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ABSTRACT: A series of novel superabsorbent hydrogels
based on acrylic acid (AAc), acrylamide (AM), and sodium
humate (SH) were prepared by free-radical solution
copolymerization for removal of dye and metal ion from
waste water. Ammonium per sulfate was used as initiator
and N,N0 methylene bisacrylamide as crosslinker. The
hydrogels were characterized with the help of FTIR and
SEM. In this study the concentration of SH was varied in
the range of 0.50–4.76 wt % based on total monomer con-
tent and the resulting hydrogels were investigated for the
effect of SH on swelling and diffusion kinetic parameters
such as equilibrium swelling ratio, initial swelling rate,
swelling rate constant, maximum swelling at equilibrium,
and type of diffusion, etc. Hydrogel having 2.43 wt % SH
content showed the maximum water absorbency of 724 g
of water per gram of hydrogel. Swelling exponent found
in the range 0.68–0.79 thus suggesting Non-Fickian diffu-

sion mechanism. The swelling behavior was also studied in
different concentrations of salt solutions [sodium chloride
(NaCl), magnesium chloride (MgCl2), and ferric chloride
(FeCl3)]. The synthesized superabsorbent hydrogels were
used for the adsorption of Cu2þ ions and methylene blue
(MB) dye from their aqueous solutions. The influence of SH
concentration on the Cu2þ ions and MB molecules binding
capacity of hydrogels was tested. The chelation behavior
was modeled using Langmuir isotherm. The maximum
binding capacity for Cu2þ ion was 299 mg/L at 1000 mg/L,
initial Cu2þ ion concentration and 269 mg/L at 320 mg/L,
initial MB dye molecules concentration per gm of AAc/
AM/SH containing 2.43 wt % SH content. VC 2012 Wiley
Periodicals, Inc. J Appl Polym Sci 125: 1267–1283, 2012
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INTRODUCTION

Hydrogels are chemically or physically crosslinked
hydrophilic polymers, which can absorb large
amounts of water, saline, or physiological solutions
without dissolving and loosing their shapes. Super-
absorbent hydrogel is a special class of hydrogels
having very high swelling capacities. They are mod-
erately crosslinked three-dimensional hydrophilic
network polymers that can absorb and retain consid-
erable amounts of aqueous fluids even under pres-
sure. Because of their excellent properties such as
hydrophilicity, high swelling capacity, and biocom-
patibility, superabsorbent hydrogels have found
potential application in many fields such as agricul-
ture,1 horticulture,2 hygiene products,3 drilling fluid
additives,4 sealing material,5 polymer concrete suited
for use in repairing cracks,6 dew preventing coat-
ing,7 fire fighting,8 and drug delivery.9 Superabsorb-
ent hydrogels were also developed for the adsorp-

tion of some cationic dyes, heavy metal ions, and
sebum albumin.10–12

In the last decade, a tremendous increase in the use
of heavy metal ions and dyes contaminant volume has
posed many serious environmental problems because
of their toxicity to many life forms.13 They are classified
as stable and persistent environmental toxic substances
because they cannot be degraded and destroyed
by chemical or biological remediation processes.14

Numerous research efforts are being done to develop
methods of treatment for waste water. These methods
are chemical precipitation, filtration, chelating ion
exchange, electrochemical treatment, reverse osmosis,
neutralization, and adsorption.15 Among these techni-
ques, adsorption process is generally recommended
for the removal of heavy metal ions and dyes because
of its easy handling, high efficiency, regenerability,
availability of different adsorbents, and cost effective-
ness.16 In recent years, it was determined that hydro-
gels having functional groups such as, carboxylic acid,
amine hydroxyl, and sulfonic acid groups can be used
as complex agent for the removal of metal ions from
aqueous solutions17; therefore, the synthesis of super-
absorbent hydrogels with chelating groups have
received considerable attention for rapid and inexpen-
sive metal ion/dye separation and concentration.
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The first step in the preparation of the hydrogels
is the selection of a highly hydrophilic or even water
soluble polymer.18 The majority of the important
superabsorbents are now a day manufactured from
synthetic hydrophilic polymers such as poly(acrylic
acid), partially neutralized poly(acrylic acid), and
their copolymer hydrogels of poly(acrylamide). This
is due to their higher water absorption and retention
capacity for longer time, which is an essential crite-
rion to various applications. The synthetic polyacry-
lates derived from acrylic acid (AAc) have emerged
as an important absorbent because of its superior
price to efficiency balance i.e., AAc is cheap and
easy to polymerize to products of high molecular
weight. Another benefit is that it has carboxylic
group leading to application in metal ion/cationic
dye removal, as the gels containing acid groups
have been used to bind ions including some heavy
metals17 from aqueous media. Polyacrylamide and
copolymers of polyacrylamide have the capability to
absorb water and capable of metal ion/dye adsorp-
tion as it provide acidic group after hydrolysis.

