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ABSTRACT: Poly(acrylic acid-co-acrylamide) (PAAAM)
hydrogels have been prepared from partly neutralized
acrylic acid (AA) and acrylamide (AM) by solution poly-
merization, and their absorbency and adsorption in both
CuCl, and FeCl; solutions have been 1nvest1gated PAAAM
hydrogels and their complexes with Cu®" or Fe’" have
been characterized by FTIR. The absorbency of PAAAM in
both CuCl, and FeCl; solutions increases initially and then
decreases as the absorbing time increases. The adsorption of
PAAAM in both CuCl, and FeCl; solutions can be de-
scribed by the pseudo-second order chemisorption kinetics
prozposed by Ho and McKay, and the equilibrium uptake of

on PAAAM can well be fit with the Langmuir adsorp-

tion isotherm. However, the equlllbrlum uptake of Fe*" on
PAAAM increases as the initial Fe>" concentration increases
for Fe** concentration smaller than 5.625 X 102 mol/L,
and then decreases with Fe®* concentration. The largest
uptakes for Cu®" and Fe®" are 247 and 173 mg/g, respec-
tively. The results also show that the uptake of Cu** and
Fe>™ on PAAAM increases remarkably when pH of the so-
lution is changed from 2.3 to 4.2 and from 1.0 and 2.1,
respectively. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 106:
1606-1613, 2007
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INTRODUCTION

Hydrogels, which are three-dimensional networks
containing hydrophilic functional groups, cannot be
dissolved in water but can absorb a large amount of
water and even retain the absorbed water under some
pressures. The absorbing properties of hydrogels are
affected by many factors, such as the ion type and
its strength,' solution pH,** temperature,” etc. The
effect of synthetic conditions on the absorbency of
superabsorbents or hydrogels has been discussed
widely,®'* while the factors affecting the absorbing
kinetics in different transition metal solutions were
not investigated in detail so far. The poly(acrylic acid-
co-acrylamide) (PAAAM) hydrogel is one of the most
important absorbents, because its monomers are
cheap'® and easy to polymerize to reach high molecu-
lar weight.

Correspondence to: ]J. Xie (xiejianjun12@sina.com.cn).

Contract grant sponsor: Project of Research Plan of Sci-
ence and Technology of Hunan Province; contract grant
number: 05NK3052.

Contract grant sponsor: Research Fund of a Talented
Person of Central South University of Forestry and Tech-
nology.

Journal of Applied Polymer Science, Vol. 106, 1606-1613 (2007)
©2007 Wiley Periodicals, Inc.

ST @WILEY

*,,.~ InterScience’

DISCOVER SOMETHING GREAT

Heavy metal ions in wastewater generated from
various industries, such as electroplating, leather tan-
ning, mining, steel making, and pigments, exert a sig-
nificant impact on human health and other living
organisms when discharged into the environment.
Adsorption is a very wide and effective method to
remove heavy metal ions from industrial effluent.'
Copper and iron ions are two important transition
metal ions, and their concentrations should be limited
to a low level. Many types of adsorbents including
activated carbon, oxide minerals, polymer fibers, res-
ins, biosorbents as well as hydrogels have been used
to adsorb metal ions or sequester trace amount of
metal ions from various aqueous solutions.” The
polymer absorbents include poly(acrylic acid) (PAA),'*"”
polyacrylamide (PAM) and its modified product,'®
poly(2-hydroxyethyl-methacrylate) (PHEMA),"” chi-
tosan,'”?! chitin,® poly(acrylamidoglycolic-acid-co-
acrylamide),”* polyeth ;fleneimine (PEI),”** biomass
Rhizopus compounds,”>* poly(p-chloromethyl-stryr-
ene-ethyleneglycol-dimethacrylate),”® aminopolycar-
boxylic acid-type cellulose’ and partially hydroly-
zed polyacrylamide-co-polyvinyl pyrrolidone,” and
SO on.

