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ABSTRACT: Strong-field ligands (amino moieties) are in-
troduced into a hydrogel resin to obtain a chelating resin via
inversion suspension polymerization. The characteristics of
chelating copolymers are measured by using Fourier trans-
form IR spectroscopy (FTIR), elemental analysis (EA), and
scanning electron microscopy (SEM). After chelating copol-
ymers adsorb cupric ions, the absorption peak of stretch
N—H is shifted to higher frequency because of a coordina-
tion reaction from the FTIR spectra. Furthermore, the mech-
anism of metal complex adsorption on the chelating copol-
ymer is that the strong-field chelating ligand decomposes
the bonding of the metal complexes and recoordinates the
cupric ion to a chelating polymer, which is examined via
FTIR, SEM with EA, and ionic chromatography analysis.
The maximum adsorption capacity of cupric ions is 1.08

mmol/g and the adsorption capacity increases with the
increase of the pH of the solution. The stability constant of
the Cu chelating copolymer is 10'®7?, and it can have com-
petition adsorption with EDTA in aqueous solution. These
amino chelating copolymers can be used not only to recover
metal ions but also to move anion pollution in wastewater.
It is interesting that parts of the cupric ions adsorbed on the
chelating copolymer are reduced into cupreous ions and/or
copper atoms after electron spectroscopy for chemical anal-
ysis measurement. © 2005 Wiley Periodicals, Inc. ] Appl Polym
Sci 97: 2457-2468, 2005

Key words: metal-polymer complexes; ion exchangers; hy-
drogel

INTRODUCTION

Chelating agents are widely used in the electroplating
process.’” The main function of the chelating agent is
to stabilize the metal ions so that the electroplating can
remain stable within a wide pH range. Thus, chelating
agents in wastewater that frequently coexist with
metal ions exhibit little or no tendency to be trans-
ferred to a metal hydroxide precipitate’ in a high pH
solution or to a chelating polymer (ion-exchange res-
ins)*~® in an environmental treatment. Toxic heavy-
metal ions are well known for their serious harm to
human health. If the toxic metal ions can be recovered,
the energy and material requirements of the wastewa-
ter treatment process can be simpler. Therefore, the
development of high-performance chelating resins for
removing heavy-metal ions from wastewater is con-
sidered not only as a research priority in the environ-
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mental field” but also as an area of interest in organic
ca’falysts,g_10 recovery of valuable trace metal ions, !
the bioseparation field,'* and so forth.

Commercially available chelating polymers are typ-
ically manufactured as porous microspheres. The ac-
tive surface is unavailable in the fine pores of porous
sorbents when large solute molecules or suspensions
are present in wastewater. Hence, Kélalova et al."”
prepared a water-swellable copolymer of glycidyl
methacrylate (GMA)-ethylene dimethacrylate with an
ethyl amine ligand to overcome this problem. In ad-
dition, Matejka and Zitkova'* prepared a polyacryl-
amide that had oligo(ethyleneamine) moieties and
pointed out those were able to effectively remove
heavy-metal cations from neutral and alkaline solu-
tions containing a strong chelating agent (EDTA).
Moreover, Matejka and Zitkova'* also proposed that
the alkaline earth-metal cations did not coordinate to
amine nitrogen atoms. Therefore, they did not affect
the heavy-metal adsorption of chelating resins. This
result was also proved by our previous study.” Con-
sequently, the high metal stability constant of chelat-
ing hydrogel resins containing the strong-field ligand,
pentaethylenehexamine (PEHA), was synthesized by
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Figure 1 The "H-NMR spectrum of the chelating monomer.

using inversion copolymerization in this study. The
mechanism of the competition adsorption with the
EDTA chelating agent and the stability constant were
further investigated.

EXPERIMENTAL

Preparation of chelating copolymer

GMA (Fluka Co. Ltd.) was purified by the distillation
method. Copper(ll) sulfate pentahydrate (Aldrich Co.

