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A novel chelating resin containing many amino and carboxyl functional groups, PS-EDTA resin, was
prepared from chloromethylated polystyrene bead by reacting with ethylenediamine and chloroacetate
in aqueous phase in sequence. The structure of PS-EDTA resin was characterized by means of infrared
spectroscopy, scanning electron microscopy, surface area analysis and thermogravimetry. Adsorption
behavior of the resin for Ag (I) ions in aqueous solutions was investigated by batch experiments. The
results indicated that the adsorption removal of PS-EDTA resin for Ag (I) could achieve more than 99.9%

Ié;ye‘l/\;iirg;resin at pH values of 5.0 with an initial Ag (I) concentration of 60.0 mg/L within 2 h. The maximum removal
Synthesis capacity of PS-EDTA toward Ag (1) was found to be almost 3314.97 mg/g at 25 °C. In addition, adsorption

kinetic data were described by pseudo-second-order equation and the equilibrium data fitted very well
with the Freundlich model. It was found that the PS-EDTA resin had excellent adsorption properties for
Ag (I), so it should be a promising composite adsorbent with application in the recovery of Ag (I) ions
from aqueous environment.
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1. Introduction

The pollution of toxic heavy-metal ions from many industries,
such as metal plating, mining, painting, smelting, car radiator
manufacturing, petroleum refining and agricultural activities, has
already become a worldwide problem that endangers the environ-
ment and health of human beings [1]. Consequently, the health
risks due to the accumulation of heavy metals in the human
body are becoming a matter of growing concern, this has led to
regulatory actions to reduce the exposure of humans to heavy
metal on many fronts, and removal of toxic heavy metal ions has
received great attention in recent years [2,3]. That toxic heavy
metal ions were discharged into the environment will be seri-
ous pollution problems affecting water quality especially. Several
methods have been applied during many years for the elimina-
tion of heavy metal ions present in the industrial wastewaters
[4-11]. The traditional methods commonly used for removal of
heavy metal ions from aqueous solution include ion-exchange [5],
solvent extraction, chemical precipitation [6], nano-filtration [7],
reverse osmosis [8] and adsorption [9-11]. Among all of these treat-
ment processes, the adsorption using suitable adsorbents should
be considered one of the most effective and economical methods
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in terms of and the simplicity of design and easiness of operation
[1,12,13], which even can be used to applications in the purifi-
cation of drinking water. Great efforts have been contributed to
the development of new adsorbents like activated carbon, chelat-
ing resin, hydroxyapatite, silica gel, zeolite, clay, goethite, modified
mineral adsorbent, and other functional polymers each has its mer-
its and limitations in practice [14-17]. Nonetheless, the cost and
regeneration of adsorbents are the key factors influencing their
application in practice, especially for the treatment of large vol-
ume of wastewater. To keep up with this step, many researchers
have deeply tried to find out low-cost, efficient, and reusable
adsorbents antidotes for the adsorptive removal of heavy metal
[18,19].

During the past decade, several metal-retaining resin, con-
taining a variety of complexion or chelating ligands, have been
reported to efficiently remove heavy metals [20-23]. Synthetic
polymers containing amino, thio, oxo, carboxyl, phosphoryl, and
so on have been developed. In particular, the amino/carboxyl
group on an adsorbent has been found to be one of the most
effective chelate functional groups for adsorption or removal of
heavy metal ions from an aqueous solution [24-30]. It has also
been reported that the amine groups can provide reactive sites
for specific adsorption of various metal ions [30-34]. In the late
1980s and early 1990s, EDTA (ethylene diamine tetraacetic acid)
was suggested as a nice small molecular chelating agent for
exhibiting extremely high metal-chelating capacity because it con-
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tains abundant functions being able to chelate with metal ions
[35]. Hence, many people designed various methods to synthe-
sis EDTA type chelating resin, such as grafting chloroacetate in
AMPS resin. However, majority of these approaches has a rig-
orous synthesis condition or usually complicated in procedures.
The use of polystyrene (PS) as an adsorption support is also not
recent because of its outstanding physical and reactive properties
[1-3,18].

