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ABSTRACT: Because of the presence of carboxylic acid
moieties, poly(acrylic acid) possesses a unique ability to
form stable complexes with divalent metal ions. However,
its practical use for the removal of heavy metals from aque-
ous solutions is restricted because of its inherent water solu-
bility. To address this issue, crosslinking of this polymer has
been attempted to synthesize hydrogel, which is stable in
aqueous medium over a wide range of pH values. The
hydrogels, prepared by redox polymerization of acrylic acid
in the presence of polyethylene glycol diacrylate as the
crosslinker, were characterized by Fourier transform infra-
red spectrometry, elemental analysis, thermal analysis, and
swelling studies. This chelating hydrogel-bearing O, O do-
nor groups exhibited high-metal sorption capacity of 41.1,

58.2, 43.1, and 81.2 mg/g for Cr®", Ni**, Cu**, and Pb*",
respectively, under optimum conditions. The effect of pa-
rameters including pH, concentration, and interference of
common ions on metal uptake was also investigated. Lang-
muir and Freundlich adsorption isotherms have been used
to validate the metal uptake data. High recovery (>97%)
was achievable for all metal ions with 1IN HCl as eluting
agent, and the regeneration tests revealed that the sorbent
could be used repeatedly for at least 10 cycles without any
loss in chelating efficiency. © 2011 Wiley Periodicals, Inc. ] Appl
Polym Sci 122: 2415-2423, 2011

Key words: chelating hydrogel; crosslinked polyacrylate;
preconcentration; sorption capacity

INTRODUCTION

Mineral processing and metal finishing industries
generate large amount of waste effluents containing
harmful metals like chromium, zinc, cadmium, cop-
per, and nickel in soluble form, which cannot be
separated by conventional filtration techniques. The
necessity to reduce the concentration of heavy met-
als to permissible limits in wastewater stream and
the need for low-cost metal recovery processes in
both hydrometallurgical and environmental applica-
tions has led to an increased interest in polymer-
based sorbents.

In this regard, chelating polymers have gained
importance in environmental applications owing to
their high degree of selectivity, high-loading capacity,
versatility, along with enhanced durability."* Conven-
tional procedures to treat contaminated -effluents
include precipitation with chemical agents, adsorp-
tion onto activated ca1~bon,3’4 ion-exchange, and mem-
brane filtration processes.”® Precipitation results in
the formation of large amounts of hazardous sludge,
while ion-exchange process is applicable only for sol-

Correspondence to: P. K. Roy (pk_roy2000@yahoo.com).

Journal of Applied Polymer Science, Vol. 122, 2415-2423 (2011)
© 2011 Wiley Periodicals, Inc.

utions with low-dissolved solids.” Chelating polymers
or polychelatogens have been used for remediation in
homogenous reactions in the form of water-soluble
polymers coupled with ultrafiltration or in heteroge-
neous reactions of solid polymer beads or semiperme-
able membranes.”® In such polymers, chelating func-
tionalities are present in the polymeric side chains or
are embedded in the backbone. The choice of the
type of ligand, ligand density, structure, and solubil-
ity of the polymer, as well as pH, governs the metal
ion affinity, retention efficiency, and selectivity.”
Recently, a lot of attention has been paid to the use
of hydrogels containing chelating functional groups
toward the removal of toxic metal ions.'” Sorption
process, being a surface phenomenon, is limited by
the number of surface adsorbing groups. In the case
of hydrogels, metal ions can enter the polymeric net-
work easily and, hence, are expected to exhibit a
higher sorption capacity. Detailed literature survey
revealed that hydrogels based on grafted cellu-
lose,"""'? macroporous poly[acrylamide/N-vinylpyrro-
lidone /3-(2-hydroxyethylcarbamoyl)acrylic acid],'?
poly(acrylic acid-co-acrylamide),'"*"> and poly(acrylic
acid) (PAA)-poly(ethyleneglycol) blend'*'* exhibit
high-sorption capacity. In the present study, we
aimed at investigating the sorption behavior of
crosslinked PAA as a low-cost polymeric sorbent for
the effective removal of heavy metal ions. The
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Scheme 1 Reaction sequence for the preparation of
XPAA.