Oeztop et al.® prepared poly(acrylamide/sodium-
acrylate) (PAM/SA) copolymer using various cross-
linkers and investigated swelling, diffusion, immobi-
lization of yeast cells, and production of ethyl alcohol.
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Duran et al.* synthesized PAAAM, using irradiation
polymerization by changing AM initial compositions,
and discussed the swelling behavior and adsorption
of some textile dyes. It is concluded that the diffusion
of the fluids into hydrogel is non-Fickian in character
and that the crosslinked PAAAM hydrogels can be
successfully used in the purification of wastewater
containing certain textile dyes. Katime et al.*® investi-
gated theophyline release from PAAAM hydrogels
and has observed that the release kinetics from the
swollen PAAAM hydrogels was a non-Fickian diffu-
sion-controlled process. Zhang et al.’! investigated
the drug loading and release of the PAAAM/linear
polyallylammonium chloride (PAAC). Li et al.* pre-
pared PAAAM hydrogels by the controlled hydroly-
sis of polyacrylamide in an alkaline solution of 10%
sodium hydroxide. They tested the capacity of the co-
polymer hydrogels to bind various metal ions under
a range of uptake conditions, with varying uptake
time, pH, and ionic strength. The results have shown
that ions such as Cu*" and Cd*" were bound more
strongly to PAAAM hydrogels than the competing
ions of Na*, K*, Ca?", and Mg”", particularly at pH
> 5, and they can be efficiently eluted (>94%) in
2 mol/L HNOj solution. Therefore, it can be used for
the recovery and separation of Cu®* and Cd*" ions
and for trace environmental analysis applications
such as the diffusion gradients in thin films (DGT)
technique.

The aim of this study is to prepare PAAAM hydro-
gels for absorbency and adsorption and to investigate
their absorbency and adsorption behaviors in CuCl,
and FeCl; solutions. The main factors affecting the
absorbency and adsorption of Cu?* and Fe’" on
PAAAM that are investigated are adsorption time,
initial concentrations of Cu®* and Fe®", and the solu-
tion pH.

EXPERIMENTAL
Materials

Acrylic acid (AA) was distilled in vacuum and stored
in a refrigerator, both acrylamide (AM) and potas-
sium peroxydisulfate (KPS) were recrystallized before
use, other reagents including N,N'-methylene biacry-
lamide (NMBA), NaOH, HCI, CuCl,, and FeCl; were
used as received. NaOH was dissolved in distilled
water to 12 and 1 mol/L, respectively, and HCl was
dissolved in distilled water to 1 mol/L, while CuCl,
and FeCl; were dissolved in distilled water to desired
concentration. All of the materials were of analytical
grade and provided by Shanghai Chemical Reagent
Factory (Shanghai, China).
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Preparation of PAAAM

PAAAM hydrogels were prepared from partly neutral-
ized AA and AM by solution polymerization and were
optimized by orthogonal experimental method.*® The
optimized compositions for the maximum absorbency
in distilled water and in 0.9 wt % NaCl solution are as
follows. The mass ratio of AA and AM is 6 : 1, the total
mass percent of both monomers is 25%, the neutral-
ized degree of AA is 60%, and the mass percentages
of the cross-linker, and the initiator with respect to
the total mass of the monomers are 0.01 and 0.1%,
respectively.>

First, a predetermined amount of 12 mol/L NaOH
solution was added drop-wise to the stirred aqueous
AA solution in a beaker cooled with an ice-water bath
for a partial neutralization. Then, properly weighed
AM, NMBA, and KPS masses were added into the
beaker. Second, the reaction solution was heated for
2hat333 K,2h at343 K, and 3 h at 353 K. After the
polymerization, the product was cut into small pieces
and dried in vacuum oven at 323 K, until the mass of
product was constant. Finally, the dried product was
pulverized and milled. The particle sizes for all of the
samples used for the experiment were in the range of
60-100 mesh.

FTIR spectra

FTIR spectra of dried PAAAM hydrogel and its com-
plexes with metal ions were obtained using a FIIR
spectrophotometer (Spectrum one, PerkinElmer).
PAAAM (0.02 g) and KBr (1.0 g) were thoroughly
mixed and pressed to form a tablet, and then the
spectrum was recorded.

