetic macromolecules and a wide range of
polymer architectures [20–22]. These reactions proceed under
mild conditions, generate inoffensive or no by products, and
require simple purification techniques. One of the very important
applications of the azide/alkyne click reaction is its high reactivity
in heterogeneous reaction systems, which leads to the prospect of
a high efficiency for the derivatization of surface and polymeric
materials [23,24]. To the best of our knowledge, there has been
no report on the preparation of chelating magnetic poly(vinylben-
zyl chloride-co-styrene-co-divinyl benzene) by the effective click
reaction for the application of heavy metal removal.

In this study, we reported the combination of facile suspension
copolymerization between vinylbenzyl chloride, styrene and
divinyl benzene in the presence of magnetic nanoparticles and
the ‘‘click” 1, 3-dipolar cycloaddition reaction of azide and propar-
gyl alcohol. Adsorption property and efficiency for the removal of
Ni(II), Cu(II) and Zn(II) ions from aqueous solutions were investi-
gated by a batch adsorption experiment. The influences of initial
ion concentration, pH, and adsorption time on the adsorption
capacity were studied. Adsorption isotherms, their parameters
and correlation factors were also reported. Furthermore, the regen-
eration and reusability of these chelating magnetic beads were also
studied to evaluate their effectiveness as an adsorbent.
Table 1
Standard recipe for M-PVBC microsphere preparation.
2. Experimental

2.1. Materials

The materials used in organic phase for suspension polymeriza-
tion, benzoyl peroxide (BPO), styrene (ST), vinylbenzyl chloride
(VBC) and divinyl benzene (DVB) were purchased from Merck.
The monomers were passed through activated alumina to remove
inhibitors before use. Sodium azide, dimethylformamide, propar-
gyl alcohol, dimethylsulfoxide, diethylenetriamine (99% grade)
and chemicals used for nanoparticles preparation were purchased
from Aldrich and used as received. Sodium chloride, sodium
hydroxide, copper iodide and magnesium chloride were of reagent
grade. The following chemicals, copper nitrate trihydrate, zinc
chloride and nickel chloride hexahydrate (Ajax Finechem) were
used for the adsorption study.
Monomer mixture Aqueous phase

50% mole ST 8.6 g MgCl2�6H2O
40% mole VBC 90 mL, 20% NaCl
10% mole DVB 40 mL, 2 M NaOH
1% mole BPO of monomer
Total volume of monomers = 30 mL
Magnetic nanoparticles at 1,5 and 10% wt/v of monomer
2.2. Synthesis of Fe3O4 nanoparticles

The magnetic Fe3O4 nanoparticles were synthesized via
chemical co-precipitation between an aqueous mixture of ferric
and ferrous salts. 4.00 g FeCl3�6H2O and 2.00 g FeCl2�4H2O were
dissolved in 75 mL deionized water with a mechanical stirring
under nitrogen atmosphere at 50 �C for 30 min. 40 mL of ammonia
was then added into the mixture and stirred for 3 h. The obtained
nanoparticles were separated from the reaction mixture by a mag-
net, washed with deionized water for several times to neutrality,
and dried in a vacuum oven.
2.3. Synthesis of magnetic copolymer beads

Poly(vinylbenzyl chloride-co-styrene-co-divinyl benzene),
PVBC, and magnetic-PVBC, M-PVBC, beads were synthesized by a
radical suspension polymerization from the reaction mixture given
in Table 1. A three-necked glass reactor equipped with a mechan-
ical stirrer and a reflux condenser was used. Dissolved oxygen in
the reaction mixture was removed by bubbling nitrogen through
a gas inlet tube and then the reactor content was covered with a
nitrogen blanket. Suspension was achieved by stirring and sonica-
tion of the monomer mixture with magnetic nanoparticles. The
mixture was added dropwise to an aqueous phase in the glass reac-
tor with 250 rpm stirring. The contents of magnetic nanoparticles
in monomer phase were varied at 1, 5, and 10% wt/v of monomer.
The polymerization was carried out at 85 �C for 8 h using a ther-
mostated water bath. The resulting copolymer beads were then
washed, sequentially with water and methanol to remove any
unreacted monomers. The beads were then dried under vacuum.
Using this procedure, a series of magnetic copolymer beads was
produced with a constant degree of crosslinking (10 mol% DVB).
The obtained composite beads were named M1-PVBC, M5-PVBC
and M10-PVBC according to the content of magnetic nanoparticles
added into the monomer mixture.
2.4. Surface modification of the copolymer by click reaction

