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ABSTRACT

A novel ethylenediamine chelating resin (PEDA-g-PS) was prepared by grafting poly(glycidyl meth-
acrylate) onto the chloromethylated polystyrene beads via surface-initiated atom transfer radical
polymerization (SI-ATRP), and followed by the ring-opening reaction of epoxy and amine groups.
The resin was characterized by infrared spectroscopy, scanning electron microscopy and elemental
analysis. The adsorption property for Cu(Il) and Cd(II) on the resin was examined. By analyzing
adsorption isotherm, adsorption kinetics and the influence of solution pH on the adsorption capac-
ity, the adsorption of Cu(II) and Cd(II) on PEDA-g-PS resin was proved to be Langmuir single-layer
adsorption model, and adsorption process conformed to pseudo-second-order kinetic equation. The
maximum adsorption capacities for Cu(Il) and Cd(II) could reach 1.19 and 1.95 mmol-g™ at pH 3.0
by fitting Langmuir model. The adsorption of the Cu(Il) and Cd(II) was hardly affected by com-
mon coexisting ions such as Na(I), K(I), Ca(Il) and Mg(II), whereas they were slightly decreased
when Fe(Il) and Zn(Il) coexisted in the solution, which illustrated the selective adsorption of
Cu(Il) and Cd(II) from wastewater. After ten adsorption-desorption cycles, the adsorption capac-
ity of the resin did not change significantly, indicating that the resin exhibited excellent adsorption
properties for heavy metal ions and excellent reusability.
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Heavy metal ion

1. Introduction

With the development of industry, heavy metals have
become a major threat to all life in the ecosystem and cause
serious health problems [1,2]. Because heavy metals cannot
be degraded, when the content of heavy metals in a living
body accumulates to a certain amount, symptoms of dam-
age such as physiological obstruction, developmental arrest,
and even death will occur [3,4]. Copper and cadmium are
common and highly toxic metals. Excessive intake of cop-
per(I) by the human body can lead to liver and kidney dam-
age, increased blood pressure and respiratory rate, damage
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to the central nervous system and cellular imbalances lead-
ing to pathogenic processes such as Alzheimer’s disease,
Menkes syndrome, inflammatory disease, and Wilson’s
disease [5,6]. Cadmium can cause liver and kidney dam-
age, emphysema, hypertension, and testicular atrophy [7].
Therefore, the removal of heavy metal ions has attracted
widespread attention [8-10]. The most common methods
for removing heavy metal ions from wastewater include
adsorption, precipitation, membrane filtration, and complex
solvent extraction [11-14]. Among them, in terms of simplic-
ity of design and simplicity of operation, the use of suit-
able adsorbents for adsorption is considered to be one of
the most effective and attractive methods. Therefore, many

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.



Y. Chen et al. / Desalination and Water Treatment 274 (2022) 206-218 207

studies have been conducted to promote the development
of new adsorbents by functionalization of materials such as
activated carbon, chelating resin, and silica gel [15-18].

In general, the surface of all solid materials possess
the ability of adsorption. In fact, only porous materials
with large specific surface area and corresponding activity
can be used as adsorbents with obvious adsorption effect
[19-21]. Ion-exchange adsorbents can effectively separate
various ions, but lack selectivity [22,23]. Compared with
ion-exchange adsorbents, chelating agents have stronger
binding capacity and higher selectivity [24-26]. Therefore,
the development of adsorbents with chelating function is an
important part in adsorbent research [27-29]. The surface of
the adsorbent is the phase boundary between the polymer
and the external environment, and the performance of the
chelating agent depends largely on its surface properties.
The surfaces of most polymer are hydrophobic and chem-
ically inert. In order to introduce functional groups on the
surface of materials and endow the materials with better
adsorption properties, a lot of research has been done on
the surface modification of polymer materials [30,31]. The
“Grafting from” method is to build a highly oriented and
tightly bound “initiator self-assembled molecular layer”
on the surface of the adsorbents via molecular self-assem-
bly technology, and then small molecular monomers are
grafted to the surface through living polymerization tech-
nology, which can form high density of polymer molecular
brush structure on the surface of the material, so as to con-
nect as many functional groups as possible in a limited area
[32,33]. Among them, atom transfer radical polymerization
(ATRP) is a new controlled radical living polymerization
technology [34]. Combining ATRP technology, studying the
preparation technology of the new adsorbent and the rela-
tionship between the grafting amount of the surface mono-
mer and the adsorption capacity are of great significance
for the preparation of high-performance adsorbents [35,36].

In this paper, poly(glycidyl methacrylate) were grafted
on the chloromethylated polystyrene beads (CMPS) resin by
ATRP technology firstly. Then, the ethylenediamine chelat-
ing resins were prepared via ring-opening reaction of amine
group in ethylenediamine and the epoxy group in glycidyl
methacrylate. The adsorption properties of resins for Cu(II)
and Cd(II) were investigated. It is expected to provide
theoretical guidance for the preparation of high-capacity
adsorbents.

