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ABSTRACT: Poly(acrylamide-co-2-acrylamide-2-methyl-1-
propane sulfonic acid) P(AAm-co-APSA) copolymers have
been prepared to be used in the extraction of Pb(II), Hg(II),
Cd(II), Zn(II), Al(III), and Cr(III) metal ions from aqueous so-
lution by a batch and column equilibration procedures. The
adsorption capacity was increased with pH for all metal ions

studied. The contact time and the temperature did not affect
the retention significantly. The resin did not show a prefer-
ence in a mixture of Pb(II), Cd(II), Zn(II), and Cr(III). VC 2010
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INTRODUCTION

Heavy metals, which find many useful applications
in our life, are very harmful if they are discharged
into natural water resources. For example, lead, mer-
cury, and cadmium are examples of heavy metals
that have been classified as priority pollutants. The
amount of lead used in many products has been
reduced due to potentially harmful health effects.
The symptoms of Hg(II) intoxication depends on the
type of compound and the mode of contact. Cad-
mium is another heavy metal ion that is highly cor-
rosion-resistant and is used as a protective coating
for iron, steel, and copper, but it is an irritant to the
respiratory tract, and prolonged exposure to this
metal can cause anosmia and yellow stains that
gradually appears on the necks of the teeth.1

Solvent extraction and solid phase extraction are
the most common methods for the preconcentration
and separation of trace elements from various matri-
ces. Solvent extraction has some disadvantages
because of the use of excess of solvent, which not
only makes the method costly but is also contrary to
the idea of green chemistry. During the past two
decades, the use of chelating resins for metal ion
preconcentration and separation has been consider-
ably increased.2

Chelating polymers have attracted more interest, due
to their applications in waste water treatment, metal re-
covery from diluted solution, as protective coating on
metal surfaces or as a priming layer, coating on paper,
fiber and fabrics, selective binding of enzymes.3 The
selective removal and recovery of metal ions has a
potentially vast range of applications in conservation of
the environment and use of resources.4

The design of tailored chelating agents represents
one of the basic challenges in the field of synthetic
coordination chemistry. Tailored chelating reagents
can be used to govern the stability of a complex or
to modulate the electronic properties of a metal cat-
ion. Chelate-forming polymeric ligands characterized
by reactive functional groups containing O, N, P, S,
and donor atoms capable of coordinating different
metal ions have been extensively studied.5–18

For practical uses, strong and selective binding of
the target metal ion, rapid interaction between
the active site and the metal ion, and recovery of the
resin are necessary. Moreover, minimal loss of the
metal ion retention capability after many cycles of
applications is needed.
The aim of this article is the synthesis of a resin-

containing amide and sulfonic acid moieties with
the ability to remove environmentally impacting
metal ions.

EXPERIMENTAL PART

Materials

Acrylamide (AAm, 99%, Aldrich) and 2-acrylamide-
2-methyl-1-propanesulfonic acid (APSA, 99%,
Merck) was utilized as obtained. N,N0-methylenebi-
sacrylamide (MBA, 99%, Aldrich) and ammonium
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peroxide disulfate (AP, Fluka) were used as obtained
as crosslinking and initiator reagents, respectively.

For adsorption studies, the metal salts used were
Cd(NO3)2, Cr(NO3)3, Hg(NO3)2, Pb(NO3)2, Al(NO3)3,
and Zn(NO3)2. Metal salts were purchased from
Merck. The analytical grade HNO3, HClO4, and HCl
were purchased from Fisher.

Synthesis of the resin

The resin poly(acrylamide-co-2-acrylamide-2-methyl-
1-propanesulfonic acid) P(AAm-co-APSA) was
performed in a polymerization flask as follows: the
system was kept under N2 at 70�C for 4 h. Then, the
resin was filtered and washed with distilled water
and dried up to constant weight at 40�C. The resin
was screened, and a particle size fraction in the
range of 180–250 lm was chosen for all experiments.

Metal ion removal

A batch equilibrium procedure was applied to deter-
mine the metal ion binding ability of the synthesized
adsorbents. All experiments were performed in a
flask mounted on a shaker. The adsorption equilib-
rium experiments were carried out to study the
effects of pH, metal ion concentration, contact time,
and temperature. Additionally, the retention ability
for divalent and trivalent cations Cd(II), Zn(II),
Hg(II), Pb(II), Cr(III), and Al(III) under competitive
conditions was studied.