In order to run the reaction, the initial key procedure involves a
covalently attachment of AN3 onto the PVBC and M-PVBC beads.
The copolymer beads (1.0 g) were agitated with NaN3 (3.0 g) in
DMF (30.0 mL) at 50 �C for 7 h. After cooling to room temperature,
the obtained beads were rinsed with distilled water and methanol,
and dried under vacuum. Next, clicking of propargyl alcohol onto
the azide functionalized beads was performed. 1.0 g of PVBC-N3

(or M-PVBC-N3) was dispersed in a solution of DMSO (10.0 mL)
and diethylenetriamine (0.5 mL) at room temperature for 10 min.
Then, propargyl alcohol (2.5 mL) and CuI (0.05 g) were added and
stirred in the reaction mixture at 50 �C for 1 h. At the end of reac-
tion, the resulted chelating magnetic copolymers, M-PVBC-C, were
washed several times with DMSO, distilled water and methanol,
then dried under vacuum at 55 �C for 24 h.
2.5. Characterization

2.5.1. TEM analysis
Transmission electron micrographs of the magnetic nanoparti-

cles were obtained using a transmission electron microscope,
Phillip-Tecnai20.
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Fig. 1. XRD pattern of Fe3O4 nanoparticles.
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2.5.2. Average size and size distribution of the copolymer beads
The copolymer beads were fractionated by sieve analysis using

300, 425, 500, 600, 710 and 850 lm Tyler standard sieves to yield
fractions of the beads. The fraction having diameter between 600
and 709 lm was used for the adsorption study.

2.5.3. FTIR study
In order to confirm the effectiveness of surface modification

procedure, FTIR spectra of the copolymer beads before and after
the click reaction were obtained using Fourier transform infrared
spectroscope (FT-IR, Perkin Elmer system 2000). The dry beads
were blended with KBr, ground and pressed into disks. The spectra
were then recorded.

2.5.4. Swelling test
Swelling behavior of the beads was determined in hexane and

toluene to examine their resistance to organic solvents. Dry beads
were weighed and placed in a 50 mL vial containing a solvent at
room temperature. After a desired period of time, the sample
was taken out from the solvent, wiped with a filter paper, and
weighed. The swelling ratio was calculated by the following
expression:

Swelling ratio ¼ ½ðWs �WoÞ=Wo� � 100 ð1Þ
where Wo and Ws are the weights of beads before and after uptake
of solvent, respectively.

2.5.5. SEM analysis
Surface morphology of the beads was observed by a scanning

electron microscope (SEM, LEO 1450VP). Representative samples
of the beads before and after surface modification were attached
with double-side conductive tapes onto the steel stubs and coated
with gold before SEM observation.

2.6. Batch adsorption

Cu(II), Ni(II) and Zn(II) ions were selected as model ions to test
the heavy metal ion adsorption characteristics of the beads modi-
fied by click reaction. The effects of solution pH (1–5), initial con-
centration (100–3000 ppm), and adsorption time (15–240 min) on
adsorption behavior were investigated. The Cu(II) adsorption iso-
therm was derived using 0.05 g of chemically modified beads as
an adsorbent in copper nitrate solutions (50 mL) with an equilib-
rium time of 120 min. The adsorption capacity was calculated by
Eq. (2):

q ¼ ½ðCo � CÞV �=m ð2Þ
where Co and C are the concentrations of metal ions in the aqueous
solution (mg/L) before and after the interaction with copolymer
beads for a certain period of time, respectively; V is the volume of
solution (L); and m is the amount of the copolymer (g).