Absorbency experiment

At room temperature, 0.4 g PAAAM was immersed
in distilled water and in 0.9 wt % NaCl solution for
absorbency or in about 500-mL metal salt solutions
having defined concentrations for simultaneous batch
absorbency and adsorption experiments. The swollen
hydrogel was weighed after the desired time, and
then the absorbency Q was calculated as follows:

Q=W —Wyp)/W; 1)

where Q is the absorbency in gram water/gram dried
hydrogel (Qs; and Q, are the absorbency of the
PAAAM hydrogel in 0.9% NaCl solution and in dis-
tilled water, respectively). W; and W, are the weights
of the dried hydrogel and the swollen hydrogel in
grams, respectively.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE 1 TABLE II

Factors and Their Levels in the Orthogonal Experiments Results from the Orthogonal Experiments
Factor levels  [M] (%) R N (%) [C] (%) ] (%) No. [M] (%) R N (%) [C] (%) [I] (%) Qs Quw
I 25 12:1 90 0.01 0.05 1 25 12:1 90 0.01 0.05 121 2345
11 30 9:1 80 0.02 0.1 2 25 9:1 80 0.02 0.1 109 1318
III 35 6:1 70 0.03 0.2 3 25 6:1 70 0.03 0.2 92 992
I\Y% 40 3:1 60 0.04 0.4 4 25 3:1 60 0.04 0.4 76 985
5 30 12:1 80 0.03 0.4 75 699
6 30 9:1 90 0.04 0.2 71 535
Adsorption experiment 7 30 6:1 60 0.01 0.1 131 2207
8 30 3:1 70 0.02 0.05 100 1765
Batch adsorption experiments were carried out at 9 35 12:1 70 0.04 0.1 72 666
room temperature in a 500-mL beaker. The effects of 10 35 9:1 60 0.03 0.05 72 794
the adsorption time, the initial concentrations of the 11 35 6:1 90 0.02 0.4 71 730
. . . . . . 12 35 3:1 80 0.01 0.2 86 1077
copper ions, and iron ions in the adsorption media, 13 40 121 60 0.02 02 6 706
and the solution pH values on the metal ions adsorp- 14 40 9:1 70 0.01 0.4 72 835
tion were studied. The solution pH values were 15 40 6:1 80 0.04 005 64 385
16 40 3:1 90 0.03 0.1 68 799

adjusted with 1 mol/L HCI or 1mol/L NaOH solu-
tions. The amount of absorbed metal ions was deter-
mined based on the following eq. (2) as a difference
between metal ions concentrations before and after
the adsorption. The adsorption percentage was calcu-
lated according to eq. (3). The concentration of metal
ions was determined with an atomic absorption spec-
trum instrument (Z-8000, Shimadzu).

g=(Co—C) xV/W; @)
A= (CQ — C)/Co x 100% (3)

where g is the equilibrium uptake (mg/g), A the
adsorption percentage, Cy and C the initial and the
final metal ions concentrations (mg/ml), respec-
tively, V the solution volume (mL), and W; the
weight of PAAAM hydrogel (g).

RESULTS AND DISCUSSION

Optimal polymerization conditions for
the absorbency

The optimal conditions to obtain PAAAM for the best
absorbency have been investigated through the typi-
cal orthogonal experiments. In Tables 1-4, are given
the levels of the affecting factors and the absorbency
results of the orthogonal experiments at the reaction
temperature 323 K. It is seen from the results given in
Table 2 and the range analyses in Tables 3 and 4 that
the best polymerization conditions are as follows: the
mass ratio of AA to AM is 6 : 1, the total mass per-
centage of both monomers is 25%, the neutralized
degree of AA is 60%, and the mass percentages of the
cross-linker and the initiator with respect to the total
mass of the monomers are 0.01 and 0.1%, respec-
tively.”®> The important affecting factors are the mass
percentages of all monomers, the initiator, and the
cross-linker. Considering the cooperative effect of the
reaction temperature and the initiator concentration
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Qs and Q,, are the absorbency of the PAAAM hydrogel
in 0.9% NaCl solution and in distilled water, respectively.

on the polymerization rate, we have applied the tem-
perature programming method to search the optimum
experimental conditions of the absorbency, while keep-
ing constant all the other parameters. It is found that
the temperature programming is 2 h at 333 K, 2 h at
343 K, and 3 h at 353 K, and the maximum absorbencies
of the obtained PAAAM hydrogel in distilled water
and in 0.9 wt % NaCl aqueous solution were 2710 and
133 g/g, respectively.