Ltd.), disodium EDTA (EDTA-2Na™, Ishisu Pharm.
Co. Ltd.), ethylenediamine (ED, Fluka Co. Ltd.), and
PEHA (Fluka Co. Ltd.) were used as received. The
water-soluble acrylate monomer and crosslinking
agent with an amino moieties chelating group were
prepared from GMA reacted with PEHA and GMA
reacted with ED at 60°C, as shown in Scheme 1. Then,
the inversion polymerization of acrylate monomers®”
with an amino moieties chelating group was con-
ducted in a 1-L, five-necked Pyrex kettle equipped
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Figure 2 The '"H-NMR spectrum of the crosslinking agent.

with a stirrer, condenser, nitrogen inlet, and thermister.
Potassium persulfate (0.3 g, Ishisu Pharm. Co. Ltd.) was
used as an initiator. Toluene (300 mL, Merck Co. Ltd)
and Span 60 (3 g, Ishisu Pharm. Co. Ltd.) served as
suspension solvent and suspension agent, respectively.
The reaction temperature was kept at 70°C. After cool-
ing, the polymeric beads were separated from the poly-
merization medium by filtration and then washed with
distilled water and methanol several times. The purified
polymer was dried in a vacuum at 30°C to constant
weight. The diameter of the polymeric beads (100250
pm) was obtained by using a sieve.

Characteristics of chelating copolymer

A Fourier transform IR (FTIR) spectrophotometer (Bio-
Rad Co. Ltd.) was employed to identify the functional
groups of the chelating copolymer before and after metal

ion adsorption. The samples were prepared by mixing
with approximately 100 mg of dry, powdered KBr and
pressing to form pellets. The contents of chelating func-
tional groups in the copolymer were recorded by using
an elemental analyzer (EA, HERAEUS CHN-O rapid
analyzer). The metal ion dispersion and morphology of
chelating copolymer particles were recorded by scan-
ning electron microscopy (SEM; Hitachi S-4100 field
emission scanning electron microscope, operating at 15.0
kV) with an energy dispersive spectroscopy (EDS) X-ray
spectrometer. X-ray photoelectron spectroscopy (XPS)
measurements were conducted on an ESCALAB Mark II
system with Mg Ko radiation.

NMR measurement

The chelating monomers were characterized by the
solution NMR technique (Bruker AMX-200 FT-NMR
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Figure 3 The CP/MAS "*C-NMR spectra of the chelating hydrogel resin.

spectrophotometers), and D,0O was used as the sol-
vent. For the chelating copolymers, solid-state NMR
experiments were carried out on a Bruker AVANCE
400 spectrometer with an operating frequency of
100.61 MHz for the °C nucleus and 400.13 MHz for
the '"H nucleus at a constant temperature of 300 K
throughout all experiments. The >C spectra were de-
rived by performing cross polarization with magic
angle spinning experiments, which use the Hart-
mann-Hahn transfer technique, and proton decou-
pling during acquisition to enhance the sensitivity of
the spectra. The recycle delay time was 5 s. The 90°
pulse width for 'H excitation was 4 m, which corre-
sponds to a B, i field strength of 62.5 kHz, a contact
time of 2 ms, an acquisition time of 0.0336 s, and a
spectral width of 303 ppm for 560 scans at a spin rate
of 7 kHz. The magic angle spinning frequency of
tetramethylsilane was consistently used as the refer-
ence frequency for both the carbon and proton spectra.

Adsorption experiment

A fixed amount of dry chelating resin (0.1 g) and 50
mL of cupric ions (CuSO,, Merck Co. Ltd.) or Cu—
EDTA complex solution was placed in a thermostated

oscillation bath for 48 h for an isothermal adsorption
experiment. After filtration, the concentration of cu-
pric ions was measured by an atomic adsorption spec-
trophotometer (AA model 932, GBC Co. Ltd.). The
amount of metal ions adsorbed (g,, mmol/g) was ob-
tained as follows:

_ (Co - Ce)V
8

where C, and C, are the initial and equilibrium solu-
tion concentrations (mmol/L), respectively; V is the
volume of solution (L); and g is the weight of the
chelating resin (g).