uncrosslinked linear polymer-containing carboxylic
acidic groups suffer from the disadvantage of being
soluble in aqueous medium, thereby restricting its
use as a sorbent. Acrylic acid can be crosslinked by
several crosslinkers. However, PEGDA was chosen
as the crosslinker for the present study as a recent
comparison of crosslinkers revealed that the poly-
mers crosslinked by PEGDA exhibited excellent
repeated absorbancy over a large number of drying-
swelling cycles.'® The crosslinked hydrogel is found
to be stable in acidic as well as basic medium,
thereby greatly enhancing its applicability for waste-
water remediation.

EXPERIMENTAL
Materials

Acrylic acid (Merck) was distilled under reduced
pressure before use. Potassium persulphate was puri-
fied by recrystallization from 66% ethanol/water so-
lution (w/w). Poly(ethylene glycol) 200, acryloyl
chloride, sodium metabisulphite “AR” grade (Merck)
and sodium (Qualigens) were used without further
purification. Standard 1000 pg/mL aqueous stock
solutions of chromium (VI), nickel (II), copper (II),
lead (II), and calcium (II) were prepared by dissolv-
ing requisite amounts of potassium dichromate,
nickel nitrate, copper nitrate, lead nitrate, and cal-
cium chloride separately in 0.1M of the correspond-
ing acid. These were diluted accordingly to prepare
solutions of requisite concentration. Milli Q ultrapure
water was used throughout the course of this work.

Preparation of glycol-based macromer

Poly(ethylene glycol)-200 was reacted with excess
sodium under nitrogen atmosphere to prepare its
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sodium salt (Na-PEG). The reaction was allowed to
proceed for 24 h at 30°C, after which it was trans-
ferred to a separating funnel, and the lower fraction,
excluding the solid sodium pieces was collected,
weighed, solubilized in dichloromethane, and
purged with nitrogen to remove dissolved oxygen."”
Stoichiometric quantity of acryloyl chloride was
added to the solution, and the reaction was allowed
to proceed at 50-55°C for 8 h. The solvent was
removed under vacuum in a rotary evaporator, and
the diacrylate (PEGDA) was collected.

Preparation of crosslinked PAA (XPAA)

For the preparation of XPAA, an oxygen-free aque-
ous solution of acrylic acid (3 mol/L) was polymer-
ized in the presence of poly(ethyelene glycol) diacry-
late (PEGDA) (1.1-5.0 mol %) as the crosslinking
agent in glass tubes of 5 mm diameter. An equimolar
redox mixture of potassium persulphate (0.1 mol %)
and sodium metabisulphite (0.1 mol %) was used as
an initiator for the polymerization. The reaction mix-
ture was maintained at 70°C for 30 min, after which
the stable gels were formed, which were dried and
subjected to Soxhlet extraction with acetone. For
comparison purposes, the polymerization of acrylic
acid was also carried out in the absence of crosslink-
ing agent to prepare linear poly (acrylic acid) (PAA).
The reaction scheme depicting the entire process has
been presented in Scheme 1, and the various formu-
lations prepared have been listed in Table I. The ta-
ble also reports the crosslinking ratio (x), which has
been defined as the ratio of the moles of crosslinking
agent to moles of PAA repeating unit.'®

Structural characterization

Fourier transform infrared spectrometry (FTIR) was
carried out on a Perkin-Elmer Spectrum 2000 FTIR
with an attenuated total reflectance crystal accessory
(Golden Gate). All spectra were calculated by means
of 16 individual scans at 2 cm ™' resolution in the
4000-600 cm ' interval with corrections for atmos-
pheric water and carbon dioxide. The carbon and
hydrogen content was determined by elemental ana-
lyzer (Elementar, Vario EL). Carboxyl content in the

TABLE 1
Sample Designations of Various Formulations Prepared
Moles Crosslinkin%

Sample designation (PEGDA) ratio (x)/(107%)?
PAA - 0
XPAA-5 8.0 x 107* 1.1
XPAA-10 1.6 x 107° 2.3
XPAA-15 24 x10° 3.4
XPAA-20 32 x 1073 46