This work would report the design of a novel method holding
environment friendly, low-cost and efficient in order to synthesis
EDTA type chelating resin as an efficient ligand for heavy metals.
The PS-EDTA resin based on chloromethylated polystyrene bead
with macroreticular structure was synthesized all in aqueous, and
almost did not use any other toxic organic agent except materials.
The chemical process has been accomplished by two steps, which
forms PS-EDA resin by amination of chloromethylated polystyrene
bead, and the chelating resin PS-EDTA finally synthesized by the
functionalization of PS-EDA resin. The resulting PS-EDTA resin
exhibits a tree type structure containing both carboxyl units and
amino/imino units. The composition and structure of PS-EDA and
PS-EDTA resins were characterized by using FT-IR, BET, TGA and
SEM methods, meanwhile, their adsorptions for Ag (I) and other
heavy-metal ions from their aqueous solutions or wastewater were
also investigated by AAS method.

2. Experimental
2.1. Materials

Chloromethylated polystyrene (PSC), 1,2-ethylenediamine,
chloroacetate, 1,4-dioxane, NaOH, tetrabutyl ammonium bromide
(TBAB), silver nitrate, and analytical reagent grade were commer-
cially obtained and used as received.

2.2. Preparation of PS-EDA resin

About 2 g of chloromethyl styrene-divinylbenzene copolymer
was swelled in 20 mL of 1,4-dioxane in a beaker for 2 h, and then
was added to a 100 mL three-necked glass flask fitted with a reflux
condenser and mechanical stirrer. The alkaline solution of sodium
hydroxide (2.5g, 0.0625mol) and the phase transfer catalyst of
tetrabutyl ammonium bromide (TBAB, 0.1 g, 0.66 mmol) dissolved
in 20 mL water was added in as followed. Finally, 25 mL of ethylene-
diamine was dropped in quickly. The reaction mixture was then
heated in a water bath at 80-85 °C with continuous stirring for 6 h.

The polymer beads were filtered and rinsed thoroughly with
distilled water and methanol to remove the residual impurities.
The products were left to dry completely in vacuum for few days
for the obtainment of PS-EDA.

2.3. Preparation of EDTA resin

About 2.52 g chloroacetate was neutralized by saturated sodium
carbonate, and then added in a 100mL three-necked glass
flask fitted with a reflux condenser and mechanical stirrer. The
above product, the alkaline solution of sodium hydroxide (2.5g,
0.0625mol) and tetrabutyl ammonium bromide (TBAB, 0.1g,
0.66 mmol) dissolved in 20 mL water, were added in as followed.
The reaction mixture was then heated in a water bath at 80-85°C
with continuous stirring for 6 h.

The resulting products were filtered and rinsed thoroughly with
distilled water and methanol to remove the residual impurities. The
resulting products were left to dry completely in vacuum for few
days for the obtainment of final product PS-EDTA.
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Fig. 1. Effect of adsorbent dosage on sorption of Ag (I) on PSC, PS-EDA and PS-EDTA.

2.4. Sorption of ions onto the beads

The sorption of ions onto the beads was performed in a batch
experiments. For batch tests, a given amount of beads (200 mg)
was added into ions aqueous solution (100 mL) at a known concen-
tration, constant temperature of 25°C and constant rate 150 rpm
in a thermostat oscillator under dark environment. After a desired
period of sorption, the solution was removed out and the concen-
tration of metal ions was measured by AAS.

The adsorbance and adsorptivity of metal ions onto the beads
were calculated according to the equations. The initial pH value of
ions aqueous solution was carefully adjusted between 2.0 and 9.0
by adding a certain amount of HNO3 or NaOH solutions with differ-
ent pH values. Two linearized sorption models of Freundlich and
TémkuH isotherms were applied to analyze sorption equilibrium.
The sorption kinetics of Ag (I) ions onto the beads was studied by
using the pseudofirst-order and pseudosecond-order kinetic equa-
tions. Because PS-EDTA has a much higher adsorption capacity than
PS-EDA, subsequent adsorption experiments with ions were per-
formed only on PS-EDTA (show in Fig. 1).