RESULTS AND DISCUSSION
Characteristics of chelating monomers and resins

Figures 1 and 2 display the 'H-NMR spectra of the
GMA-PEHA chelating monomer and the GMA-ED
crosslinking monomer, respectively. The characteristic
peaks of the chelating monomers are assigned and
shown in Figures 1 and 2. The 'H chemical shifts at 6.1
and 6.7 ppm are the proton of ethylene (C=C) and the
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Scheme 2 The possible active aminogroup in PEHA reacted with the epoxy ring on GMA.

'H chemical shifts at 2.7-4.0 ppm are correlated from
the amino moiety functional groups. These results
illustrate that the chelating monomers and crosslink-
ing monomers are obtained and both chelating mono-
mers can be dissolved in water.

Figure 3 displays the solid-state (cross polarization
with magic angle spinning) *C-NMR spectra of the
chelating resin and the peak assignments. Observe
that the characteristic peaks of the amino moiety ap-
pear in the spectrum of the hydrogel resin. In addition,
the results of the EA, including nitrogen (7.4 wt %),
hydrogen (8.5 wt %), and carbon (51.4 wt %), are

consistent with the original recipe. Thus, the chelating
resin was successfully prepared by this process. Be-
cause the PEHA includes primary and secondary
amines, the stability constant of the chelating copoly-
mer depends on the active sites of the amino group,
which will react with the epoxy ring of the monomer.
Scheme 2 depicts that the active amino groups of
PEHA may react with the epoxy ring of the side chain
of the monomer. Among them, structure (I) generally
has the highest stability constant. Therefore, the sta-
bility constant of the copolymer may be determined
from the ratio of structures (I), (I), and (III). Unfortu-
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Figure 4 FTIR spectra of the chelating hydrogel resin before cupric ions are adsorbed (spectrum a), after cupric ions are
adsorbed (spectrum b), and after Cu-EDTA is adsorbed (spectrum c).

nately, this determination is difficult because the char-
acteristic peaks of the secondary and tertiary amines
overlap seriously, as shown in Figures 1-3. We did not
deconvolute the peaks to realize the ratio of each
structure, but we believe that the grafting of PEHA on
the side chain of the hydrogel copolymer involves all
of the structures in Scheme 2. Therefore, the stability
constant of the hydrogel resin will be related to the
ratio of three structures.

Characteristics of chelating metal-complex uptake
by resins having amino moiety

Figure 4 displays the IR spectra of chelating co-
poly(GMA-divinylbenzene-hydroxyethylmethacry-
late-graft-PEHA) before and after the adsorption of a
cupric ion and the cupric complex. The N—H group
absorption bands at 1600 and 3345-3412 cm ' are
shifted to higher frequency when the cupric ion or
Cu-EDTA is adsorbed, and an obvious triamine ab-
sorption band is observed at 1385 cm ™!, as shown in
Figure 4(b,c). This result is attributable to coordinate
bonding between cupric ions and a long pair of amino
groups in chelating copolymers. Notably, the FTIR
spectrum shows no characteristic absorption peak of
EDTA [Fig. 4(c)]. Obviously, the metal complexes ad-
sorbed onto the chelating copolymer are the stronger
chelating copolymers, forcing the metal to release to
EDTA, and the recoordination of the released cupric

ion into the chelating polymer. This spectral result is
consistent with Matejka and Zitkova.'* Moreover,
other anions should replace EDTA around the copol-
ymer beads because the chelating copolymer beads
are electrically neutral. Some anion detecting experi-
ments were conducted to establish this mechanism, as
shown in Figures 5 and 6. Figure 5 exhibits the mor-
phology of chelating copolymer beads after the cu-
pric-EDTA complex has been adsorbed. The EA of the
cross section inside the chelating copolymer beads
was also performed by using an EDS spectrometer, as
shown in Figure 5(c,d). Figure 6 presents the detection
of the residual sulfate and chloride anion in the fil-
trate. Figure 5(b) shows small crystalline particles in-
side the chelating copolymer beads after the cupric
ions have been adsorbed. The energy dispersive X-ray
spectra in Figure 5(c,d) also demonstrate that elemen-
tal sulfur is really adsorbed into the chelating copol-
ymer beads. In addition, the residual concentration of
sulfate anions, which was measured by ionic chroma-
tography (IC), is reduced 85 wt % by the chelating
copolymer beads from the cupric isothermal adsorp-
tion experiments, which is depicted in Figure 6. In
order to identify anion adsorption phenomena, 100
ppm NaCl was added into the isothermal adsorption
system and the residual concentration of chloride an-
ions was also measured by IC. The residual concen-
tration of chloride anions obviously decreases with the
increase in the amount of chelating resin, as shown in
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Figure 5 The SEM/EDS graphs of chelating hydrogel resin cross section at 100X; original magnifications (a) X100 or (b)

X1000, (c) cupric ions adsorbed, and (d) Cu-EDTA adsorbed.