2 Moles of AAc: 6.0 x 1072
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polymer was determined chemically. For this pur-
pose, a known amount (~ 0.5 g) of the dry polymer
was swelled in excess water. Thereafter, the solution
was titrated against previously standardized NaOH,
in the presence of phenolphthalein as indicator. The
accessible carboxyl-content was then calculated
using the following equation:

(V1= Vy x N1

Carboxyl content = W % 1000

where V; and V, are the volume (mL) of NaOH con-
sumed by polymer and blank, respectively, N; is the
normality of NaOH, and W is the mass (g) of the
polymer used."

Thermal characterization

The thermal behavior of the polymer was investi-
gated using Perkin-Elmer Diamond SDTA under N,
atmosphere (200 mL/min) in the temperature range
of 50-600°C. A heating rate of 10°C/min and sample
mass of 10 = 0.5 mg was used for this purpose. The
deswelling behavior of the swollen hydrogel was
studied isothermally using the SDTA, for which 10
+ 0.5 mg of the equilibrated swollen hydrogel was
placed in ceramic crucibles at three different temper-
atures (30, 40, and 50°C) under flowing nitrogen
atmosphere (200 mL/min). The mass loss profile
was monitored till no further decrease in mass was
observable.

Swelling ratio

Because all the chelation experiments were per-
formed in aqueous medium, the swelling behavior
of all the formulation was studied over the entire
pH range. For this purpose, weighed amounts of
dried hydrogels were dipped in distilled water of
pH varying between 2 and 10, which was adjusted
by adding requisite amounts of acid or alkali. The
pH measurements were made with Labindia pH an-
alyzer equipped with glass electrode (Toshniwal,
India) and calibrated with Titrisol buffers. At suita-
ble time intervals, the swollen gels were lifted, pat-
ted dry, and weighed. The swelling studies were
performed till the equilibrium swelling was
achieved. The swelling ratio (SR) was calculated as
per the following equation®’:

W, — W,

where W; is the weight of the swollen polymer and
W, is the initial weight of the dry polymer. The
kinetics of water uptake was also investigated for all
the prepared formulations at a pH of 5.
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Analytical characterization

The total concentration of metal ions such as Ni**,
Cu?", Pb*", Cr" and Ca?" in water, both before and
after chelation, was determined using inductively
coupled plasma optical emission spectroscopy (ICP-
OES) (Perkin-Elmer Optima 2100) operated using
WINLAB 32 software.

Analytical procedure

Batch equilibration technique was used to determine
the sorption capacity of the sorbent and optimum
sorption conditions like pH. The chelating hydrogel
was equilibrated with a known volume of metal ion
solution. Post-equilibration, the hydrogel was fil-
tered and the metal concentration in the filtrate was
quantified. The amount of metal ions sorbed on the
hydrogel was determined by the equation:

(X-Y)
z

Nf =

where X is the initial amount of metal ion (mg), Y
the amount of metal ions in the supernatant (mg), N¢
the amount of metal ion adsorbed (mg/g), and Z the
amount of chelating hydrogel (g).

Optimum pH of metal ion uptake

Optimum pH of metal ion uptake was determined
by batch equilibration technique. Excess metal ion
solution (50 mL and 100 pg/mL) was shaken with
50 mg of dried hydrogel for 2 h. The pH of the solu-
tion was adjusted before equilibration with buffer
solution. The hydrogel was filtered off, and the
amount of metal ion remaining in the filtrate was
determined. The sorption experiments were carried
out in triplicate to determine the precision of the
method.

Adsorption isotherms

The adsorption isotherm studies were carried out by
shaking 50 mg of hydrogel in the presence of differ-
ent concentration of metal ion solution of Ni**,
Cu?*, Pb*", and Cr®* at 30°C for 24 h. The solution
was then filtered, and the concentration of the metal
in the filtrate was determined.