FTIR spectroscope analysis

To study the complexes of the PAAAM hydrogel
with metal ions Cu®>" and Fe®', we have recorded
their FTIR spectra (Fig. 1). Several peaks of plain
PAAAM can be assigned as follows: 3449 cm™ ' (v
O—H) in —COOH, 2954 cm ' (v N—H) symmetric
in —CONH,, 1675 cm ' (v C=0) symmetric in
—CONH,, 1566 ¢cm™ ' (v C—O0) asymmetric in
—COO(H), 1454 cm ™! (v C—N) in —CONHy,, 1403 cm ™"
(v C=0) symmetric in —COO(H). The adsorption
band between 3000 and 3700 cm ' is very broad in

TABLE III
Range Analysis of Absorbency of PAAAM in
0.9 wt % NaCl Solutions

Factor levels  [M] (%) R N (%) [C] (%) [1] (%)
I 398 334 331 410 357
11 377 324 334 346 379
il 301 358 336 307 315
v 270 330 345 283 295
1/4 99.5 83.5 82.75 102.5 89.25
11/4 94.25 81 83.5 86.5 94.75
111/4 75.25 89.5 84 76.75 78.75
v/4 67.5 82.5 86.25 70.75 73.75
Ranges 32 8.5 35 31.75 21
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TABLE IV
Range Analysis of Absorbency of PAAAM in Distilled
Water

Factor levels  [M] (%) R N (%) [C] (%) (1] (%)
I 5640 4416 4409 6464 5289
II 5206 3482 3479 4519 4990
1 3267 4314 4258 3284 3310
v 2725 4626 4692 2571 3249
1/4 1410 1104 1102.25 1616 1322.25
11/4 1301.5 870.5  869.75 1129.75 12475
1I1/4 816.75 1078.5 1064.5 821 827.5
Iv/4 681.25 1156.5 1173 642.75 812.25
Ranges 72875 286 30325 97325 510

the absorbing water hydrogel, because of the func-
tional groups having hydrogen bonding interaction
with water from two different monomers. When the
PAAAM is complexed with the metal ions, some
adsorption wave numbers are shifted, because of the
interaction effects of metal ions with —COO(H) and/
or —CONH,. For example, for the adsorption of
Cu®" and Fe’*, the adsorption wave number of C=0
in —CONH, has been shifted from 1675 to 1717 cm ™ *
and 1716 cm™}, respectively, and that of C=0O in
—COOH has been shifted from 1566 to 1612 cm ™'
and 1583 cm ™', respectively.

Absorbency of PAAAM in CuCl, and FeCl;
solutions

Since the absorbency of hydrogel is influenced by the
ion type and concentration as well as pH in solu-
tion,'? the absorbency of PAAAM in CuCl, and FeCl;
solutions has been investigated by keeping constant
the ionic strength of solutions, I, defined as

1 2
I= 5 Z M;z; 4)

where m; and z; are the mass mole concentration and
charge of ion i, respectively. Figure 2 shows the
absorbency of PAAAM in CuCl, and FeCl; solutions
at the ionic strength, I = 0.009 mol/kg. It is seen that
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Figure 1 FTIR of PAAAM: (a) plain PAAAM; (b) Cu*"
loaded PAAAM; (c) Fe*" loaded PAAAM.
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the absorbency of PAAAM in CuCl, and FeCl; solu-
tions first increases and then decreases as the swelling
time increases. During the absorbing process of
PAAAM in CuCl, and FeCl; solutions, both the
absorbing and the chelating of PAAAM with metal
ions occur simultaneously, that is, the swelling and
the chelating are the competing processes. Because at
the beginning of the absorbing process, the osmotic
pressure of PAAAM hydrogel is large, the swelling
is stronger than the chelating, and the absorbency
of PAAAM increases. As the absorbing time in-
creases, the osmotic pressure of the PAAAM hydrogel
decreases, and the absorbency of PAAAM also
decreases, while the chelating increases. It has been
found that at the same ionic strength, the absorbency
of PAAAM in the FeCl; solution is larger than that in
the CuCl, solution. This can be explained by the fact
that at the same ionic strength, from eq. (4), the con-
centration of Fe’" is only the half of the concentration
of Cu?*. Therefore, the chelating amount of PAAAM
for Fe®* is smaller than that for Cu®"; as a result, the
absorbency of PAAAM in FeCl; solution is larger
than that in CuCl, solution.

Adsorption kinetics

Usually, the adsorption process can be divided into
three consecutive phases. The first phase is that the
adsorbate particles move to the surface of adsorbent,
the second phase is that the adsorbate diffuses into
the holes of adsorbent, and the last phase is the reac-
tive adsorption, i.e., the adsorbate reacts with the
functional groups of adsorbent. Generally speaking,
the adsorption process is controlled by the first and/
or the second phases.