3. Results and discussion

3.1. Characterization of magnetic nanoparticles

The magnetic nanoparticles were synthesized via chemical co-
precipitation between an aqueous mixture of ferric and ferrous
salts in an alkali solution. The chemical reaction can be expressed
by the following equation:

2Fe3þ þ Fe2þ þ 8OH� ! Fe3O4 þ 4H2O

It has been known that the co-precipitation reaction usually
produces a mixture of magnetite (Fe3O4) and maghemite
(c-Fe2O3). Both forms of crystalline iron oxides show the same
X-ray diffraction pattern in the 30–65 2h� interval, but only maghe-
mite shows a signal at 2h� of 18.2. Fig. 1 shows XRD pattern of the
prepared nanoparticles and confirms the majority product of crys-
talline Fe3O4. Six typical peaks observed at 2h of 30.2�, 35.5�, 43.2�,
53.6�, 57.1�, and 62.7� could be indexed to the structure of Fe3O4

powder diffraction data [25,26].
TEM image and particle size distribution of the magnetic

nanoparticles depict the physical appearance of a typical nano-
iron oxide morphology with average diameter in the range
between 5 and 15 nm (please see the Supplementary data). FTIR
spectra of the nanoparticles were also recorded. The strong peak
of Fe–O vibration appeared at 580 cm�1. The adsorption bands of
1650 and 3450 cm�1 were assigned to the bending and stretching
vibrations of hydroxyl group on the nanoparticle surface (please
see the Supplementary data).

3.2. Characterization of the PVBC and M-PVBC

In this study, the PVBC microspheres were synthesized via a
suspension polymerization between VBC, ST and DVB as shown
in Scheme 1. These monomers were selected for specific reasons.
ST is a commercially available monomer. It also provides strength
and rigidity to the beads after crosslinking with DVB. VBC is a
reactive monomer containing ACl side group that can be readily
converted to a chelating site. The magnetic composite beads,
M-PVBC, were prepared by dispersion of magnetic nanoparticles,
M, in the monomer mixture and polymerized by the same method
as used for PVBC. Upon completion of polymerization, the mag-
netic composite microspheres were removed from the reaction
with an external magnetic field. The average copolymerization
yields of PVBC and M-PVBC were 96% and 93%, respectively.

For the application of waste water treatment, the beads should
possess good dimensional stability and solvent resistivity. The
swelling behavior in hexane and toluene was studied. It was found
that the PVBC and M-PVBC beads exhibited swelling ratio less than
8% in both solvents indicating their potential as an adsorbent in
terms of solvent resistivity.

The magnetization curve of M10-PVBCbeads was recorded
using VSM as shown in Fig. 2. The responding saturated magneti-
zation value was 8.0 emu/g. A When a magnet was put near a
container of M-PVBC dispersed in aqueous medium, the composite
beads were attracted towards the magnet within a few seconds.
This phenomenon ensures the efficient and facile magnetic separa-
tion from suspension systems.

Fig. 3 shows the thermal decomposition of Fe3O4 nanoparticles
and M-PVBC beads evaluated by TGA. The thermograms depict a
variation of residual masses of the samples with temperature.
The absolute weight loss of the Fe3O4 was less than 3.5% for the
whole temperature range (up to 700 �C) indicating the high
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Scheme 1. Preparation of PVBC and M-PVBC microspheres.
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Fig. 2. Magnetization curve of M10-PVBC beads. The inset displays dispersion of
the composite beads in aqueous medium under an external magnetic field.
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thermal stability of these magnetic nanoparticles. For the M-PVBC
samples, the first stage of small weight loss (below 200 �C) can be
attributed to the evaporation of moisture and volatile molecules,
while the later stage of weight loss was due to the breakdown
of crosslinked structure and decomposition of copolymer
matrix. The values of %residual for M5-PVBC and M10-PVBC at
the end of the test were in good agreement with the contents of
Fe3O4 nanoparticles incorporated into the copolymerization
mixtures.
3.2.1. Particle size distribution of the copolymers
Particle size and size distribution of the composite beads were

analyzed by the use of sieves and the results are shown in Fig. 4.
It was observed that the average size of copolymer beads gradually
increased with increasing the content of magnetic nanoparticles.