Then, 0.05 g of dried resin and 5 mL of metal ion
solution were shaken for 1 h at 20�C. After shaking,
the resin samples were filtered and washed with
water at the same pH. The metal ion concentrations
in the filtrate were determined by atomic absorption
spectroscopy (AAS). Batch metal uptake experiments
under competitive conditions were performed with
the following divalent metal ion mixtures: Cd-Zn-
Pb-Cr at pH 5. For this test, 0.20 g of resin and 20
mL of metal ion solution were used. The resin–metal
ion ratio in the mixture (in mol) was 20 : 1. After
shaking for 1 h, the resin samples were further
handled as described for the noncompetitive
experiments.

In the regeneration experiments, HNO3, HCl, and
HClO4 at two concentrations were studied as poten-
tial stripping reagents by using the batch method. A
total of 0.05 g of resin-loaded with Cd(II), Zn(II),
Cr(III), and Pb(II) ions were eluted with 5 mL of elu-
ent for 1 h.

For the column experiments, 0.1 g of resin was
placed into a column with 15 cm length and 1 cm
diameter. In all runs, a 10 mL metal salt solution
passed through the column. The fractions were col-
lected and analyzed for the metal ion concentration
by AAS.

Measurements

A Julabo air-batch shaker was used for shaking the
solution at a desired temperature. The pH was
measured with a digital pH meter. AAS (H. Jürgens,
A Unicam Solar M series) was used for the determi-
nation metal ions. The FTIR spectra of the samples
were recorded with a Magna Nicolet 550 spectro-
photometer. The thermograms of the loaded and
unloaded resins were recorded on an STA-625 ther-
moanalyzer. Approximately 5 mg of the dry sample
was heated at a heating rate of 20�C/min under a
dynamic nitrogen atmosphere.

RESULTS AND DISCUSSION

Water-insoluble resins containing sulfonate and
amido groups were obtained by copolymerization of
an equimol ratio of the comonomers 2-acrylamide-2-
methyl-1-propane sulfonic acid and acrylamide, and
AP was used as an initiator and MBA as a crosslink-
ing reagent (see Scheme 1). The yield for this resin
was 98%. The resin shows a high thermal stability
up to 200�C with a weight loss lower than 11%;
then, the weight loss increased until reaching 78.1%
at 500�C. Among the most characteristic absorption
bands shown in the FTIR spectrum of P(AAm-co-
APSA) are the following (in cm�1): 3429.41(NAH),
1667.42 (C¼¼O), 1040 and � 1200 cm�1 (SAO).

Metal ion removal properties

It is well known that metal ions have free orbitals,
which are available to receive electrons originate of

Scheme 1 General structure of the resin.
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atoms as O, N, S, and P formed a complex. In this
case, the synthesized resin P(AAm-co-APSA) con-
tains this kind of atoms. The affinity between the
resin’s active site and metal ions is studied by batch
and column equilibrium procedure, using a resin
particle size of 180–250 lm and resin–metal ion rela-
tionship in mol between functional group on the
resin and metal ion, 20 : 1. This ratio ensures the
metal ion’s access to ligand sites.

Effect of pH on the removal

The uptake of Cd(II), Cr(III), Zn(II), Al(III), Pb(II), and
Hg(II) ions as a function of pH by batch method was
examined over pH range of 1–5. The pH studied
depends on metal ion solubility. The resin showed a
high dependence on pH, as the metal ion form and
the ligand groups change with the pH; the metal ion
absorption is favored at higher pH because the ligand
groups are deprotonated and the groups are free to
exchange or complex the metal ion. The Figure 1
shows experimental results obtained at pH 1 and 5 by
batch equilibrium procedure.

The highest retention capacities for the resin were
obtained a pH 5: Cd(II), 99.9%, (8.27 mg/g), Zn(II)
99%, (11.5 mg/g), Pb(II) 100% (40.4 mg/g), Cr(III)
99%, (8.27 mg/g), and Al(III) 84%, (3.71 mg/g). The
optimal retention value for all metal ions was pH 5.
Therefore, these pH values were chosen for the fol-
lowing runs.