2. Experimental section
2.1. Reagents and instruments

Chloromethylated  cross-linked  styrene-divinylben-
zene resins (18% Cl, particle size 0.30~0.45 mm) (Sunresin
New Materials Co., Ltd., Xi'an, China), copper(I) bromide
(Sinopharm, China, >98%); 2,2’-bipyridine (Sinopharm,
China, 299.5%); glycidyl methacrylate (GMA) (CP, Aladdin,
Shanghai, China); ethylenediamine (AR, Chengdu Kelong
Chemical Reagent Factory); Cd(NQO,),-4H,0 (AR, Tianjin
Fucheng Chemical ReagentFactory); CuSO,-5H,0 (AR, Tianjin
Fucheng Chemical Reagent Factory); All other chemicals
were of analytical grade.

Fourijer-transform spectrometer (TENSOR 27, Bruker,
Germany) was used to determine the structure of the

chelating resin. X-ray photoelectron spectroscopy (PHI-
5400X, PerkinElmer, USA) was used to achieve the qualita-
tive analysis of the surface elements. The concentrations of
metal ions were measured by an atomic absorption spectro-
photometry (AAS, novAA 400, Analytik Jena AG, Germany).

2.2. Preparation of adsorbents

2.2.1. SI-ATRP of glycidyl methacrylate on
chloromethylated polystyrene beads

The synthesis method of poly(glycidyl methacrylate)
on chloromethylated polystyrene beads (PGMA-g-PS) was
given in [9]. GMA was grafted onto the surface of the initi-
ator-functionalized resins via SI-ATRP. Briefly, 2,2-bipyridyl
(0.5 g, 0.72 mmol), copper(I) bromide (0.05 g, 0.30 mmol)
and CMPS beads (5.0 g) were placed in a reaction vessel,
and the mixture was de-oxygenated by repeated vacuum-
ing. High-purity nitrogen was introduced into the tube
after each evacuation stage. Then, GMA (10 mL) and tet-
rahydrofuran (30 mL), deoxygenated by three cycles of
freezing-vacuum-thaw, were added into the tube using a
syringe under nitrogen atmosphere. The reaction was car-
ried out with stirring at 40°C under nitrogen atmosphere.
The beads were filtrated out from the reaction solution after
the desired reaction time, and then immersed in 60 mL meth-
anol/EDTANa, (1:1, v/v) solution for 24 h to remove cop-
per. Finally, the resulting glycidyl methacrylate modified
PS (PGMA-g-PS) was washed by water and methanol and
dried at 35°C under vacuum for the next reaction.

2.2.2. Preparation of PEDA-g-PS

5.0 g of the modified PGMA-g¢-PS beads, 5.0 g of EDA,
and 50 mL of tetrahydrofuran were added to a three-necked
flask under stirring at 50°C for 8 h. The resulting PEDA-g-PS
beads were filtered and washed thoroughly with ethanol
and deionized water in sequence, and finally dried at 35°C
in a vacuum oven.

2.3. Characterization

Chemical composition information about the surface of
CMPS, PGMA-¢-PS and PEDA-g-PS resins was analyzed
using a Tensor 27 FTIR spectrophotometer (Bruker Company,
Germany) and scanning electron microscope (SEM, Hitachi,
Japan). A specific surface area and pore size analyzer (TriStar
II 3020, Micromeritics Instrument Corporation, USA)
was used to measure the Brunauer-Emmett-Teller (BET)
surface area and average pore diameter.

2.4. Adsorption experiment
2.4.1. Effect of pH

0.100 g of PEDA-g-PS was added into a series of 100 mL
of 4.0 mmol-L™ metal ion solutions with different pH values
from 1.0 to 7.0 (HCl, NaOH and NaAc-HAc buffer solution
were used to adjust pH), and the mixtures were shaken
at 200 rpm for 12 h at 25°C. The PEDA-g-PS was removed
by filtration, and the filtrates were collected to measure
the final concentration of metal ion by atomic adsorption
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spectrometry. The amount of metal ion adsorbed was cal-
culated according to Eq. (1):

(C,-C)V

Q.= W

@

where Q is the equilibrium adsorption capacity (mmol-g™),
C,and C, are the initial and equilibrium metal ion concentra-
tions (mmol-L?), respectively; V is the solution volume (L),
and W is the mass of the dried resins (g).

2.4.2. Adsorption isotherms

The adsorption capacities of PEDA-g-PS at 25°C were
measured with the following procedure. Cu(Il) and Cd(II)
stock solutions were adjusted to pH 3.0 and then diluted with
NaAc-HAc solution (pH 3.0) to obtain a series of working
solutions with different concentrations (0.2~5.0 mmol-L™?).
In addition, 0.1 g of PEDA-g-PS was added into 100.00 mL
of operational solution and then shaken on a shaker for
12 h. Adsorption isotherms were obtained by plotting
Q, vs. C,. The change of adsorption capacity with tem-
perature was measured at 25°C, 35°C and 45°C.