Total sorption capacity

Total sorption capacity of the hydrogel was deter-
mined by shaking an excess of metal ion solution
(100 mL and 100 pg/mL) with 50 mg hydrogel for
24 h at optimum pH at 30°C in a mechanical shaker
to ensure complete equilibration. The hydrogel was

Journal of Applied Polymer Science DOI 10.1002/app
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Scheme 2 Reaction mechanism of persulphate-bisulphite
redox initiation.

filtered off, and the concentration of metal ion in the
filtrate was determined.

Recovery and hydrogel stability

For establishing the stability of the hydrogel, 50 mg of
the hydrogel was stirred with 100 mL of 50 pg/mL
solution of 24 h at 30°C. Post-equilibrium, the sorbed
metal was eluted with 20 mL of 1N HCI for 4 h to
ensure complete regeneration. The regenerated hydro-
gel was again placed in 100 mL of 50 pg/mL solution
and eluted with 1N HCI as described previously. This
adsorption—-desorption cycle was repeated for 10
times, and the metal content in the filtrate and eluent
was determined to establish the stability of the
hydrogel.

Effect of interfering ions

The effect of a representative interfering ion (Ca>")
on the sorption behavior of Pb*" was investigated at
its optimum pH. For this purpose, 50 mg of the
dried hydrogel was shaken with different metal ion
solution in which the concentration of Pb*" was
maintained at 100 pg/mL, and the concentration of
Ca”>" was increased from 10 pg/mL to as high as
200 pug/mL. The pH of the solution was maintained
at the optimum pH of 5.

RESULTS AND DISCUSSION

Crosslinked polyacrylic acid was prepared by redox-
initiated polymerization of acrylic acid in the pres-
ence of polyethylene glycol diacrylate as the cross-
linker. The synthesized polymer was characterized
and evaluated as a sorbent for the removal of toxic
metal ions (Ni*", Cu**, Pb**, and Cr®") from aque-
ous solutions.

Reaction mechanism

The mechanism of redox initiation due to the com-
bined action of persulphate and metabisulphite has
been well reported in the literature®’ and is pre-
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sented in Scheme 2. Reaction (1) is expected to be
the most predominant radical producing reaction;
however, at higher temperatures, thermal decompo-
sition of persulfate ion may lead to the generation of
sulfate radical ions as shown in eq. (2). Reaction (3)
[where R represents any of the radicals produced in
reaction (1)] is again a likely contributor of radicals
due to the presence of a large quantity of water
present in the system. Each of these radical/radical
ion species (R’) can subsequently lead to the initia-
tion of the polymerization reaction as per reaction
(1) and form the end group in the resulting
macromolecule.

Structural characterization

The carbon, hydrogen, and oxygen contents in the
polymer as obtained by elemental analysis are pre-
sented in Table II. It can be seen that the results
compare well with the theoretical values, the slight
difference being attributed to hydration of the poly-
mer because of its hygroscopic nature. The carboxyl
content of all the formulations as determined by ti-
tration with alkali was found to be 1.35-1.45 meq/g
(~ 54.5-58 mg of NaOH/g), which is far lower than
the expected value of 1.38 x 1072 eq/g (~ 555.5 mg
of NaOH/g) assuming complete neutralization. This
can be attributed to the fact that interaction with
base results in neutralization of only a fraction of
the carboxylic acid groups due to extensive hydro-
gen bonding between carboxyl groups of neighbor-
ing polymer chains.** The FTIR spectra of PEG,
PEGDA, and XPAA-10 are presented in Figure 1.
PEG exhibited characteristic peaks at 3463 cm '
(—OH stretch), 2917 cm™* (alkyl —CH stretch), and
1099 cm ™' for the ether (—C—0—C) group (Fig. 1).
Whereas, in the spectrum of the synthesized
PEGDA, no absorption was observed in the range of
3200-3600 cm ' (characteristic of —OH stretch),
which indicated the conversion of the hydroxyl
groups to ester. Another characteristic peak was
observed at 1199 cm ' resulting from the ester link-
age and at 1721 cm ™' due to C=O0 stretching. The
FTIR spectra of XPAA-10 exhibited characteristic
peaks at 1704 cm ' (C=O stretching band) and a
broad absorption in the hydroxyl region ~ 3400
cm ™! due to the presence of COOH groups.