3.2.2. SEM–EDX analysis
Surface morphology and EDX analysis of the PVBC and magnetic

beads were investigated and the results are shown in Fig. 5. The
PVBC was sphere with smooth surface. On the other hand, the
rough and rugged surfaces were obviously seen from the M1-
PVBC, M5-PVBC and M10-PVBC microspheres, as a result of
nano-Fe3O4 agglomeration. EDX analysis confirmed the presence
of magnetic nanoparticles in the microspheres with the Fe signal.
The intensity of this signal became stronger with increasing the
content of nanoparticles.

3.3. Characterization of the chelating beads prepared by click reaction

In this study, the azide–alkyne click chemistry was chosen to
functionalize copolymer beads because of its selectivity, high yield
and fast reaction time under a facile and mild condition. The ACl
end group of copolymer was transformed to azide functionality
by a nucleophilic substitution with sodium azide in DMF, see
Scheme 2. %Azide grafting was calculated using Eq. (3):
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Fig. 5. SEM–EDX micrographs of PVBC, M1-PVBC, M5-PVBC and, M10-PVBC.
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Scheme 2. Reactions of (A) the grafting of azide onto the beads, and (B) the azide–alkyne cycloaddition with propargyl alcohol.
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%Azide grafting ¼ ½ðW1 �W0Þ=W0� � 100 ð3Þ

where W0 and W1 are the weights (g) of the initial beads and N3-
grafted beads after drying. The value was approximately 6.5% for
all samples.
3.3.1. FTIR analysis
FTIR spectra were recorded to identify the formation of chelat-

ing microspheres at different modification steps. In the spectrum
of M10-PVBC (Fig. 6A), the absorption peaks of @CAH (aromatic)
stretching above 3000 cm�1 and the strong bands of CAH (CH2)
stretching around 3000–2800 were seen. The peaks around
1680–1560, 1470 and 707 cm�1 were C@C ring stretching, CH2

bending and aromatic CAH deformation vibration, respectively.
The identification of CACl frequency was rather difficult, since
mixing of bands was possible in this region. The characteristic peak
of CACl could be seen as a shoulder of CAH deformation vibration
at 670 cm�1. Grafting of azide on M10-PVBC was confirmed by the
presence of a new intensive band at 2100 cm�1 assigned to the
asymmetric stretching of AN3 group and the lower of CACl charac-
teristic peak, see Fig. 6B, [24,27]. The click-cycloaddition between
azide and propargyl alcohol was also monitored. A broad OAH
stretching band around 3450 cm�1 of M-10PVBC-C was observed
in Fig. 6C. The disappearance of characteristic azide band at
2100 cm�1 indicated that the azide groups were consumed during
the click reaction [28].

3.3.2. SEM analysis
The shape and surface of the M10-PVBC beads before and after

chemical modification were investigated by SEM and the micro-
graphs are displayed in Fig. 7. At 100� magnification, it was
observed that surface morphology of M10-PVBC-N3 and M10-
PVBC-C differed from the unmodified M10-PVBC. The irregularity
of the surface with micron-sized voids could be was due to the
azide grafting and cycloaddition of propargyl alcohol onto the
beads.
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3.4. Adsorption study

In this study, Cu(II) ion was selected as a model ion for the opti-
mization of adsorption capacity. The proposed mechanism for
adsorption is shown in Scheme 3. The advantage of these magnetic
copolymer beads is the ease and simplicity in recovering from the
liquid phase. After ion adsorption, the beads can be easily sepa-
rated using an external magnetic field.