2.5. Measurements

The FT-IR spectra of PSC, PS-EDA, PS-EDTA and PS-EDTA
adsorbed Ag (I) were recorded with a Nicolet Magna-IR 550 spec-
trophotometer between 4000 and 450 cm~! using the KBr pellet
technique. The Brunauer-Emmett-Teller (BET) surface area was
measured by the N, adsorption-desorption technique using a
Micromeritics Chemisorb 2750 surface area analyzer. The thermal
stability of the adsorbents was studied with a Metler Toledo Star
thermogravimetric analyzer. The size and morphology of the beads
were observed by a JEOC JSM-6701F scanning electron microscope
(SEM) at accelerating voltages of 5 kV. A thermostat oscillators (Hai
Sheng Da HQD 150L) was used for shaking all of the solutions. The
concentrations of ions in solution were determined using a GBC
Avanta A 5450 atomic absorption spectrophotometer (AAS). The
pH of solutions was determined using a HANNA pH meter.

3. Results and discussion
3.1. Synthesis of PS-EDA and PS-EDTA
The chemical reaction of the PSC with 1,2-ethylenediamine

afforded opaque, uniform and buff beads. And the finally product
PS-EDTA is darker than PS-EDA. The PS-EDTA finally synthesized
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Scheme 1. Synthesis of PS-EDA and PS-EDTA.

exhibits a tree type structure containing both carboxyl units and
amino/imino units with some unreacted groups (Scheme 1). The
number average diameters of the products (902.1 wm, Fig. 2b)
were bigger than reactant (711.7 wm, Fig. 2a), this number would
increase after they adsorbed ions (Ag: 1103.9 wm, Fig. 2c; Cu:
940.6 m, Fig. 2d).

As listed in Table 1, the reaction yields of the beads are sig-
nificantly dependent on the reactant ratio, demonstrating the
maximum at the PSC/EDA molar ratio of 1/25. At lower EDA con-
tent, there is even no product; consequently, abundant excess EDA
was left to further reactions, resulting in much higher yield. When
more EDA was added, more chlorine could be replaced and form
more functions contained amino and imino, leading to the forma-
tion of more products with higher functions of carboxyl. However,
too much EDA is needless. Apparently, the optimal PSC/EDA molar
ratio should be 1/25 for the synthesis of PS-EDA with the maximal
yield.

The alkali (NaOH or KOH) and the phase transfer catalyst (TBAB)
are also necessary in the reactions.

It can be seen from Table 1 that the reaction time and tempera-
ture would hardly influence the yield of PS-EDA and PS-EDTA resin
when they reached up 6 h and 80 °C, respectively.

3.2. Adsorbent characterization

3.2.1. Structure of PS-EDTA resin

To study the macro- and micro-structure of products, PS-EDA
and PS-EDTA, several typical techniques such as SEM, IR, TGA, BET
and elemental analysis were employed together.

The shape and surface morphologies of the beads have been
studied by SEM, which are displayed in Fig. 2. It is seen from
Fig. 2 that the beads all exhibit as perfect ball. The number aver-
age diameter of the PS-EDTA (902.1 wm, Fig. 2b) was bigger than
PSC (711.7 pm, Fig. 2a), this number would increase after they
adsorbed ions (Ag: 1103.9 wm, Fig. 2c; Cu: 940.6 um, Fig. 2d). The
surface morphology of the PS-EDTA (Fig. 2f) is different from the
PSC (Fig. 2e), for which more uniform and richer aperture. It must
be due to the incorporation of EDTA units into PS units and the cor-
roded by sodium hydroxide during the reactions. These properties
are favorable for producing good adsorption properties.

It is also different when it adsorbed ions (show in Fig. 2g and h),
which must be due to the adsorption and adhesion of ions onto the
beads.