The adsorption kinetics of Cu?* and Fe’" on
PAAAM hydrogel has been investigated and the
results are shown in Figure 3. As can be seen, the
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Figure 2 Absorbency of PAAAM (Q) as a function of the
absorbing time (f). I = 0.009 mol/kg.
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Figure 3 Adsorption kinetics of Cu®* and Fe’* ions on
PAAAM hydrogel. Initial concentration of Cu®" or Fe":
0.0025 mol/L; adsorption time: 12 h; pH ~ 6.0; room tem-
perature; mass of the PAAAM hydrogel: 0.40 g.

adsorption uptakes for both Cu®* and Fe’" increase
with time, but the adsorption rates obviously de-
creases with time, and then the adsorptions reach
their equilibrium gradually in about 2 h. To evaluate
the mechanism of the adsorptions, several models
have been used to interpret the experimental data:

i. The diffusion equation model,**

TISTRE i B (

ge—qo  mign
where g is the initial adsorbed amount, 4; and g,
the adsorbed amount at time t and at equilibrium,
respectively, D, the effective diffusivity, and d,,.
the swelling diameter of the gel particle at equilib-
rium. Equation (5) is the solution of the diffusion
equation within a sphere where the mass transfer
rate is expressed by the Crank-Nicholson method,
i.e., the relationship between adsorption capacity
(7;) and the adsorption time (f).

ii. The Fickian diffusion model 331351

gt = kg t"(n = 0.5 for Fickian diffusion of a
cylindrical shapes) (6)

where k; is adsorption rate constant. Equation
(6) gives the amount of adsorption by diffu-
sion-controlled dynamics as a function of time.

iii. The pseudo-second order chemisorption kinetic
rate equation,

t 1 1

— =t 7
9 kaqz g @

where k; is the adsorption rate constant. Equa-
tion (7) was proposed by Ho and McKay."
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The correlation coefficients (R) of the above
eqgs. (5)—(7) are 0.94, 0.90, and 0.999 for the
adsorption of Cu?*, and 0.97, 0.918, and 0.999
for the adsorption of Fe*", respectively. There-
fore, eq. (7) gives the best fit to the experimen-
tal kinetic data.

From eq. (7), we have found that the k, values for
the adsorption of Cu®* and Fe®" are very similar and
equal to 0.0014 and 0.0015, respectively. When one
compares the radius of Fe** (6.0 X 10~ m) to that of
Cu®" (72 x 107" m), one may expect that the
adsorption rate for the Fe’" ions should be signifi-
cantly larger than that for the Cu®* ions. This may
suggest that partial hydrolysis of Fe*" ions (in the
form of Fe(OH), in the solution) might occur (to be
discussed further in the following), resulting in that
the effective size of the Fe’* ions becomes similar to
that of the Cu”" ions. From Figure 3, the equilibrium
uptake of Cu®" is larger than that of Fe®>" This arises
because Fe** and Cu?* have different valency, and
for the same amount of PAAAM, it requires more
Cu®* than Fe’* for the complexation to reach the
equilibrium. Note that during the complexation of
Fe(OH), with —COO(H) groups on the PAAAM,
OH" is released from Fe(OH),.

Effect of the initial concentration of metal ions

Figure 4 gives the experimental adsorption equilib-
rium isotherms of metal ions on PAAAM hydrogel
determined after the contact time of 10 h at various
initial Cu®" or Fe®" concentrations at pH ~ 6.0. First,
from Figure 4, we can observe that the uptake of
Cu®* on PAAAM increases as the initial concentra-
tion of Cu®*" increases and becomes constant when
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Figure 4 Adsorption isotherm of Cu®>" and Fe’* on the
PAAAM hydrogel. Adsorption time: 12 h; pH ~ 6.0; room
temperature; mass of the PAAAM hydrogel: 0.40 g.
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Figure 5 The quantity C/g plotted as a function of C,
based on the linearized form of the Langmuir adsorption
isotherm, eq. (8), in the case of Cu?". Adsorption time:
12 h; pH =~ 6.0; room temperature; mass of the PAAAM
hydrogel: 0.40 g.

the concentration of Cu®>" is larger than 1.08 X 1072
mol/L. Second, the uptake of Fe>* on PAAAM also
increases initially as the initial concentration of Fe®"
increases and reaches its maximum (173 mg/g) at the
concentration of Fed" equal to 5.63 X 102 mol/ L,
and then it decreases sharply as the initial concentra-
tion of Fe®" increases.