To explore the applications of the resin, the maxi-
mum adsorption capacity (MAC) needs to be
known. Based on the retention ability results at dif-
ferent pH, the maximum retention capacity (MRC)
in batch and column equilibrium procedures was
determined for Cd(II), Cr(III), Zn(II), and Pb(II).
These values are shown in Table I.
For Pb(II), Zn(II), and Cr(III) ions, the results are

very close for both equilibrium procedures, but not
for Cd(II).

Effect of the metal ion concentration

Maintaining retention capacity, even when the con-
centration of the different species in the wastewater
changes, it is essential for practical use. The effect on
the metal uptake under metal ion concentration was
studied for each metal ion. This concentration was
varied between resins : metal ion ratio 20 : 1 and
20 : 4. For all resins, the metal ion retention was
maintained with the increase in the ratio resin :
metal ion. This result indicates that the resin still has
active sites to retain the metal ions (see Fig. 2).

Effect of contact time

The interaction between the metal ion and the active
site of the resin can take a determined time, being in

Figure 1 Effect of the pH on the metal ion retention.

TABLE I
Maximum Retention Capacity for the Resin

P(AAm-co-APSA) at the Optimum pH

Metal ion

MRC (mmol/g
dry resin;
by batch

procedure)

MRC (mmol/g
dry resin;
by column
procedure)

Pb2þ 0.71 0.74
Cd2þ 0.70 1.32
Zn2þ 1.27 1.25
Cr3þ 1.89 1.45

Figure 2 Effect of the concentration on the metal ion
retention.

Figure 3 Effect of the contact time on the metal ion
retention.
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some cases longer than another. To the resin
P(AAm-co-APSA), the equilibrium polymer func-
tional group-metal ion is achieved during the first 15
min of the contact time, after that did not change the
retention behavior (see Fig. 3).

Effect of temperature

In same case of retention, the temperature could
affect the metal ion retention, depending of kind of
retention, chemical or physical. To this resin, the
changes in the temperature did not produce signifi-
cant effect on the metal ion retention for Pb(II),
Zn(II), and Cr(III). However, the difference in metal
retention for Cd(II) ion depending on temperature is
highest (0.102 at 20�C and 0.178 mmol/g at 60�C).
The results are shown in the Table II.

Selectivity behavior

Inside a mixture of several metal ions, the interac-
tion on preference of the resin could vary. To deter-
mine metal ion retention under competitive condi-
tions, a test was performed. At first, 200 mg of dry
resin was contacted at pH 5 during 1 h with 20 mL
of an aqueous solution containing the same concen-
tration of each metal ion Cd(II), Cr(III), Zn(II), and
Pb(II). Second, 200 mg of dry resin was contacted at
pH 2 during 1 h with 20 mL of an aqueous solution
containing the same concentration of each metal ion

Cd(II), Hg(II), Zn(II), and Pb(II). The resin showed
in the contact at pH 5 almost the same retention
(around the 20%) for Cd(II), Cr(III), Zn(II), and
Pb(II). The resin showed a small difference in reten-
tion for the metal ion in the mixture. Cr(III) showed
the highest value of retention, but this value is not
useful to separate this metal inside a mixture. The
Cr(III) has highest charge, presenting a highest elec-
trical interaction with the SO�

3 groups. In the contact
at pH 2, Zn(II) presented the best retention; how-
ever, this retention is not significantly different to
the other and is impossible to affirm a preference for
this metal ion. This pH was selected to avoid the
precipitation of mercury ions: Moreover, at this pH
the mixture ions contain only divalent ions. Thus, it
can be concluded that the predominant interaction is
an electrostatic interaction between the active group
and the metal ions (see Tables III and IV).

Retention by column procedure

It is important to the resin that maintains its retention
behavior in a continuously operated process in com-
parison with a discontinuously operated process. A
column (15 cm in length and 1 cm in diameter) was
prepared. The resin was packed at the pH of the
retention experiment. The experience was realized at
20�C with a resin : metal ion ratio of 20 : 1 and at flux
rate of 20 mL/h.