2.4.3. Adsorption kinetics

To a series of 0.1 g of PEDA-g-PS, 100.00 mL of
4.0 mmol-L Cu(Il) and Cd(II) working solutions were added
separately in vessels, and then the solutions were shaken on
a shaker at 25°C. Aliquots of 1.00 mL solution were taken
at different time intervals, and the concentration varia-
tions of metal ions were analyzed using AAS. The kinetic
curve was obtained by plot of Q, vs. t.

2.4.4. Selective adsorption

A series of binary mixed solutions were obtained by
mixing Cu(Il) and Cd(II) ions (4.0 mmol-L™?) with the coex-
isting ions such as Na(I), K(I), Ca(IlI), Mg(II), Fe(Ill) and
Zn(II) (8.0 mmol-L?) respectively. The mixture of 0.1 g of
PEDA-g-PS resin and 100 mL of each binary mixture was
shaken for 12 h at 25°C. The selectivity factor can be calcu-
lated from the adsorption capacity of metal ions in binary
mixtures.

2.4.5. Competitive adsorption

The competitive adsorption among Cu(ll) and Cd(II)
was examined in a binary system at pH 3.0. (1) The con-
centration of Cu(Il) was fixed at 4 mmol-L™, and the con-
centration of Cd(II) was controlled at 0.2~5.0 mmol-L?
respectively. (2) The concentration of Cd(Il) was fixed at
4 mmol-L7, and the concentration of Cu(Il) was controlled
at 0.2~5.0 mmol-L7, respectively. In addition, 0.1 g of PEDA-
g-PS was added into 100.00 mL of operational solution
and then shaken on a shaker for 12 h at 25°C.

2.4.6. Recycling experiments

The Cu(Ill)-loaded and Cd(Il)-loaded PEDA-g-PS were
putinto 1.0 mol-L™" HClI solution, stirred at room temperature

for 5 h for desorption. The desorbed resin was collected
by filtration, washed with distilled water, and reused
in the next cycle of adsorption experiments.

2.5. Stability experiments

The stability of PEDA-g-PS resin was tested with a dis-
solution experiment. Two portions of 2.000 g resins were
immersed into 1,000 mL 0.2 mol-L! HCI and 0.2 mol-L™!
NaOH solutions, separately, for one month. Then, the mix-
ture was filtered. The filtrates were extracted using 50.0 mL
ethyl acetate for three times, and the combined extract was
concentrated to 5.0 mL and analyzed by gas chromatogra-
phy-mass spectrometry (GC/MS) (GC7980-MS5975, Agilent
Technologies, Santa Clara, CA). Samples were injected in split
less mode onto a DB-5 MS column (30 m x 250 m x 0.25 m,
Agilent Technologies, Santa Clara, CA). Data were processed
using Agilent Technologies MSD ChemStation (version
E.02). The treated PEDA-g-PS beads was washed with
distilled water and dried for mass and elemental analysis.

3. Results and discussion
3.1. Preparation of PEDA-g-PS

The synthetic route of PEDA-g-PS is shown in Fig. 1.

In the first step, poly(glycidyl methacrylate) (PGMA)
was grafted onto the surface of chloromethylated poly-
styrene (PS) beads by SI-ATRP. The effect of the monomer
concentration and the reaction time on the degree of graft-
ing are indicated in [9]. In the second-step, ethylenediamine
chelating resin was prepared by the ring-opening reaction
of epoxy and amine groups.

3.2. Characterization of resin

Fourijer-transform infrared (FTIR) spectra of CMPS,
PGMA-¢-PS and PEDA-g-PS resins are shown in Fig. 2. It
can be seen from Fig. 2a that the characteristic absorption
peaks at 2,934 and 1,460 cm™ represent the stretching vibra-
tion and skeleton vibration of -CH,- in the aromatic ring,
respectively. The absorption peaks at 759 and 698 cm™ are the
stretching vibrations of C-Cl in —-CH,CI [9]. After the surface
modification of the resin, the characteristic absorption peaks
in Fig. 2b and c changed significantly. In Fig. 2b, a strong
absorption peak appears at 1,723 cm™, which is the stretch-
ing vibration peak of C=O in GMA. 1,243 and 1,145 cm™
are the symmetrical and asymmetrical vibrational absorp-
tion peaks of C-O in GMA. There appears to be character-
istic absorption peaks of epoxy groups at 907 and 841 cm™
in the PGMA-g-PS resin, suggesting the successful grafting
of GMA [37]. After the ring-opening reaction of ethylene-
diamine and epoxy group, the absorption peaks at 907 and
841 cm™ disappeared (Fig. 2c). A broad peak appeared at
3,100-3,700 cm™, corresponding to the combination of -OH
and -NH stretching vibrations, indicating that -OH and -
NH were introduced to the resin surface. A new absorption
peak appeared at 1,570 cm™, which belongs to the defor-
mation vibration of —-NH, further confirming successful
introduction of amine groups onto the resin surface.