Humic acid is a natural product and it is a princi-
pal component of humic substances. It is composed
of multifunctional aliphatic components and aro-
matic constituents and contains large number of
functional hydrophilic groups (such as carboxylates
and phenolic hydroxyls).19 It is a complex mixture
of many different acids containing carboxyl and phe-
nolate groups so that the mixture behaves function-
ally as a dibasic acid or occasionally as a tribasic

acid. Sodium humate (SH) form complexes/chelates
with cationic dye/metal ions due to the presence of
these carboxylate and phenolate groups. The chemical
structure of monomers and crosslinked polymer is
shown in Scheme 1. It was reported that presence of
humic acid\humates can benefit the adsorption of heavy
metal ions and dyes. Yi et al.20 synthesized SH\poly(N-
isopropylacrylamide) by solution polymerization and
examined swelling and decoloring properties of
SH\PNIPA hydrogels. Humic substances could be
adsorbed on the mineral particles by which they would
promote the adsorption of some heavy metal ions/dye.
Li et al.21 prepared polyacrylamide-polyacrylic

acid hydrogel and investigated its binding properties
for various metal ions under varying conditions of
ionic strength, metal concentration, pH, and time.
Liu et al.22 synthesized chitosan-g-poly(acrylic
acid)\SH by graft polymerization in aqueous solu-
tion and find out that water absorbency enhanced
from 135 to 183 gram of water absorbed by per
gram of hydrogel (gg�1) by introducing 10 wt % SH
and afterwards it decreased. Hua and Wang23 pre-
pared sodiumalginate-g-poly(acrylic acid)\SH super-
absorbent by graft copolymerization, and studied
the effects of crosslinker, sodium alginate, and SH
content on water absorbency of the superabsorbent.
This article reports the synthesis of a series of

multifunctional superabsorbent hydrogel composed
of acrylic acid-acrylamide and SH with varying SH
concentration by solution polymerization using N,N-
methylene bisacrylamide (NMBA) as crosslinker and

Scheme 1 Synthesis of superabsorbent hydrogels poly (AAc/AM/SH).

1268 SINGH AND SINGHAL

Journal of Applied Polymer Science DOI 10.1002/app



Ammonium per sulfate (APS) as initiator. The effect
of SH content variation on swelling and diffusion
characteristics, and its effect on Cu2þ ion/MB mole-
cules removal was investigated. The parameters
influencing the adsorption capacity of the hydrogel
for example effect of SH content, initial Cu2þ ions,
and methylene blue dye concentration were also
investigated. The synthesized hydrogels were char-
acterized by FTIR and SEM analysis.

EXPERIMENTAL

Materials

Acrylic acid [(AAc), analytical grade], acrylamide
[(AM), analytical grade], ammonium per sulfate
[(APS), analytical grade], sodium hydroxide
[(NaOH), analytical grade], magnesium chloride
[(MgCl2), analytical grade], ferric chloride [(FeCl3),
analytical grade], copper sulfate [(CuSO4), analytical
grade], and N,N-methylene bisacrylamide [(NMBA),
analytical grade], were purchased from CDH New
Delhi, India. Methylene blue dye (spectroscopic
grade, Qualigens Fine Chemicals, Mumbai, India)
was used as received. Methanol (analytical grade)
was purchased from Qualikems, New Delhi. AM
was recrystallized from methanol before use. So-
dium humate [(SH), analytical grade], (supplied
from Aldrich) was used as received. Double distilled
water was used throughout the experiments.