TABLE II
Result of Elemental Analysis of Formulations

Calculated (%)

Experimental (%)

Sample name C H (@) C H @]

PAA 4951 561 4488 50.01 555 4444
XPAAS5 4991 548 4461 50.01 555 4444
XPAA10 4989 558 4483 50.01 555 4444
XPAA20 4993 558 4449 50.01 555 4444
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Figure 1 FTIR spectra (a) PEG 200, (b) PEGDA, and (c)
XPAA-10.

Thermal characterization

The thermal behavior of the samples was investigated,
and the thermogravimetric traces of the formulations
prepared are presented in Figure 2. Double-step
decomposition was observed in all samples, the first
loss being the loss of water molecules from adjacent
carboxylic moieties to form anhydride and the second
step being the loss of CO,, which coincides with the
decomposition of the main chain.® The thermal stabil-
ity was evaluated by comparing the T; (initial tempera-
ture of degradation), Ty.x (temperature of maximum
rate of weight loss), Tf (final temperature of degrada-
tion), and char yield at 600°C, which are presented in
Table III. The results reveal that crosslinking does not
lead to any significant change in the thermal degrada-
tion behavior. However, crosslinking resulted in an
increase in the char content, which was found to be
directly proportional to the degree of crosslinking.

Swelling studies

Linear PAA is completely soluble in common sol-
vents such as water, methanol, and DMSO. This in-

30000
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25000
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%
[
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15000 4
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10000

5000 -

Figure 2 Effect of pH on the swelling behavior of the
hydrogel. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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TABLE III
Characteristic Decomposition Temperatures of
Formulations
% Weight % Char yield
Sample T; (°C) Tmax (°C) T;(°C) loss at 600°C
PAA 256 292 338 39 9.8
355 400 501 48
XPAA-10 251 284 317 38 12.1
317 418 559 48
XPAA-15 251 283 318 39 14.3
318 417 549 45
XPAA-20 256 276 305 35 16.6
310 420 550 47

herent solubility of PAA in water limits its ability
to be used for metal removal from aqueous solu-
tions. As expected, crosslinking of PAA with
PEGDA results in its insolubility in all solvents;
however, the extent of swelling depends on the me-
dium and pH. The increase in the SR of the formu-
lations in water as a function of pH is presented in
Figure 3. As can be seen, the SR increases with the
increase in pH and varies inversely with the cross-
linking ratio. The pK, value of poly(acrylic acid)
has been reported 4.28; therefore, at lower pH, PAA
chains exist in the collapsed state, thus reducing the
SR. As the pH increases, the polymeric network
gets charged due to deprotonation of carboxylic
protons, which set up repulsive forces between the
adjacent groups. This results in an expansion of the
polymer chain conformation, thereby leading to the
observed rapid increase in SR.

The kinetics of water uptake for the hydrogels has
been studied at a pH of 4. The increase in mass due
to sorption of water as a function of time has been
presented in Figure 4. It can be seen that rapid swel-
ling takes place initially which levels off subse-
quently. Highly crosslinked samples (crosslinking
ratio > 2.3 x 10 %) reached equilibrium within 5 h

4000

3500

A000 5 XPAA-10

2500
-=-XPAA-20

2000

Swelling Ratio (%)

1500

1000

500

Time (h)

Figure 3 Kinetics of water uptake for different formula-
tions. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 4 TG traces of formulations. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

of immersion, while samples with lower degree of
crosslinking (crosslinking ratio < 2.3 x 10~?%) require
much longer time periods, that is, 18-19 h to reach
>95% swelling. However, when the swelling investi-
gations are performed at higher pH, the water
absorption occurred instantaneously, and the sam-
ples reached equilibrium within 5 min of immersion.
The deswelling behavior of the gels was investigated
under isothermal conditions under flowing nitrogen
atmosphere, and the results are presented in Figure
5. It can be seen that the release of water from the
gel is strongly dependent on the temperature and at
high temperatures (50°C), the gel becomes com-
pletely dry within 50 min of exposure to flowing
nitrogen gas.