X-ray photoelectron spectroscopy (XPS) was also used
to analyze the surface composition and the changes in
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Fig. 1. Synthetic route for the preparation of PEDA-g-PS.
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Fig. 2. FTIR spectrum of (a) CMPS, (b) PGMA-¢-PS and
(c) PEDA-g-PS resins.

functional groups of the resin of CMPS, PGMA-g-PS and
PEDA-g-PS resins. Fig. 3 shows the XPS wide scan of the
resin before and after the modification. As seen from Fig. 3¢,
the N1s peak appeared at 398.1 eV, indicating that amino
group was successfully introduced into the resins through
the amination reaction. Cls core-level spectra of PEDA-g-PS
resins were investigated. As shown in Fig. 4, four peaks
appeared at 283.5, 284.1, 284.9 and 285.8 eV, which corre-
sponded to C-C, C-N, C-Cl/C-O and C=0, respectively.

The results of elemental analysis and pore structure
parameters of resins are shown in Table 1. It can be seen
that the element content of the resin surface changed signifi-
cantly before and after modification. For PEDA-¢-PS resin,
the N content increased significantly, indicating that the
ring-opening reaction had occurred on the resin surface, and
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Fig. 3. XPS wide scan of (a) CMPS, (b) PGMA-¢-PS and (c) PEDA-
g-PS resins.

amine groups were successfully introduced onto the resin
surface. The physical structure of the resins was character-
ized by N, adsorption-desorption isotherms. The obtained
porous structure parameters of the resins are summarized in
Table 1. The surface area, average pore diameter and Barrett—
Joyner-Halenda (BJH) cumulative volume of PEDA-g¢-PS
were all smaller than those of CMPS. It may be because some
macropores are filled during the synthesis reaction, which
causes these parameters to become smaller than before
modification.

Fig. 5 shows the SEM images of CMPS, PGMA-¢-PS and
PEDA-g-PS resins. It can be seen that the surface of the CMPS
resin was relatively smooth (Fig. 5a), indicating that there
were very few branches in the CMPS resin and therefore
its adsorption performance was poor. After modification,
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the surface of the resin became rough (Fig. 5b and c), indi-
cating that the resin surface was successfully grafted with
amine groups.

All these results confirmed the successful grafting of
PGMA and the introduction of the amine groups on the
surface of the resin.

3.3. Adsorption property for heavy metal ions

3.3.1. Effect of pH on adsorption

As shown in Fig. 6, the effect of solution pH on the
adsorption capacity were studied. In order to avoid the

282 284 286 288 200 202
Binding Energy(eV)

Fig. 4. Cls core-level spectra of PEDA-g-PS resins.

Table 1
Elemental analysis and pore structure parameters
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formation of hydroxide precipitation, the adsorption for
Cu(II) and Cd(II) was carried out at pH 7.0 or lower. It can
be seen from Fig. 6 that the adsorption capacity of the resin
for the two ions were increased with the increasement of
pH. At lower pH, the adsorption capacity was small. This
was because the amine group was positively charged with
protonation at lower pH, which prevented the metal cations
from approaching the adsorption site due to electrostatic
repulsion. With the increase of pH, the amine groups on the

2.0

—a— Cu(II)
—e— Cd(II)

Q/ (mmol g

pH

Fig. 6. Effect of pH on the adsorption of PEDA-g-PS resin
for Cu(Il) and Cd(II) (initial concentration: 4 mmol-L; 25°C;
adsorbent dose: 0.1 g).

Sample Element content (%) Pore structure parameters
C H N BET surface area BJH cumulative volume Average pore
(m?>g™) (cm3g™) diameter (nm)
CMPS 56.67 8.690 0.455 28.81 0.20 19.71
PGMA-g-PS 72.48 5.186 0.004 22.08 0.17 16.56
PEDA-g-PS 70.98 7.045 12.23 19.69 0.14 12.48

Fig. 5. SEM surface images of the resins of (a) CMPS, (b) PGMA-g-PS and (c) PEDA-g-PS resins.
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resin surface were chelated with Cu(Il) and Cd(II) to produce
adsorption.

3.3.2. Effect of adsorbent dosage

The adsorbent dosage is an important parameter in
adsorption studies because it determines the capacity of
adsorbent for a given initial concentration of absorbate solu-
tion. To study the dosage effect of the PEDA-g-PS resin on
Cu(Il) and Cd(Il) adsorption, experiments were conducted
at initial metal ion concentration of 4.0 mmol-L (pH 3.0),
while the amount of PEDA-g-PS resin added was varied.
Fig. 7 shows the effect of adsorbent dosage on the adsorp-
tion capacity of Cu(Il) and Cd(II). It was observed that the
adsorption capacity of heavy metal ions rapidly increased
with the increase in adsorbent dosage up to 0.1 g, and
thereafter remained unchanged. The adsorption capacity
increase at lower adsorbent dosage was due to the increase
in the available sorption sites on the surface of PEDA-g-PS
resin.