Figure 6. Hence, the mechanism of metal complex
description above is proven to be reasonable.
Furthermore, the structure of the crystal within
Cu®" chelated copolymer resins is also elucidated by
electron spectroscopy for chemical analysis (ESCA);
Figures 7 and 8 show the results. Except for the C(1s)
peak at 284.8 eV, the shoulder peak of C(1s) at 288 eV
is attributed to the C=0 group, coordinated with the
metal ions as described in the literature,'® and indi-
cated in Figures 7(b) and 8(b). Thus, the C=0 group
in the chelating copolymer can be regarded as a weak-
field ligand. It is notable that, regardless of whether
Cu®" or Cu®"-EDTA is adsorbed by a hydrogel che-
lating-resin chelating copolymer, the peak of Cu
(2P, 3) in the XPS spectrum has a right shoulder peak,
as depicted in Figures 7(c) and 8(c). The deconvolu-
tions of the Cu (2P, /3) spectra in Figures 7(c) and 8(c)
have two and three resonance peaks, respectively.
When the cupric ion is adsorbed onto the hydrogel
chelating resin [Fig. 7(c)], the spectrum can be satis-
factorily simulated using two components, CuO (933.3
eV)'® and CuSO, (935.3 eV)', with a ratio of CuO/

100 ————————

The resident percent of anion (%)

4+ ¥+
005 010 015 02 025 03 03 040

Chelding resin (g)

Figure 6 The residual percent of sulfate and chloride an-
ions after the isothermal adsorption experiment.
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CuSQ, areas of around 0.79:0.21. Interestingly, when
the Cu”"-EDTA complexes are adsorbed by the hy-
drogel chelating resin [Fig. 8(c)], Cu(0) [or Cu(I)]'*"*
becomes visible at a lower binding energy (932.4 eV).
The ratio of Cu(0) [or Cu(I)]/CuO/CuSQ, is approxi-
mately 0.16:0.51:0.33. We do not illustrate this result
because of no further information. However, a cop-
per—ascorbic acid complex can catalyze the autoxida-
tion of ascorbic acid and various substances, including
phenylenediamines, phenols, and cysteine, to generate
Cu(I) as an intermediate, according to the literature.*
Hence, the amino group of the chelating copolymer
may reduce Cu(ll) into the Cu(I) and/or Cu(0) crystal.
If the hydrogel chelating resin with amino moieties
has this reduction ability, it may be able to be applied
to prepare the nanocomposite via chemical metal dep-
osition (or electroless plating).*!

In summary, these amino chelating copolymers can
be used not only to recover metal ions but also to
move anion pollution in wastewater.

Competition of chelating copolymer with metal
ion/Cu-EDTA

Figure 9 depicts the competition adsorption among
chelating copolymers for various concentrations of
Cu(Il)-EDTA in aqueous solution. The maximum ad-
sorption capacity of cupric ions is 1.08 mmol/g. With
a ratio of concentrations of cupric ions to EDTA in the
range 0-1.25, the equilibrium sorption capacity of
Cu(Il) adsorbed by the chelating resin remains reason-
ably good. In addition, the chelation capacity of cupric
ions follows the decrease in the quantity of EDTA as
the Cu—EDTA concentration increases, such as (Cu/
EDTA = 1:0.5) > (Cu/EDTA = 1:0.75) > (Cu/EDTA
= 1:1) > (Cu/EDTA = 1:1.25). This decreasing ten-
dency is larger than that of Matejka and Zitkova,'*
who reported that resins can operate at a high molar
ratio {EDTA/Cu} = 5. However, as the amount of
EDTA in solution increases, more EDTA is available to
compete with the chelating copolymer in cupric ion
adsorption. When the Cu/EDTA ratio exceeds 0.75,
the efficiency of removal of cupric ions is limited in
this study.