Sorption of metal ions as a function of pH

To investigate the effect of crosslinking ratio on the
sorption of metal ions, 50 mg of the dried sample
was dipped in 50 mL of aqueous solution containing

110

Percent Mass

T T T T T
0 20 40 60 80 100 120
Time (min)

Figure 5 Isothermal TG traces indicating deswelling of
hydrogel (a) 30°C, (b) 40°C, and (c) 50°C.
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Figure 6 Effect of pH on metal sorption.

100 pg/mL of a representive toxic metal ion (Pb*")
at a pH of 5. The studies revealed that with the
increase in crosslinking ratio, the sorption of metal
decreases from 83.2 mg/g (XPAA-5) to 81.2 mg/g,
75.5 mg/g and 70.2 mg/g for XPAA-10, XPAA-15,
and XPAA-20, respectively.

Being a surface phenomenon, all sorption proc-
esses are limited by the number of chelating sites
available on the surface. Because of the increased
hindrance offered by the network resulting from
increased level of crosslinking, the number of sur-
face sites decreases and so does the sorption
capacity. However, when we compare the number
of such sites with other sorbents, which are not
hydrogels, this capacity is much higher. In hydro-
gels, owing to their hydrophilic nature, metal ions
can enter the polymeric network easily and, hence,
exhibit a higher extent of chelation. The only disad-
vantage of using hydrogel for the removal of metal
ions is their inferior mechanical strength, which can
be improved by crosslinking. Although XPAA-5
exhibited highest sorption capacity, its mechanical
strength was extremely low, which disintegrated
during handling. All further sorption investigations
were performed on XPAA-10, as it was mechanically
stable and maintained its integrity over the entire
pH range.

Figure 6 shows the effect of pH on percentage
sorption of different metal ions on XPAA-10. A
decrease in the pH of the solution was observed
during the sorption process, which could be attrib-
uted to the release of protons from the sorbent dur-
ing equilibration. A significant increase in the sorp-
tion was observed as the pH of the solution was
raised from 2 to 4 for all the metals under investiga-
tion. This can be related to the ionization and con-
formational behavior of the poly(acrylic acid). For
the metal ions under investigation, we restricted our
region of interest to pH < 8, because all the metal
ions formed insoluble metal hydroxides at higher
pH, particularly pH > 8. In general, the extent of
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TABLE IV
Sorption Capacity of the Chelating Hydrogels at
Optimum pH
Loading capacity ~Loading capacity
Optimum of XPAA10 of XPAA10
Metal pH (mg/g) (mmol/g)
Copper 5-6 43.1 0.67
Nickel 5-6 58.2 0.98
Lead 5-6 81.2 0.39
Chromium 5-6 41.1 0.78

sorption of metal ions increases with increase in pH,
reaching a limiting value in each instance.

Total sorption capacity

Sorption capacity is an important factor for deter-
mining the amount of sorbent required for complete
removal of a specific metal ion from the solution. To
determine the total sorption capacity of the hydro-
gel, a known amount of the hydrogel was immersed
in the metal solution at optimum pH at a tempera-
ture of 30°C. The mixture was stirred for 24 h fol-
lowed by filtration, and the metal ion concentration
in the filtrate was determined by ICP-OES. From the
carboxyl content determination, the hydrogel is
expected to have a sorption capacity of the order of
0.7 meq/g on the basis of monovalent-divalent
exchange process. The experimental loading capacity
of the hydrogel was found to be in the same range
(Table IV). XPAA was observed to exhibit the high-
est sorption capacity for Pb**, followed by Ni**,
Cu*" and Fe*". The exceptional chelating ability,
especially for Pb*", can be explained on the basis of
the high-stability constant of the lead complex with
carboxylic acids in the entire transition metal se-
ries.** However, this sorption capacity is much lesser
compared to the theoretical value (6.8 meq/g),
expected based on the number of carboxylic acid
groups actually present in the polymer chain, which
can again be attributed to the hindrance offered by