3.3.3. Adsorption isotherms

The adsorption isotherm is usually used to evaluate
the adsorption capacity of the adsorbent. The adsorption
isotherm of Cu(Il) and Cd(II) at 25°C by the resin is shown
in Fig. 8.

Langmuir (2) and Freundlich (3) adsorption isotherm
models are often used to describe the adsorption equilib-
rium of liquid—solid systems [38].

Q_l{l]q @
Q. QK. Q)"

InQ, =InK, +llnCe 3)
n

—a— Cu(II)
—e— Cd(II)

0.0 T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Adsorbent dosage (g)

Fig. 7. Effect of adsorbent dosage on the adsorption of PEDA-g-PS
resin for Cu(Il) and Cd(II) (initial concentration: 4.0 mmol-L;
25°C; pH 3.0).

where Q is the adsorption capacity, mmol-g™'; C, is the equi-
librium concentration of metal ions, mmol-L™; Q, is the sat-
urated adsorption capacity, mmol-g™; K. is the Langmuir
adsorption constant; K, is an empirical parameter; 1 is the
Freundlich constant.

The Langmuir model is based on the assumption of
surface homogeneity such as equally available adsorption,
monolayer surface coverage, and no interaction between
adsorbed species, whereas the Freundlich model assumes
that the adsorption occurs on a heterogeneous surface.
The results are shown in Table 2. When comparing the R?
values for the applied Freundlich and Langmuir models,
we see that Langmuir equation represented a better fit to
the experimental data than the Freundlich equation in all
cases for the adsorption of metal ions. This reflects that the
surface of the resin was made up of small homogeneous
adsorption patches.

3.3.4. Adsorption kinetics

The adsorption process of the adsorbent on the porous
adsorbent usually includes external diffusion, internal
particle diffusion and active site adsorption, while intra-
particle diffusion plays an important role in the kinetics of
adsorption [39]. Fig. 9 shows the adsorption kinetics curves
for Cu(Il) and Cd(II) of the resin. The adsorption equilib-
rium was reached at 2.5 h and 4 h for Cu(Ill) and Cd(II),
respectively.

In order to study the kinetic mechanism of adsorption
process, three different kinetic models proposed by Weber
and Morris [30], pseudo-second-order kinetic model (3),
Lagergren’s pseudo-first-order kinetic model (4), and intra-
particle diffusion model (5), were used to explain the kinetic
process.

t _ 1 1
— =+t ®
Q Kk Q
22
20 - ./0 —ee
B S
1.8 /0
3 /-/-—--—— BN
5 -
E, —u—Cu(ll)
3 —e—Cd(ll)
fffff Freundlich fit of Cu(ll)
[ERPIE Freundlich fit of Cd(Il)
rrrrrrr Langmuir fit of Cu(ll)
O Langmuir fit of Cd(ll)
T T J
2 3 4 °
Ce/(mmol L )

Fig. 8. Adsorption isotherms of PEDA-g-PS resin for Cu(II)
and Cd(II) at 25°C (pH 3.0; contact time: 12 h; adsorbent
dose: 0.1 g).
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Table 2
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Parameters obtain by Langmuir and Freundlich for the adsorption of Cu(II) and Cd(II) on PEDA-g-PS resins at 25°C

Ion metals Experimentally determined Langmuir parameter Freundlich parameter
o1
QL, (mmol g ) QO (mmol-g‘l) KC Rf KF 1/n Rg
Cu(II) 1.02 1.19 35.58 0.98611 0.482 0.657 0.96982
Cd(II) 1.63 1.95 45.76 0.99236 0.731 0.614 0.97547
Cu(ID) g?lzltii'der and second-order rate constants
2.04—®— Cd(ID)
Equations Parameters Cu(l) Cddn
. Q. (mmol-g™) 1.28 2.02
1.5 Pseudo-first-ord ¢
o .seu.o e .Or er k. (1/h) 0241  0.389
"o kinetic equation ads
= R? 0.8851 0.8732
o -1
g Q. (mmol-g™) 140 216
. Pseudo- d-ord ¢
=0 k,sjzt,cos Second-ordel  t (@mmol ) 0472 0581
ineti
< R? 0.9946  0.9945
Intraparticle diffusion K, (mmol-g™*h™?) 0.198  0.296
0-57 equation R 0962 0971
0.0 T T T T T T where t is the adsorption time (min); k the adsorption rate
0 2 4 6 8 10 12

t (h)

Fig. 9. Adsorption kinetics of PEDA-g-PS resin for Cu(Il) and
Cd(II) (initial concentration: 4 mmol-L7; 25°C; pH 3.0; adsorbent
dose: 0.1 g).

kads
18(Q.-Q)=18Q, + 25t )

Q, =kyt” ®)

m Cu(ID)
® (Cd(II)

t (h)

constant (min™); k , is the Lagergren rate constant (min™)
of the adsorption; K, is the intraparticle diffusion rate con-
stant (mmol-g'-min??), and Q, and Q, are the adsorption
amount at given time t and equilibrium time, respectively.