For the adsorption of Cu®", it is found that the
Langmuir model gives the best fit for the experimen-
tal data,?3*%7

c 1
T b ©

c
q

where C is the equilibrium or final concentration of
Cu®" in the solution (mol/L), g is the amount of Cu®*
absorbed per unit mass of the PAAAM at equilibrium
concentration (mg/g), qo is the maximum uptake at
monolayer coverage (mg/g), and b is the Langmuir
adsorption equilibrium constant (L/mol) related to
the energy of adsorption or the net enthalpy. Figure 5
shows the experimental data of C/g as a function of C,
and the solid line is the fitting given by eq. (8). It is
seen that the agreement is satisfactory, and the corre-
lation coefficient (R) is 0.994. From the slope and
interception of the line in Figure 5, we obtain the val-
ues of o1 = 253 mg/g and b = 0.0432 L/mol. The
obtained uptake g .o is very close to that determined
experimentally, o exp, Which is 247 mg/g.

It is obvious that the adsorption curve of Fe’* in
Figure 4 cannot be described by the Langmuir
adsorption isotherm. The abnormal adsorption
behavior of Fe’* on PAAAM for the Fe’* concentra-
tion larger than 5.63 X 10> mol/L must be related to
the hydrolysis of Fe®>" ions, to be discussed below.
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Effect of pH on the metal ion adsorption

The system pH is a very important parameter affect-
ing the adsorption and chelating of the metal ions in
polymeric adsorbents,****#2373 particularly affect-
ing the formation of coordination bond between oxy-
gen, nitrogen, or sulfur and metal atoms. Ionization
of the chelating ligand and the stability of the metal-
ligand complexes also vary with pH. Because of the
easy hydrolysis of metal ions at higher concentration
and higher pH of solutions, the effects of the system
pH on the metal ion uptake on PAAAM hydrogel has
been investigated at a fixed but small initial concen-
tration of the single metal ions Fe’* and Cu** (pH <
5.0).

Figure 6(a,b) shows the effect of pH on the uptake
(9) and the adsorption percentage (A) of the metal
ions Fe’™ and Cu®" on PAAAM, respectively. The
uptake of Fe’* on PAAAM increases as pH increases

50
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Figure 6 Experimentally measured dependence of (a) the
adsorption uptake g and (b) the adsorption percentage A
on the solution pH. Initial concentration of Cu** or Fe**:
0.001 mol/L; the adsorption time: 12 h; room temperature;
mass of the PAAAM hydrogel: 0.40 g.
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and approaches a defined value, g = 65 mg/g for pH
> 2.3. For the Cu®" ion, however, the uptake is very
small when pH < 2.3, and the adsorption of Cu*"
starts to increase with pH only when pH is larger
than 2.3 and approaches a constant value for pH >
4.2. This is in agreement with the Cu®" uptake on
cyclam modified poly(p-chloromethyl stryrene-ethyle-
neglycol dimethacrylate), observed by Kavakli et al.,*
and on the PAM-PAA, observed by Li et al.** Similar
results have also been obtained for the adsorption
percentage A of Fe>" and Cu®** on PAAAM as shown
in Figure 6(b).