The surface area calculated from the BET N, adsorption isotherm
method shows that PS-EDTA (42.5 m?/g) exhibits a higher surface

1103.9um

100um

Fig. 2. SEM images of the shape and surface morphologies of the beads: (a) PSC, (b) PS-EDTA, (c) PS-EDTA after adsorbing Ag (I); (d) PS-EDTA after adsorbing Cu(lI).
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Table 1
Preparation of PS-EDA and PS-EDTA in aqueous.
Materials’ t(h) T(°C)
2 4 6 8 r.t. 50 80 100 120
NONE =" = = = = = = = =
1:5 NaOH/KOH - _ _ _ _ _ 7 7 B
NaOH/KOH+TBAB — - ED == - - ED =B EE
NONE - - - - - - - - -
PSC:EDA  1:15 NaOH/KOH - — == + - - + + +
NaOH/KOH+TBAB — - + + - EE + + +
NONE - - - - - - - - -
1:25 NaOH/KOH = = + + = + + + +
NaOH/KOH+TBAB = = ++ ++ = == ++ ++ ++
" Synthesis of PS-EDTA has a same condition except changing the main materials to PS-EDA and chloroacetate (excess).
" — No product; + a few of product; + some product, but have low yield; ++ have a perfect yield.
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Fig. 4. The thermogravimetry (TG) curves for PSC and PS-EDTA.
PS-EDTA happens on the amino carboxyl groups. The two sharp
and strong peaks at 816 and 669 cm~! might be assigned to the
stretching vibration of C-Cl bond, which have disappeared in PS-
3000 2000 1500 1000 500 EDA (Fig. 3, spectrum 2). It proves the perfect yield in synthesis of
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Fig. 3. IR spectra of PSC, PS-EDA, PS-EDTA and PS-EDTA after adsorbing Ag (I).

area than PSC (32.0 m2/g), possibly as a result of enhanced adsorp-
tion of N, in the richer micropores and aperture.

The macromolecular structure of the PS-EDTA contains different
functions was studied by IR spectroscopy (Fig. 3). The broad bands
at 3430 (Fig. 3, spectrum 2), 3422 (Fig. 3, spectrum 3) and 3427
(Fig. 3, spectrum 4)cm~! are due to the characteristic stretching
vibration of N-H bond in amino (-NH;) and imino (-NH-) groups,
respectively, strongly suggesting the presence of a large amount of
amino and imino groups in the PS-EDA and PS-EDTA. The peaks at
3018 cm~! (Fig. 3, spectrum 1-4) are due to the =C-H stretching
vibration in benzenoid rings. The two peaks at 2919 and 2842 cm~!
(Fig. 3, spectrum 1), 2924 and 2853 cm~! (Fig. 3, spectrum 2-4)
associated with existent abundant of methylene in the polymer
main chain. The peak at 1608 cm~! (Fig. 3, spectrum 1) is attributed
to the stretching vibration of double carbon-carbon bond in the
polymer. The peak at 1634 cm~"! (Fig. 3, spectrum 2) is attributed
to plus vs c=c and v, mino- The peaks at 1636 (Fig. 3, spectrum 3) and
1632 cm~! (Fig. 3, spectrum 4) are associated with the stretching
vibration of blue shifted carboxyl carbonyl because of connecting
with polymer chain. The peak at 1593 cm~! (Fig. 3, spectrum 3)
is attributed to the anti-symmetric stretching vibration of amino
carboxyl, which disappeared when chelating of silver ions on the
resin (Fig. 3, spectrum 4). It is said that the chelation of ions in

PS-EDA. The peaks around 1100 cm™! are attributed to the several
of amine, which changed and decreased after chelating of silver
ions. Itimplies that the chelation also happens on the amino groups,
besides carboxyl groups. The others peaks around 1400 cm~! and
between 600 and 800 cm~! can be all attributed to benzenoid rings.

The IR spectral results suggest that the synthesis of PS-EDA and
PS-EDTA in aqueous is successful and efficacious. This result is the
same with the TG (Fig. 4).

The thermogravimetry (TG) curves for PSC and PS-EDTA are
shown in Fig. 4. The TG curve of PSC is characterized by only one
wide temperature zones: 379-472°C. In the stage of decompo-
sition (T=448°C), almost 48.32% is lost as a result of releasing
the chloromethylated benzene ring and further decomposing the
molecular compounds formed into large amounts of volatiles and
solid char.