3.4.1. SEM–EDX analysis
SEM images of the M10-PVBC-C after Cu(II) ion uptake were

taken to visualized its surface morphology (Fig. 8). At high magni-
fication, the solid crystals randomly dispersed over the bead were
clearly observed. Elemental composition at the bead surface was
analyzed by EDX and the result confirmed an uptake of Cu(II) with
a strong characteristic of Cu signals.

3.4.2. Effects of time and Fe3O4 content on adsorption capacity
The effect of time on Cu(II) adsorption of M5-PVBC-C and M10-

PVBC-C was investigated using 500 ppm solution without adjust-
ing pH (natural pH). The adsorption capacities at different time
intervals are shown in Fig. 9. Both chelating beads showed a rapid
increase of binding between metal ions and the beads at the initial
state of adsorption. The equilibrium was attained within 120 min,
after which the change in adsorption capacity was insignificant.
Results show that an increase in magnetic nanoparticle showed
no marked difference in the adsorption capacity. The PVBC beads
also showed approximately the same metal uptake and adsorption
kinetics curve as those measured from the magnetic composite
beads indicating that the metal chelation occurred via the reactive
sites chemically modified by click reaction.

3.4.3. Effect of pH on adsorption capacity
The efficiency of adsorption is significantly dependent on solu-

tion pH because the process is primarily influenced by the surface
charge of the beads and the degree of ionization. Fig. 10 shows the
     (A) M10-PVBC  (B) M10-PV

Fig. 7. SEM micrographs of the magnetic beads before
adsorption behavior of M10-PVBC-C over a range of pH. The com-
parative experiment was only carried out in acidic solutions to
avoid the precipitation of metal hydroxide by OH� ions. It was
clearly seen that the adsorption capacity decreased continuously
with decreasing pH. The observed pH-dependent adsorption could
be attributed to the change in surface of chelating beads. With
decreasing pH, the electron-rich functional groups were electro-
statically attracted by protons resulting in a poor interaction
between the metal ions and the beads. Under this condition, the
adsorption was unfavorable and Cu(II) ions remained in the solu-
tion [29].

3.4.4. Effect of solution concentration on adsorption capacity
The effect of ion concentration on adsorption behavior of M10-

PVBC-C was examined at a fixed adsorbent dose and the results are
shown in Fig. 11. As expected, an increase in solution concentration
enhanced the ion uptake. The adsorption profile is a single curve
leading to a saturation point in 1500 ppm of Cu(II) ions.

3.4.5. Adsorption isotherm
The study of adsorption isotherms is a useful tool for the appli-

cation of adsorbents. In this study, the adsorption capacities of the
beads are mathematically expressed in terms of the Langmuir and
Freundlich isotherm models. The equations are given below in
order:

qe ¼ KLCe=ð1þ bLCeÞ ð4Þ
and

qe ¼ KFC
n
e ð5Þ

The two isotherms are only applicable to a batch adsorption
system where sufficient time is provided to allow equilibrium
between the pollutant in medium solution and the pollutant
adsorbed on the adsorbent. The Langmuir isothermmodel assumes
monolayer adsorption with equal energy and enthalpy for all
adsorption sites. This model can be linearized to give

1=qe ¼ 1=KLCe þ bL=KL ð6Þ
where Ce (mmol/L) and qe (mmol/g) show the equilibriummetal ion
concentration in solution and the amount of metal ions adsorbed on
the adsorbent at adsorption equilibrium, respectively. KL (L/g) and
bL (L/mmol) are the Langmuir isotherm constants of the system.
The ratio of KL/bL is the maximum adsorption capacity. A plot of
1/qe versus 1/Ce would result in a straight line with a slope of 1/KL

and intercept of bL/KL [30,31]. The calculated data are given in
Table 2.