The adsorption behavior of the PAAAM hydrogels
depends on several parameters such as the adsorbent
charge valency, the solution pH, and the solvation
chemistry of the metal ions (e.g., ability to be hydro-
lyzed and to form polynuclear species™). In general,
pH affects the binding capacity by shifting the equi-
librium of the coordination reaction and ion-exchange
ability in two ways: changing the concentration of
active ligands and the concentration of soluble metal
ions. At very low pH (<3.0), i.e., at high H" concen-
tration, on one hand, there is a large amount of Fe3*
in solution; on the other hand, some amine groups
—NH, on PAAAM are protonated and become
—NH; due to the reaction with H", and the stability
of its metal ion complexes is decreased. Because of
very high positive charges on the PAAAM hydrogel,
the metal ions cannot contact PAAAM due to the
charge repulsions. Also because of protonation, the
carboxylic groups, —COO(H) inside the network of
the PAAAM, cannot contact with the metal ions and
have much less capacity of forming complexes than
in their salt form.>* All these lead to a rather small
adsorption of metal ions on PAAAM at low pH.
Moreover, the interactions between Fe®>" and water
can lead to very complicated solution chemistry and
generate different types of Fe species such as Fe®"
Fe(OH)**, Fe(OH);, and Fe,(OH) 4*,** which are dif-
ficult to form chelations with —COO(H) and
—CONH,. Such hydrolysis of Fe®" ions becomes
more severe when the concentration of Fe** in the so-
lution is high, leading to even less chelating. This
explains the Fe’" uptake on PAAAM decreasing with
an increase of Fe’* concentration in the region of high
Fe’" concentrations in Figure 4. As the solution pH
increases, the concentrations of Fe(OH)H, Fe(OH);,
and Fez(OH);H increase; when the solution pH is
greater than 4.5, there is almost only Fe(OH); com-
plexes in solutions. Moreover, the carboxylic groups
become progressively ionized and spaced along the
polymeric chains, which increase the probability of
the interactions between the carboxylic groups and
metal ions in the solutions. However, if the solution
pH is too high, particularly if the solution becomes
basic, the metal ions would be easily hydrolyzed to
form Fe’™ and OH™ coordinates or the metal ion
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hydroxides with OH™ in the solution. For example, at
pH = 7, 28% of Fe’* are in the form of Fe(OH), and
71% in the form of Fe(OH);.*’ Thus, poor adsorption
of Fe’* ions on PAAAM can occur at very high solu-
tion pH.

The hydrolysis of Cu®>" to form Cu,(OH)3" and
mononuclear species Cu(OH)*, Cu(OH),, and Cu
(OH)}~ occurs in dilute solutions with increasing pH
from 8 to 12, and even to form Cu(OH)?~ in more
alkaline solutions.”” In this study, since the adsorp-
tion experiments were carried out at pH < 5.0, copper
ions exist mainly in the form of Cu®", i.e., the hydro-
lysis of Cu®" does not occur significantly.”” However,
due to the above-mentioned amine group protona-
tion, which induces an electrostatic repulsion for the
Cu®" ion contacts, the competition occurs between
protons and Cu®" ions for the adsorption sites. This
explains why the adsorption capacity decreases as pH
decreases for pH in the range between 4.3 and 2.1 in
Figure 6. In addition, since the chelating constant of
—COO(H) and —CONH, groups with Fe*" is larger
than that with Cu®"*® the adsorption of Fe’* has
been observed for pH < 2.1, while for Cu®" it can
occur only for pH > 2.3. This observation shown in
Figure 6 indicates that one may separate Fe’* and
Cu®" by adjusting pH between 2.1 and 2.3 through
PAAAM hydrogel adsorption.

In addition, the adsorption of metal ions will
depend on the number of sites available for metal
ions attachment on PAAAM hydrogels. At the given
experimental pH range, the —COO(H) groups on
PAAAM hydrogels interact with metal ions Fe>* and
Cu®* to form chemical bonds during the adsorption,
while the —CONH, groups on PAAAM hydrogels
chelate with metal ions Fe’* and Cu®*, possibly
through complexation with the nitrogen atoms. The
adsorption capacity cannot increase further after all
the adsorption sites have been occupied by metal
ions. This would explain the observed maximum and
constant adsorption capacity in Figure 6.

CONCLUSIONS

The PAAAM hydrogel has been synthesized by solu-
tion polymerization. Their absorbency and adsorption
behaviors in CuCl, and FeCl; solutions have been
investigated. It is found that at the same ionic
strength, the absorbing capacity of the PAAAM
hydrogel for Cu®" and Fe®" ions is significantly dif-
ferent, because of different chelating constant with
—COO(H) and —CONH, groups. The relationship
between the uptake (g;) of metal ions Cu** and Fe®*
on PAAAM and adsorption time (t) can be inter-
preted by the expression, q =G qz + L1t The effect of
the initial metal ion concentration and solution pH on
the uptake has been found to be substantial. The
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adsorption isotherm of Cu** on PAAAM can be well
explained by Langmuir adsorption isotherm. However,
abnormal adsorption behavior of Fe’* on PAAAM
has been observed. In particular, the uptake of Fe®*
on PAAAM first increases and then decreases as the
initial Fe®* concentration increases. The latter is due
to the hydrolysis of Fe’* ions at large concentrations.
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