The TG curve of PS-EDTA shows the decomposition and weight
loss to occur in three different stages. The first stage comes between
312 and 395°C and the second stage comes from 433 °C followed
by the third stage from 488 to 530 °C. In the first stage (T; =338 °C),
about 12.05% weight loss was observed, which might be due to the
decomposition of chloroacetate that was grafted onto the PS-EDA.
In the second stage of decomposition (T, =460 °C), the total weight
loss was about 37.99%, which might be due to decomposition of
ethylenediamine that was grafted onto the PS.

In the third stage of decomposition (from 480°C), the total
weight loss was about increased from 53.88% to 19.20%, which
might be due to the further decomposition of functions grafted
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Fig. 5. Effect of initial Ag (I) concentration on sorption of Ag (I) on PS-EDTA.

onto the polymer chains and releasing the benzene ring. Finally
decomposing the molecular compounds formed into large amounts
of volatiles and solid char.

The thermogravimetry of PS-EDTA results that it is stable up to
312°C. It is said that there was no small molecule chelating agents
in the PS-EDTA, in other words, the sorption of ions all happens on
the polymer resin, and as such, thermal stability will not pose any
problems in its practical applications.

3.3. Sorption studies

3.3.1. Sorption and its mechanism of Ag (I) onto PS-EDTA resin

To prove the occurrence of sorption and further clarify the sorp-
tion mechanism, several typical techniques such as SEM and IR,
were employed together. Several sorption mechanisms were dis-
closed: chelation, ion exchange and so on.

To ascertain the occurrence of chelation sorption, the IR method
was employed to characterize the changes of functional group
before and after sorption, which are summarized in Fig. 3. The FT-
IR is obviously different after adsorbing Ag (I) (Fig. 3, spectrum 4).
The peak at 1593 cm~! (Fig. 3, spectrum 3) disappeared, which is
attributed to the anti-symmetric stretching vibration of amino car-
boxyl, and the peaks around 1100cm~! changed and decreased,
which are attributed to the various of amine, implied that the chela-
tion both happens on the amino groups and carboxyl groups.

3.3.2. Effect of initial Ag (I) concentration and sorption isotherm

The effect of the initial Ag (I) concentration on sorption of Ag
(I) onto the PS-EDTA is shown in Fig. 5. The Ag (1) adsorbance rises
significantly with an increase in Ag (I) concentration, whereas the
adsorptivity declines. At a lower initial Ag (I) concentration, espe-
cially in the range of 0-100 mg/L, abundant active groups on the
surface of beads can react with Ag (I)ions, resulting in a significantly
increased adsorbance of Ag (I). Then the sorption process gradually
becomes slow with increasing initial Ag (I) concentration. There-
fore, both the Ag (I) sorption capacity and adsorptivity reach a high
level at the optimal initial Ag (I) concentration of around 100 mg/L.
The highest adsorptivity achieved in this study is 99.9% at the initial
Ag (1) concentration of around 60 mg/L. That is to say, almost all Ag
(I) ions will be adsorbed onto the resin if the initial Ag (I) concen-
tration is lower than 60 mg/L. Two mathematical models proposed
by Freundlich and TémkuH were used to describe and analyze the
sorption isotherm. The sorption data in the concentration range
from 20 to 100 mg/L were selected to be modeled, considering that
the sorption of Ag (I) onto the beads basically reaches equilibrium
in 24 h in this concentration range. The modeled quantitative rela-
tionship between Ag (I) concentration and the sorption process is
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Fig. 7. Effect of sorption time on Ag (I) sorption onto PS-EDTA.

shown in Fig. 6 and the calculated correlation coefficients and stan-
dard deviations are listed in Table 2. It can be seen that the sorption
isotherm behavior of Ag (I) onto the beads does not fit the TémkuH
model very well with the correlation coefficients of less than 0.99.
This may result from the chemisorption processes of Ag (I) onto
PS-EDTA.