The kinetic fitting curve is shown in Fig. 10 and the
fitting results are listed in Table 3. Obviously, as it can
be seen from Fig. 10 and Table 3, R* values of the pseudo-
second-order kinetic were higher than the pseudo-first-order
kinetics. Therefore, the adsorption behavior for Cu(ll) and
Cd(II) of PEDA-g-PS resin followed the pseudo-second-order
kinetic model.

According to Weber and Morris, an adsorption pro-
cess is divided into three steps: (1) diffusion of the

= Cu(ID) b
) ® Cd(II)

Fig. 10. Kinetic fitting curve (a) pseudo-second-order model and (b) pseudo-first-order model.
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adsorbate from the solution to the surface of the adsorbent;
(2) internal diffusion process, usually determined by the
pore size of the adsorbent; (3) adsorption of the adsorbate
with the surface active sites in the adsorbent.

According to Eq. (5), if the curve gives a straight line,
internal diffusion can be accepted as the only rate limit-
ing step, but multiple linearity’s are formed, indicating
that two or more stages are involved in metal ion adsorp-
tion [31]. As shown in Fig. 11, the adsorption process is
divided into three stages: (1) rapid transport of metal ions
from solution to the surface of the resin (2) gradual adsorp-
tion stage, where intraparticle diffusion is the rate limiting
step, and (3) final equilibrium stage, intraparticle diffusion
begins to slow down because the concentration of metal
ions in the solution is very low and the number of available
adsorption sites is small.

From the above analysis, it can be seen that intraparticle
diffusion was not the only rate-controlling step, indicating

2.5 4

g
=}
1

Q(mmolg 4)

05 —r
05 1.0 15 20 25 3.0 35

Fig. 11. Plot of Weber—Morris intraparticle diffusion model for
the adsorption of metal ions on PEDA-g-PS resin.

1.6
—&— 25°%C
—o— 35°%C
—A— 45°C

0.0 T T T T
2 3

c,(mmol L")

o
—
o~
&3}

that the adsorption process involved several single kinetic
stages.

3.3.5. Adsorption thermodynamics

The adsorption capacity of Cu(Il) and Cd(II) on PEDA-
g-PS resins were increased with the increasing of tem-
perature, but the increasement was not significant in the
temperature range investigated (Fig. 12), which confirmed
that the adsorption was an endothermic process.

The thermodynamic parameters provide insight infor-
mation of inherent energetic changes associated with
adsorption, including free energy change (AG), enthalpy
change (AH) and entropy change (AS), which can be respec-
tively estimated using the following equations [40]:

AG =-RTInK, (6)
InK_ = TAH A5 7)
RT R

where R is the universal gas constant (8.314 J-mol™’-K™),
T the absolute temperature (K), and K. the adsorption equi-
librium constant, which was obtained from the Langmuir
isotherm at different temperatures.

Using a linear plot between InK_. vs. 1/T, the adsorp-
tion enthalpy and entropy for the adsorption process of
the ions could be obtained according to the slope and
intercept of the plot, as shown in Table 4.

The negative value of AG indicated that the adsorption
process of PEDA-g-PS resin on metal ions were sponta-
neous. The positive values of AH and AS for the adsorp-
tion of the two ions demonstrated an endothermic nature
for this process along with an increased randomness at the
solid/liquid interface, indicating that the temperature was
a beneficial factor in the adsorption kinetics.

2.5
—a— 25°%C b
204 [ 35°C
—&— 45°(C
1.5
)
—
e}
B
Ce,,1.0-
0.5
0.0 T T T T
0 1 2 3 4 5

¢,/ (mmol L)

Fig. 12. Adsorption isotherms of PEDA-g-PS resin for (a) Cu(Il) and (b) Cd(Il) at different temperature (pH 3.0; contact time: 12 h;

adsorbent dose: 0.1 g).
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3.3.6. Selective adsorption

The effects of Na(I), K(I), Ca(Il), Mg(II), Fe(IlI) and Zn(II)
on the adsorption of Cu(Il) and Cd(II) on PEDA-g-PS were
investigated. As shown in Table 5, the influences of Na(l),
K({), Ca(ll) and Mg(Il) on the adsorption of Cu(ll) and
Cd(I) can be ignored, but Fe(Ill) and Zn(Il) displayed a
minor influence. However, PEDA-g-PS preferred adsorbing
Cu(Il) and Cd(II) rather than Fe(III) and Zn(II). According
to the obtained results, the amine group had the property
of soft base. Correspondingly, compared with Na(I), K(I),
Ca(II), Mg(II) (hard acid), Fe(Ill) and Zn(II) were more eas-
ily combined with soft base, which affected the adsorption
of Cu(Il) and Cd(II) by the resin. These results illustrated
that the resin could selectively adsorb Cu(Il) and Cd(II)
from wastewater.