4

—=Cu(ll)  -=Ni()

—=Cr (VI) -e=Pb (II)

25 45 63 85 105 125 145 165 185 205 225

Figure 7 Langmuir isotherms for adsorption of metals.
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TABLE V
Langmuir Coefficients for Metals

Metal Langmuir equation K b R?
Cu C./q.=0.33 + 0.01 C, 0.043 68.96 0.94
Ni C./q. = 0.18 + 0.009 C, 0.049 111.11 0.97
Pb C./q. =025 + 0.01 C, 0.040 99.00 0.97
Cr C./q. = 0.47 +0.02 C, 0.041 50.00 0.97

the network to the metal complexation process and
also to the hydrogen bonding between the different
carboxylic groups. In comparison with other hydro-
gels, which have been studied for their metal uptake
capacity, the crosslinked PAA prepared in the pres-
ent study exhibits a sorption capacity similar to that
reported by other copolymers/blends. In this con-
text, macroporous poly [acrylamide/N-vinylpyrroli-
done/3-(2-hydroxyethylcarbamoyl) ~acrylic ~acid]"
has been reported to adsorb 46 mg/g of Cu®" and
66 mg/g of Ni*" under optimal conditions. In
another study, PAA-PEG interpenetrating network
has been reported to exhibit a sorption capacity of
102.34, 49.38 and 3341 mg/g for Ni**, Cr’" and
Cd*" respectively.'*"

Adsorption isotherm

The adsorption data for Cr®*, Ni**, Cu**, and Pb**
metal ions were analyzed by a regression analysis to
fit the Freundlich and Langmuir isotherm model.
These data were plotted as the amount of metal ion
sorbed on the hydrogel at equilibrium as a function
of the metal concentration of the solution at equilib-
rium. The coefficients of these two models were
computed using linear least square curve fitting.

Langmuir model was used to explain the observed
sorption behavior. The equilibrium data were ana-
lyzed using the following linearized equation:

cC 1 C

PR

where C, is the equilibrium concentration (mg/L), g,
is the amount adsorbed at equilibrium (mg/g) and k
and b are the Langmuir constants related to adsorp-
tion capacity and the energy of adsorption, respec-
tively. The linear plot (Fig. 7) for the four metal ions
reveals that the adsorption obeys the Langmuir
model. The Langmuir constants were evaluated and
have been reported in Table V.

The adsorption behavior was also fitted into the
Freundlich model:

1
log g, = log ks + Elog Ce

where C, is the equilibrium concentration (mg/L)
and g, is the amount of metal adsorbed (mg/g). A

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Freundlich isotherm for adsorption of metals.

linear plot (Fig. 8) of log g, versus log c, shows the
applicability of the Freundlich model. The Freund-
lich constants ks and n were calculated and are
reported in Table VI. It can be seen that for all the
metals under investigation, the value of coefficient n
is greater than 1, which confirms positive sorption of
metal.?®> Correlation indices (R?) were determined to
compare the two models, and our investigation
revealed that the adsorption data fitted well into
both the models.

Ion-exchange process

This study was undertaken to understand the multi-
valent metal ion removal process by ion exchange
with monovalent protons/sodium ions present in
the hydrogel network. For this purpose, XPAA-10
sample was equilibrated in distilled water and then
allowed to contract in solutions of Cu(NOj3),,
Ni(NO3),, Pb(NOj3), and K,;Cr,O; of varying molar
concentrations at a pH of 5. The SR was monitored,
and the results are presented in Figure 9. The inves-
tigation revealed that significant decrease in the SR
of the hydrogel occurred as the ionic strength of the
solution was increased. This can be attributed to the
additional interaction between the negatively
charged polymeric network with the positively
charged cations, which do not allow the network to
swell further thereby leading to the observed
decrease in the SR.'"* The greatest extent of deswel-
ling was observed in the case of Pb>*, followed by

TABLE VI
Freundlich Coefficients for Metals
Metal Freundlich equation K n R?
Cu log g. = 0.80 + 0.39 log C. 6.42 251 075
Ni log ge = 0.80 + 0.49 log C, 6.35 2.02 093
Pb log qe = 0.57 + 0.52log C.  14.12 268 0.89
Cr log o = 0.950 + 0.32 log C, 8912 310 073

Journal of Applied Polymer Science DOI 10.1002/app

ROY ET AL.