3.3.3. Effect of sorption time and sorption kinetics

Sorption kinetics is studied to determine the time required to
reach the equilibrium sorption of Ag (I) ions. Both Figs. 7 and 8 show
representative plots of the Ag (I) sorption capacity and adsorptivity
versus sorption time for the PS-EDTA resin. The Ag (I) adsorbabil-
ity on the resin rises nonlinearly with increasing the sorption time.
The sorption process can clearly be divided into two steps: an ini-
tial rapid step and a subsequent slow step. The sorption of Ag (I)
ion onto the resin is very rapid during the initial 2 h, for which
the sorption capacity and adsorptivity reach up to 49.055mgg-!
and 97.41% when the initial concentration is 100 mg/L, respectively,
that are 99.91% of the sorption capacity and adsorptivity for 24 h.
During the sorption time from 2 to 24 h, the sorption rate becomes
quite slow. The sorption capacity in the secondary long-term step
contributes to a small part of the total Ag (I) sorption. The initial
rapid step of Ag (I) sorption may be attributed to the physical and
surface reactive sorption due to a facilely immediate interaction
between Ag (I) ions and the active -NH-, -NH,, -C=0 and -COO~
groups bared on the surface of the resin. However, the subsequent
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Table 2
Isothermal model equations for Ag (I) sorption on the PS-EDTA.

Mathematical model Equation Correlation coefficient Standard deviation
Freundlich log Q. =1.0011 log C. —0.3041 0.9999 0.0008415
TéMKUH Qe =24.1741InC, — 65.633 0.9473 3.242

Table 3

Kinetic model equations for Ag (I) sorption onto the PS-EDTA.

Mathematical model Equation Correlation coefficient Standard deviation Rate constant k or initial sorption rate h
Pseudofirst-order log(Qe — Qr)=-0.33t+1.1903 0.9100 0.3317 k=0.7599 min~!
Pseudosecond-order t/Q:=0.0199t +0.0029 0.9999 0.001844 h=344.8mgg ' min—!
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Fig. 8. The sorption capacity of Ag (I) onto PS-EDTA in AgNOs solution at different
initial Ag (I) concentration.

slow step is attributable to the reactive sorption inside the beads,
representing the diffusion of Ag (I) ions into the inner of the beads
over a long period, besides the Ag (I) ions adhere on the surface of
the beads would further hamper the diffusion of Ag (I) ions, result-
ing in a rather long time to reach the equilibrium sorption. It can
be predicted from Figs. 7 and 8 that an even higher adsorptivity
might be achieved if the sorption time were longer, indicating a
great potential in the sorption of Ag (I) ions. The pseudofirst-order
and pseudosecond-order kinetic equations were employed to ana-
lyze the sorption kinetics of Ag (I) ions onto the beads. The curves
of log(Qe — Q¢) versus t and t/Q; versus t based on the experiment
data are shown in Fig. 7 (inset). From the corresponding parameters
summarized in Table 3, it is observed that the kinetic behavior of
Ag (1) sorption onto the particles is more appropriately described
by the pseudosecond-order model because of a much higher cor-
relation coefficient and a much lower. The pseudosecond-order
model was developed based on the assumption that the determin-
ing rate step may be chemisorption promoted by covalent forces
through the electron exchange, or valency forces through electrons
sharing between sorbent and sorbate, indicating that the sorption
of Ag (I) on PS-EDTA is mainly the chemically reactive sorption.
The obtained initial sorption rate of Ag (I) ions onto the beads is
344.8 mgg! min~!. The loading half-time is calculated to be only
8.74 min. The kinetic data would be very useful for the fabrication
and design of systems of wastewater treatment and noble metal
recovery.

3.3.4. Effect of solution pH

The effect of Ag (I) solution pH 2.0-9.0 on Ag (I) sorption onto
the resin has been illustrated in Fig. 9. Both the sorption capacity
and the adsorptivity of Ag (I) ions increased significantly with a pH

Fig. 9. Effect of solution pH on Ag (I) sorption onto the PS-EDTA.

rise from 2.0 to 4.0 but increased slightly with a further pH rise
from 4.0 to 9.0. This could be attributable to a competitive sorption
between Ag (I) and H* ions due to deprotonation of amine groups
and carboxyl groups on the PS-EDTA. At low pH value, the sorption
of Ag(I)ions s greatly weakened because the abundant competitive
H* ions occupy the sorption sites, whereas the protonated amine
groups are deprotonated with increasing pH value, enhancing Ag
(I) adsorbability. However, only a slight elevation of Ag (I) adsorba-
bility was observed in the pH range of 4.0-9.0, suggesting that the
Ag (1) adsorbability on the particles approaches saturation gradu-
ally. Therefore, the solution pH around 5.0 could be optimal for the
practical application of the PS-EDTA as efficient Ag (I) sorbent.