Stability constants of metal-chelating copolymer
complexes

The stability constant (K) measures the tendency of a
metal ion to form a particular complex ion. According
to the literature, general methods for estimating sta-
bility constants of chelating copolymers include li-
gand competition, metal competition, proton compe-
tition, and decomplexing. The ligand competition
method is applied to determine the stability constant
of a cupric-chelating copolymer complex, because the
system herein is heterogeneous. The estimation pro-
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Figure 9 The 0.1-g chelating hydrogel resin competition
with cupric ions/Cu-EDTA complex (300 ppm) solution at
various pH values.

cedure of Loewenschuss and Schmucker?? is the fol-
lowing:

where M represents the metal ion, Y is a competing
ligand, and R is the synthesized chelating copolymer.
The overall reaction is
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MR]Y] K
MY + R=MR + Y; Kovmu=[ YT _ K

[MYIR] ~ Ky

[MR][Y]

log[Rresidue] = IOgW - log Koverall (4)

The stability constant (K,;z) of the metal-chelating
copolymer complex can be obtained from the intercept
of graph b, which plots log(R) versus log[(MR)(Y)/
(MY)]. Table I presents the measurements of the equi-
librium for the copper-chelating resin system. The sta-
bility constant obtained for the copper-chelating co-
polymer complex is 10'®72, which is lower than PEHA
(10%°°) because of the different reaction sites between
GMA and PEHA, as described above. Fortunately, it is
slightly higher than that of Cu-EDTA (K, = 10'®%)
and suffices for the copolymer complex to compete
with EDTA.

CONCLUSION

A hydrogel resin with amino moieties is successfully
prepared by using inversion copolymerization. This
kind of chelating resin not only has a high stability
constant with Cu®" but also can adsorb the anions in
aqueous solution according to the results of the iso-
thermal adsorption experiments and IC measurement.
Although the stability constants of chelating resins
with amino moieties is lower than that of the PEHA
molecule, the minimum stability constant obtained for
the copper-chelating copolymer complex was still
high (10'®7?, which can have competition adsorption
with EDTA in wastewater treatment.

The authors thank the National Science Council of the Re-

public of China for financially supporting this research (No.
NSC92-2216-E-218-001).

TABLE I
Equilibrium Measurements for Copper-EDTA-Chelating Resin System
Cu EDTA CuR Cu/R Cu-EDTA /soln EDTA /soln K X
(mmol) (mmol) (mmol) (mmol) (mmol) (mmol) Kyvir log X Xty
MY
0.7766 0.7855 0.0727 0.1786 0.5980 0.1875 19.5535 1.2535 0.2299
0.7766 0.7855 0.1084 0.1578 0.6187 0.1668 19.2556 0.9556 0.2032
0.7766 0.7855 0.1440 0.1762 0.6003 0.1852 18.4360 0.1360 0.2269
1.4820 1.5759 0.1452 0.3076 1.1744 0.4015 18.5788 0.2788 0.2076
1.4820 1.5759 0.2905 0.3327 1.1493 0.4265 18.3785 0.0785 0.2245
1.4820 1.5759 0.4347 0.3577 1.1244 0.4515 18.5703 0.2703 0.2413
2.2967 2.3622 0.3601 0.5903 1.7065 0.6557 18.5424 0.2424 0.2570
2.2967 2.3622 0.5038 0.5636 1.7332 0.6290 18.3271 0.0271 0.2454
2.2967 2.3622 0.6458 0.5849 1.7118 0.6503 18.8622 0.5622 0.2547

Cu, taken as the concentration of cupric ions, EDTA, taken as the concentration of EDTA; CuR, maximum adsorbed
capacity of chelating resin; Cu/R, chelating resin adsorbed concentration of cupric ions; Cu-EDTA /soln, residue concentra-
tion of cupric ion in solution; EDTA /soln, residue concentration of EDTA in solution; R, after competing, without adsorbed

chelating resin; X, Cu/R; Y, Cu-EDTA /soln.
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