The Freundlich isotherm model assumes that the adsorption
energy of a metal binding to an adsorption site depends on
whether or not the adjacent sites are already occupied. The adsorp-
tion occurs on heterogeneous surfaces and possibly in multilayer
adsorption. The linearized isotherm equation is as follows:
BC-N3             (C) M10-PVBC-C 

and after chemical modification by click reaction.



Scheme 3. Metal ion adsorption by the chelating sites of M-PVBC-C beads and the separation of beads under an external magnetic field.

Fig. 8. SEM–EDX analysis of the M10-PVBC-C after Cu(II) adsorption.
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ln qe ¼ n ln Ce þ ln KF ð7Þ
where KF (mmol1�n�Ln/g) is the Freundlich constant depicting
adsorption capacity, n is a constant indicating adsorption intensity,
and Ce (mmol/L) and qe (mmol/g) have the same definitions as
before. Therefore, a plot of ln qe versus ln Ce would result in a
straight line and enable the constants n and KF to be determined
[32].
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Fig. 11. The adsorption capacity of M10-PVBC-C beads in different concentrations
of Cu(II) ion (natural pH), 120 min adsorption time.

Table 2
Langmuir and Freundlich constants for Cu(II) adsorption of the M10-PVBC-C beads.

Langmuir Freundlich

KL bL R2 KF n R2

(L/g) (L/mmol) (mmol1�n�Ln/g)
0.2131 0.1206 0.9937 0.2149 2.0706 0.9179
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Fig. 13. Adsorption capacity of M10-PVBC-C in a mixed ion solution at 500 ppm
(natural pH) and 120 min adsorption time.
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In this study, the two models were tested for Cu(II) adsorption
using M10-PVBC-C beads. The best-fitted model was determined
depending on the linear correlation coefficient, R2. The parameters
obtained by applying both models to the experimental data are
given in Table 2. The Langmuir isotherm correlated with our exper-
imental data better than the Freundlich isotherm, indicating that
adsorption occurs uniformly on the active sites of the adsorbent,
and stops at one monolayer with specific and strong adsorption
onto the binding sites [33].
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3.4.6. Adsorption capacity in a single and mixed metal ion solutions
The M10-PVBC-C was also tested for the uptake of Zn(II) and Ni

(II) ions in 500 ppm single ion solutions at 120 min adsorption
time. The chelating beads provided satisfactory results for the
removal of metal ions in a mass basis order of Zn(II) > Cu(II) > Ni
(II) (Fig. 12). The maximum loading capacities of Zn(II), Cu(II) and
Ni(II) were determined to be 67.29, 61.20 and 57.18 mg/g. The
greater affinity for Zn(II) could be due to its smaller ion radius that
facilitated the binding between ion and the chelating site.

A competitive adsorption test was attempted using a solution
prepared by mixing 500 ppm solutions of Ni(II), Cu(II) and Zn(II)
ions. It was found that adsorption was not selective and the ion
uptake followed the order Zn(II) > Cu(II) > Ni(II), see Fig. 13. The
adsorption capacity for each metal decreased in the presence of
competitor metal ions. The results indicated that these metal ions
57.18 61.20 
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Fig. 12. Adsorption capacity of M10-PVBC-C in single ion solutions at 500 ppm
(natural pH) and 120 min adsorption time.
competed for the same adsorption site and the number of available
chelating sites decreased for one ion in a mixed solution.
3.4.7. Desorption and reusability
From the practical point of view, reusability is a key factor of an

adsorbent. In this work, the regeneration was performed by
immersion the M10-PVBC-C beads in 500 ppm solution. After
reaching the maximum ion uptake, the beads were then subjected
to desorption by 1 M HNO3 solution. The adsorption–desorption
cycles were repeated using the same beads and the results are
shown in Fig. 14. After five cycles of regeneration, the re-
adsorption amount of ions remained almost constant suggesting
that the chelating sites on the beads were reversible. The M10-
PVBC-C could be repeatedly used without significantly loss in the
binding affinity. The excellent reusability made it economically
possible for the application of heavy metal removal from
wastewater.
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Fig. 14. The adsorption–desorption of Ni(II), Cu(II) and Zn(II) ions on the M10-
PVBC-C beads.