1200

~Pb (1)
1000 = Ni (ID)
# -4 Cr (VD)

= Cu (IT)
800 - Ca (II)

600

Swelling Ratio (%)

400

200

o
"
-
o
=
I

Molar concentration

Figure 9 Effect of increasing ionic strength on the swel-
ling ratio of hydrogel.

Cu?", Ni*", Ca?" and Cr,O,*", which indicate the
binding affinity of the polymer toward the metal ion
species.

Transition metal ions like Pb?", Cu?", and Ni?t
have a stronger complex forming tendency with pol-
yanions when compared with the alkaline earth
metal ions like Ca®'. The lower deswelling in the
case of Cr°" is due to the presence of a large fraction
of the metal ion being present in the anionic form,
as Cr,O,>". Because of the repulsion between the
negative charge of the polymer and the oxoanion
species, the contraction is limited.

Regeneration and hydrogel stability tests

To test the hydrogel stability, the hydrogel was sub-
jected to several loading and elution cycles. Interest-
ingly, the sorbent was found to be stable and could
be used repeatedly for at least 10 cycles as shown in
Figure 10. The metal sorbed on the hydrogel could
be easily eluted with 1IN HCl. The resin being a
weakly acidic ion exchanger is expected to exhibit a
high-regeneration ability. For all the metal ions
under investigation, more than 97% recovery could
be obtained at pH < 2. The acid basically increases
the hydrogen ion concentration, which, in turn, pro-
tonates the carboxylic acid groups. This leads to a
reduction in the ionic attraction between the anionic
groups of carboxylate and the metal ions, thereby
leading to the regeneration of the hydrogel.

Effect of interfering ions

The effect of a representative interfering ion (Ca*")
on the sorption behavior of Pb*" was investigated
by batch equilibration technique. It was observed
that even when the concentration of interfering al-
kali metal ion (Ca®") was increased from 10 to 200
ug/mL in the presence of 100 ug/mL Pb**, the sorp-
tion capacity for Pb*" remained unaltered at 81-82



REMOVAL OF TOXIC METALS USING HYDROGELS

80

70 4

60

—— |
50

-__'-\—I——"'—"—_I—_"—__'_—"\—.
40’———0—~————’—‘_—‘—-—#\_’/,_\<

Sorption capacity (mg/g)

=+Cr (V) -=-Cu (1) —Ni (IT) —-Pb (IT)

4 5 6 7 8 9 10
Number of Regeneration Cycles

=
w

Figure 10 Effect of regeneration cycle on the sorption
capacity of the chelating hydrogel.

mg/g. It can be concluded that due to the stronger
interaction of hydrogel with Pb*" ions, its complexa-
tion with Pb*" is preferred even in the presence of
Ca®". Because industrial effluents contain large
amount of such interfering ions, this study confirms
that the hydrogel can be used for the removal of
Pb*" for practical purposes.

CONCLUSIONS

This work describes the synthesis, characterization,
and analytical evaluation of superabsorbent cross-
linked PAA as a sorbent for the uptake of metal ions
like Pb*", Ni**, Cu®**, and Cr®" from aqueous solu-
tions. The synthesized hydrogel exhibits high-metal
uptake, and the sorbed metal can be readily eluted
by 1IN HCI. A high recovery (>97%) was obtained
for all the metal ions with 1IN HCI as eluting agent.
The metal uptake data was found to fit well into
both Langmuir and Freundlich adsorption models.
The crosslinked polymer was found to be stable
over the entire pH range when compared with its
linear analog, which is soluble in aqueous solutions.
The hydrogel was stable and could be reused for at
least 10 times without any loss in its metal chelation
efficiency.
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