TABLE II
Effect of the Temperature on the Retention Behavior of

the Resin P(AAM-co-APSA) by Batch Equilibrium
Procedure

Temperature (�C)

Retention (mmol/g resin)

Pb(II) Cd(II) Zn(II) Cr(III)

20 0.175 0.102 0.177 0.185
25 0.170 0.156 0.152 0.185
30 0.173 0.156 0.151 0.188
35 0.173 0.154 0.155 0.190
45 0.173 0.177 0.183 0.190
60 0.173 0.178 0.183 0.190

TABLE III
Selectivity of the Resin P(AAm-co-APSA) from a
Quaternary Metal Ion Mixture at pH 5 by Batch

Equilibrium Procedure

Metal ion
mixture Retention (%)a

Retention
(mmol/dry resin)b

Pb2þ 10 0.0423
Zn2þ 26 0.1100
Cd2þ 27 0.1044
Cr3þ 37 0.1460

a Respect to the total of mol retained.
b Respect to each metal ion.

TABLE IV
Selectivity of the Resin P(AAm-co-APSA) from a
Quaternary Metal Ion Mixture at pH 2 by Batch

Equilibrium Procedure

Metal ion
mixture Retention (%)a

Retention
(mmol/g dry resin)b

Pb2þ 18 0.126
Zn2þ 30 0.141
Cd2þ 25 0.115
Hg2þ 27 0.154

a Respect to the total of mol retained.
b Respect to each metal ion.

TABLE V
Regeneration Capacity of the Resin P(AAm-co-APSA) by

Batch Equilibrium Procedure

Stripping
reagent

Concentration
(mol/L)

Elution (%)

Pb(II) Cd(II) Zn(II) Cr(III)

HCl 1 63 100 75 13
4 93 100 84 16

HNO3 1 79 100 71 16
4 88 100 83 25

HClO4 1 75 100 74 12
4 88 100 81 13
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Resin reusability

To use this resin in a continuously operated process,
the resin’s metal ion capacity should be maintained
after the treatment with an eluent reagent, and the
metal ion adsorbent by the resin should be easily
released under appropriate conditions. The batch de-
sorption studies were carried out first by separately
loading resin samples. The three stripping reagents
studied (HCl, HClO4, and HNO3) in two different
concentrations were selected because they should be
able to displace the metal ions. The results are sum-
marized in Table V. For all the metal ion-loaded
resin, the elution was increased by increasing the
eluent concentration. All the divalent cations were
removed at above 60%, and only Cd(II) was com-
pletely eluted with the three stripping reagents. The
three eluents at both concentrations showed a lower
ability to remove Cr(III) ions.

Therefore, for resin reusability, the sorption–de-
sorption cycle was repeated three times with the
same sorbent in batch and column processes. The
results are presented in Figures 4–6. Figure 4 shows
that the resin was loaded with Pb(II), and the de-
sorption was performed with 4M HCl, and it was

able to maintain the retention capacity in the three
cycles, and a high percentage of elution was pro-
duced in the three cycles in the batch and column
processes. The Figure 5 shows that the resin loaded
with Cd(II), here the desorption was performed with
1M HNO3, and the resin was able to maintain the
retention and the elution over 60% in batch and col-
umn processes, but by comparison, the behavior in
column procedure is better than that batch tech-
nique. The Figure 6 shows where the resin was
loaded with Zn(II), and the desorption was per-
formed with 4M HCl; the resin in batch technique
loss gradually the retention and elution capacity. In
the column process, the resin maintains the capacity
of retention over 98% during the three cycles and
can be eluted over the 50%. Considering this resin’s
behavior in a continuously operated process, it can
be used to remove undesirable metal ions.

CONCLUSIONS

Using radical solution polymerization, the cross-
linked P(AAm-co-APSA) was synthesized. The resin
showed a high retention for Cd(II), Cr(III), Zn(II),
and Pb(II) at pH 5. The most common equilibrium
procedures, batch and column, were tested, finding
no important differences in the results at the opti-
mum pH. Consecutive sorption and elution showed
the feasibility of using and reusing this resin to
remove Cd(II), Pb(II), and Zn(II).
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