Table 3
Comparison of adsorption behavior of the M10-PVBC-C with different adsorbents reported in the literature.

Type of adsorbent Targets Adsorption
capacity (mg/g)

pH Reusability (%adsorption
efficiency)

Refs.

Amino-functionalized polyacrylic acid coated Fe3O4 nanoparticles Cu(II)
Cr(VI)

12.43
11.24

5
2

– [9]

Fe3O4 nanoparticles modified with amino-propyltriethoxysilane
and copolymers of acrylic acid and crotonic acid

Methylene blue 142.9 7.5 94 after 4 cycles [10]

Chitosan/clay/magnetite composite Cu(II)
As(V)

17.2
5.9

7
3

99
20

[11]

Magnetic polymer beads (PMMA-DVB) modified with ethylene diamine Cu(II)
Ni(II)
Co(II)

51.7
49.6
50.3

3–5 98 after 5 cycles [12]

Resin loaded magnetic b-cyclodextrin beads and graphene oxide sheet Hg(II) 88.43 7.1 76 after 4 cycles [16]
Cross-linked chitosan/magnetite/heulandite composite Methylene blue 45.1 5.5 – [17]
Carboxymethyl-b-cyclodextrin modified Fe3O4 nanoparticles Pb(II)

Cd(II)
Ni(II)

64.50
27.70
13.20

5.5 96% for Pb(II) after 4 cycles [18]

Hyaluronic acid immobilized magnetic/silica microspheres Cu(II) 13.0 7.0 – [25]
Magnetic copolymer bead (PVBC) modified by click reaction Zn(II)

Cu(II)
Ni(II)

67.29
61.20
57.18

5.5 99.7
99.2
95.1 after 5 cycles

This work
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3.4.8. Comparison of the adsorption behavior with other adsorbents
A list of the maximum adsorption capacities of some recent

results obtained using different types of magnetic adsorbent, is
presented in Table 3. A direct comparison between the M10-
PVBC-C and other adsorbents was not straightforward, because
there many parameters that can have significant impacts on the
adsorption process.

The listed results were gained from materials of distinct struc-
tures and different experimental conditions, such as solution con-
centration, pH, time and adsorbent dose. In terms of adsorption
capacity and reusability, it can be observed that the M10-PVBC-C
is a good candidate as an adsorbent in the removal of metal from
aqueous solutions. The simple and fast synthesis method and effi-
cient removal efficiency will benefit the M10-PVBC-C to a broad
application prospects.

4. Conclusions

In this work, the efficient removal of heavy metal ions from
aqueous solution using a newly synthesized magnetic copolymer
was investigated. The Fe3O4-PVBC microspheres were successfully
synthesized from VBC, ST and DVB via suspension polymerization
in the presence of Fe3O4 nanoparticles. The obtained magnetic
beads, M-PVBC, were chemically modified by click reaction to pro-
duce a chelating composite. FTIR, SEM and EDX techniques proved
the presence of chelating sites for heavy metals on the composite
surface. The study of adsorption characteristic indicated that vari-
ous parameters such as adsorption time, solution concentration
and pH played important roles in the adsorption behavior. The
Langmuir isotherm was demonstrated to provide the best correla-
tion for adsorption of Cu(II) ion. In addition, regeneration study
showed that the chelating magnetic beads were stable after
repeated uses and the percentage of desorption was high without
significant decrease in adsorption capacity. According to the
obtained results, the novel chelating magnetic beads could be a
promising adsorbent for the removal of heavy metals, with the
advantages of high adsorption capacity and a convenient recovery
from waste water by applying a magnetic field.
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