3.3.5. Effect of adsorbent dosage

Batch experiments were conducted to determine the effect of
adsorbent dosage on Ag (I) removal by PSC, PS-EDA and PS-EDTA
under similar conditions (Fig. 1). The Ag (I) adsorption efficiency
increased with increasing amount of adsorbents (except PSC); how-
ever, the efficiency did not increase linearly with the increase in
the adsorbent dosage. The increase in adsorption with the dosage
can be attributed to the increased availability of adsorption sites.
Almost complete removal of Ag (I) from an initial concentration
of 100 mg/L was observed at adsorbent dosages of 2g/L for PS-
EDTA. In contrast, the maximum sorption capacity of PS-EDA is
73.28%(dosage of 5 g/L), and the adsorptivity is only 47.28% at the
dosage of 2g/L. It implies that modified PS-EDTA from PS-EDA
is effective and necessary. Both of the PSC sorption capacity and
adsorptivity is not detected in this study.

Thus, PS-EDTA is more effective than PS-EDA. The high uptake
of Ag (I) by PS-EDTA is caused by the synergy of amino and carboxyl
functionality.
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Table 4
Sorption of Pb(II), Zn(II) and Cu(Il) ions onto PS-EDTA.
Metal ions Initial ion Ion sorption Ion sorption
concentration (mM) capacity (mg/g) capacity (mM/g)
Pb(II) 1.0 20.37 0.9840
Zn(1I1) 1.0 6.50 0.9947
Cu(In) 1.0 6.31 0.9924

3.3.6. Sorption of other ions onto the PS-EDTA resin

The adsorbability of Pb(II), Zn(Il) and Cu(Il) ions was also
explored to investigate the sorption behavior of the PS-EDTA in this
study (list in Table 4). To compare the adsorption efficiency of ions,
all sorption were executed under similar sorption conditions. It is
found from Table 4 that the adsorptivity is quite similar (sorption
consistency =1 mM, sorption time =2 h, optimum pH, 25°C).

It is reported that all of these ions can be chelated by the amino
groups and/or carboxyl groups in the polymer [1]. This may be the
direct cause for this result.

4. Conclusion

Synthetic yield of PS-EDA and PS-EDTA in aqueous solution by a
solid-phase synthesis method exhibits the maximum at a tempera-
ture of 80 °C and indispensable both of NaOH, as alkali, and TBAB, as
phase transfer catalyst. The maximum yield of PS-EDA was obtained
at a PSC/EDA molar ratio of 1/25. The Ag (I) adsorbance onto the
PS-EDTA resin is higher than the PS-EDA resin under similar condi-
tions. The sorption behavior of Ag (I) onto PS-EDTA beads strongly
depends on the content of amine groups and carboxyl groups. The
Ag (I) adsorbability of the PS-EDTA resin can further be optimized by
regulating the initial Ag (I) concentration, sorption time, and solu-
tion pH, demonstrating the highest Ag (I) adsorptivity of 99.9%. The
optimal solution pH is around 5.0. The sorption process well fits the
pseudosecond-order kinetics with a very rapid initial sorption rate
of 344.8mgg-1 min~'. The sorption process mainly includes the
chelation between Ag (I) and amine/carboxyl groups and the phys-
ical sorption. The PS-EDTA also demonstrates powerful divalent
heavy metal ions (Pb(II), Zn(Il) and Cu(Il)) adsorbability.

Having a powerful adsorbability of Ag (I) and other heavy metal
ions, high regeneration rate and several advantages in synthesis,
good cost effectiveness, synthesis all inaqueous and moderate reac-
tion conditions, the PS-EDTA performs a wide application prospect
in the removal and even recovery of heavy-metal ions from their
aqueous solutions or wastewater.
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