3.3.7. Competitive adsorption

A competitive adsorption experiment among Cu(Il) and
Cd(II) was examined in a binary system. The concentration
of Cd(Il) in the mixed solution was fixed, the concentra-
tion of Cu(Il) was changed, and the isothermal adsorption
of Cu(ll) was observed as shown in Fig. 13a. Similarly, as
shown in Fig. 13b, the concentration of Cu(Il) in the mixed
solution was fixed, the concentration of Cd(II) was changed,
and the isothermal adsorption of Cd(II) was observed. The
adsorption capacity for Cu(Il) and Cd(Il) by PEDA-g-PS
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resin in binary system was lower than that in single system.
Due to the presence of Cd(Il), the adsorption of Cu(Il) by
PEDA-¢-PS resin decreased significantly. The presence of
Cu(II) also influenced the adsorption of PEDA-g-PS resin for
Cd(II). After adding competing ions, although the adsorp-
tion isotherm of Cu(ll) and Cd(II) dropped significantly, it
basically kept the original shape, which indicated that the
adsorption of Cu(Il) and Cd(II) on the resin still obeyed the
isotherm adsorption model after adding competing ions.
Table 6 shows the fitting parameter of Langmuir model.
From Table 6 it can be seen that the saturated adsorption of
Cu(Il) decreased by 30.3% due to the presence of competing
ions, while that of Cd(II) decreased by 16.4%, indicating that
the presence of Cd(II) has a greater impact on the adsorption
of Cu(Il), probably because Cd(II) can coordinate with the
hydroxyl and amine groups in the PEDA-g-PS resin.

3.3.8. Reusability of PEDA-g-PS resin

When the resin was desorbed with 0.1 mmol-L' HCI
solution, the desorption rate reached 95.8%. In order
to demonstrate the reusability of the adsorbent, an

Table 5

Effect of coexisting metal ions on the adsorption capaci-
ty of Cu(Il) and Cd(II) (pH 3.0; contact time: 12 h; adsorbent
dose: 0.1 g)

Coexisting ions Selective coefficients

Table 4
Thermodynamic parameters estimated for adsorption of two Cu(ID) Cd(In)
metal ions on PEDA-g-PS resins
K(I) o o
Metal AH AS AG (kJ-mol) Ela((lll)) ° °
jons  (kJ-mol) (Jrmol-K-) . . . a °° °°
25°C  35°C 45°C Mg(II) - -
Cu(l) 6.21 50.50 -8.849 9339 -9.859 Fe(III) 15.6 12.4
Cd@) 11.25 69.50 -9.473 -10.153 -10.863 Zn(IT) 13.2 10.8
1.4
1.2 a 2.0 b /E/E/Elj
i/ﬁ
1.0 i §/§/§l§
1.5 i/ ‘/§/
o g o
o0 0. 8 o0
g 3 o
E,64 E 107
S 0.6 S §
0.4 ¢ —=— Cd(IT)
T Cu(lD) 0.5 —e— Cd(IT)-Cu(IT)
0.2 —e— Cu(ID)-Cd(II)
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Fig. 13. Competitive adsorption of PEDA-g-PS resin for Cu(Il) and Cd(Il) (pH 3.0; contact time: 12 h; adsorbent dose: 0.1 g):
(a) effect of Cd(II) on the adsorption isotherm of Cu(II) and (b) effect of Cu(Il) on the adsorption isotherm of Cd(II).
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adsorption—-desorption cycle was repeated ten times. The
results were shown in Fig. 14. After ten adsorption-desorp-
tion cycles, the adsorption capacity of the resin was reduced
by only 3.21% for Cu(ll) and 2.54% for Cd(II). These results
indicated that PEDA-g-PS resin could be repeatedly used in
heavy-metal adsorption without any detectable change in
adsorption capacity.

3.4. Adsorption mechanism

In order to further illustrate the adsorption mechanism
of PEDA-¢-PS resins for Cu(Il) and Cd(Il), Fig. 15 represents
the FTIR spectra of PEDA-g-PS resins before and after the
adsorption. The results indicated that the vibration band
of asymmetric vibration absorption of -NH, in PEDA-g-PS
resins had shifted from 1,570 cm™ to lower wavenumbers of
1,545 and 1,558 cm™ for Cd(II) and Cu(Il) adsorption, respec-
tively. This was the result of coordination of -NH, to Cd(II)
and Cu(II).

In addition, the absorption bands lying at 1,430 cm™
(related to the hydroxyl group) had shifted to lower wave-
number of 1,410 cm™ after adsorption for Cd(II), while for
Cu(II) adsorption, these absorption bands were not far away
with those before adsorption. The information implied that
—OH groups had participated in the coordination with Cd(II),
but had no contribution to the coordination with Cu(Il),
which may cause the differences in the adsorption capacity
for Cd(Il) and Cu(Il) removal.

Table 6
Langmuir adsorption parameter of Cu(II) and Cd(II) in different
ion system

Ion system Q, (mmol-g™) K. R;
Cu(In) 1.19 35.58 0.98611
Cu(I)-Cd(I) 0.83 28.52 0.9543
Cd(1) 1.95 45.76 0.99236
Cd(I)-Cu(II) 1.63 4213 0.9654
I Cu(ll)
20 ' T T Cd(ll)
TN N NN N NNN NN
“ITN N N NN N NN N A
sl nnnnnn
an
A RRRERRRRD
ERERRRRRERER
s> BRRBRRRRRER
-RERBRRERERR
1ttt
"BERERERRERRR
H1Liiii

1 2 3 4 5 6 7 8 9 10
Adsorption-desorption times(time)

Fig. 14. Adsorption capacity of PEDA-g-PS resin after ten
adsorption—desorption cycles (pH 3.0; initial concentration:
4 mmol-L™; contact time: 12 h; adsorbent dose: 0.1 g).
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XPS analysis was performed to investigate the molec-
ular level information of Cu(ll) and Cd(II) adsorption on
the PEDA-g-PS resins, as shown in Fig. 16. Before adsorp-
tion, the N1s and Ols binding energy locate at 398.1 eV
and 533.4 eV respectively. After Cu(Il) adsorption, the N1s
band was shifted to 399.3 eV, due to the formation of bonds
between the nitrogen and the Cu(Il), while the O1s peak did
not change compared with before adsorption, indicating
that a complex between Cu(Il) and nitrogen occurred and
the adsorption of iron in the resin. After Cd(II) adsorption,
the N1s and Ols band was shifted to 399.8 and 534.2 eV
respectively, indicating that -OH groups have participated
in the coordination with Cd(II).

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Fig. 15. FTIR spectrum of (a) PEDA-g-PS resins, (b) Cd(Il)-loaded
PEDA-g-PS resins and (c) Cu(Il)-loaded PEDA-g-PS resins.

Cls

N1s

0ls
Clls
a

.t

0 200 600 800 1000 1200

Binding Energy (eV)

400 1400

Fig. 16. XPS wide scan of (a) PEDA-g-PS resins, (b) Cu(Il)-loaded
PEDA-g-PS resins and (c) Cd(II)-loaded PEDA-g-PS resins.
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Table 7

Comparison of Cu(II) and Cd(II) adsorption on PEDA-g-PS resins with other adsorbents

Adsorbents Adsorption capacities (mmol-g™) Reference
Cu(II) Cddrn
Nanosized titanate composites (NaxFeyMgiTiOz) 0.22 0.079 [41]
Activated carbons 0.73 0.74 [42]
Ferromanganese binary oxide-biochar composites 1.01 0.90 [43]
Microwave-functionalized cellulose - 1.35 [44]
B-cyclodextrin modified magnetic graphene oxide nanohybrids 0.80 - [45]
Brazilian Orchid Tree (Pata-de-vaca) 0.238 0.113 [46]
PEDA-g-PS resin 1.19 1.95 This work

3.5. Stability of PEDA-g-PS resin

To demonstrate the stability of PEDA-g-PS resins, the
PEDA-g-PS resins were immerged into strong acid and base
solution for one month, respectively. No weight loss was
found after treatment. The filtration solution was analyzed
by GC-MS, and the ingredients of the resins, divinylben-
zene, vinylbenzene and other aromatic compounds were not
checked out in Compound Libraries, indicating no leakage
of the harmful compounds from the materials. These results
indicate that PEDA-g-PS resin is insoluble in aqueous solu-
tion, and the amino group in the resin has better stability in
solution.

3.6. Comparison with other adsorbents

There are many adsorbents designed for different metal
ions in the reference, the representative adsorbents that can
adsorb Cu(Il) and Cd(Il) ions were chosen for comparison
with PEDA-g-PS. As shown in Table 7, PEDA-g-PS beads
had much higher adsorption capacities for the two metal
ions than other adsorbents. Higher adsorption capacities can
produce higher productivity for water treatment. Therefore,
the resin should be of value in water treatment on the basis
of sustainability principles.

4. Conclusions

In this work, a novel PEDA-g-PS resin with high capac-
ity was prepared by SI-ATRP and ring-opening reaction.
FTIR and elemental analysis confirmed the successful graft-
ing of PGMA and the introduction of the amine groups on
the surface of the resin.

The PEDA-g-PS resin was used to remove Cu(ll) and
Cd(II) from aqueous solution. The maximum adsorption of
the resin for Cu(II) and Cd(II) reached 1.19 and 1.95 mmol-g™*
at pH 3.0 by fitting Langmuir equation. Adsorption kinet-
ics followed the pseudo-second-order kinetic equation, and
adsorption thermodynamics indicated the endothermic
nature of the adsorption process. Competition from com-
mon coexisting ions, such as Na(I), K(I), Ca(Il) and Mg(II),
was negligible, whereas the coexisting Fe(Ill) and Zn(II)
ions displayed only a minor influence, which illustrated
the selective adsorption of Cu(Il) and Cd(II) from wastewa-
ter. The resin was adsorbed-desorbed 10 times without sig-
nificant change in adsorption capacity, indicating that the

resin has broad application prospects in the treatment of
heavy metal wastewater.
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