Synthesis of poly (AAc-co-AM-co-SH) hydrogels

A series of superabsorbent poly (AAc-co-AM-co-SH)
hydrogels having initiator (APS) 0.40 wt % of total

monomer, crosslinker (NMBA) concentration 0.20 wt
% of total monomer were synthesized. Molar ratio of
AM to AAc was 1.01 mol mol�1 for all the (AA/
AM/SH) hydrogel. The actual feed compositions are
shown in Table I

Polymerization procedure of poly
(AAc-co-AM-co-SH) hydrogels

Depending upon AAc, AM, and SH monomer based
hydrogels with different amount of SH were synthe-
sized as follows. AAc and AM were dissolved in 30
mL distilled water. Then the NaOH solution was
added to neutralize the above solution and its pH
was determined with the help of pH meter. NaOH
solution was added drop by drop till the mixture
shows pH ¼ 4. After that reaction mixture was
introduced in a 250 mL three-neck flask equipped
with a stirrer, a reflux condenser, and a nitrogen
inlet. NMBA was added to the monomer solution
and then appropriate amount of SH was dispersed
into mixed solution. After being purged with nitro-
gen for 30 min to remove the oxygen dissolved in
the solution, the mixed solution was heated in a
thermostat oil bath at 50�C, gradually and then the
initiator, APS, was introduced into the flask. The so-
lution was stirred vigorously and a nitrogen atmos-
phere was maintained until the gel was formed. Af-
ter polymerization the reaction product was
removed and cut into small pieces (0.1–0.5 cm in
thickness) and washed with methanol and water,
and then dried in an oven at 60�C until the weight
of the product was constant.

Dynamic and equilibrium swelling studies

The completely dried preweighed hydrogel sample
was placed in 1000 mL distilled water (sink condi-
tion) at room temperature 30.0 6 5.0�C. The swollen
gel was taken out at regular time intervals and its
surface was quickly blotted free of water by using
filter paper. It was then weighed and placed in the
same bath. The mass measurements were continued
till the attainment of the equilibrium.
The equilibrium swelling ratio (Seq) was deter-

mined following the conventional gravimetric
method using the following equation:

Seq g=g
� � ¼

Equilibrium swollen weight� dry weight

dry weight
ð1Þ

To examine the controlling mechanism of the
swelling process, several kinetic models are used to
test experimental data. The overall kinetics of a
hydrogel involving long swelling periods may be
described with Schotts second-order kinetics,24

TABLE I
Various Feed Ratios of AAc, AM, and SH for
Synthesizing a Series of Poly (AAc\AM\SH)

Superabsorbent Hydrogels

Sample
designation

Monomer ratio
(weight ratio)
(AAc/AM/SH)

Monomer
ratio wt %

(AAc/AM/SH)
Weight of
SH (gm)

S0 1/1/0 50/50/00 0.00
S1 1/1/0.01 49.75/49.75/0.50 0.07
S2 1/1/0.02 49.5/49.5/0.99 0.14
S3 1/1/0.03 49.26/49.26/1.47 0.21
S4 1/1/0.04 49.01/49.01/1.96 0.28
S5 1/1/0.05 48.78/49.78/2.43 0.35
S6 1/1/0.06 48.54/48.54/2.91 0.42
S7 1/1/0.07 48.30/48.30/3.38 0.48
S8 1/1/0.08 48.07/48.07/3.84 0.54
S9 1/1/0.09 47.84/47.84/4.30 0.63
S10 1/1/0.10 47.61/47.61/4.76 0.70

Other conditions: AAc, 7 gm; AM, 7 gm; APS, 0.40 wt
%; NMBA, 0.20 wt %; molar ratio of AM to AAc, 1.01 mol
mol�1; distilled water, 30 mL; temperature 50�C.

SERIES OF NOVEL SUPERABSORBENT HYDROGELS 1269

Journal of Applied Polymer Science DOI 10.1002/app



dS

dt
¼ ks Seq � S

� �2
(2)

where ks is rate constant of swelling and Seq (or
Seq%) denotes the swelling percent at equilibrium.
After definite integration by applying the initial con-
dition Seq ¼ S0 at time t ¼ t0 and Seq ¼ S at time t ¼
t then eq. (2) becomes

t

S
¼ Aþ Bt (3)

Where A and B are two coefficients whose physi-
cal significance is interpreted as follows; at a long
range time Bt � A and according to eq. (3) B ¼ 1

Seq
,

i.e., it is the reciprocal of the equilibrium water
uptake. On the contrary, at a very short range time
A � Bt and in the limit equation becomes,

lim

t ! 0

dS

dt

� �
¼ 1

A
(4)

Therefore the intercept A is the reciprocal of the
initial swelling rate ri or 1

ksS2eq
. To test the kinetic

model, t\S vs. t graphs are plotted and the calcu-
lated kinetic parameters are tabulated in Table II.

Analysis of mechanism of water uptake
and diffusion coefficient

When a polymer is brought into contact with a sol-
vent, the solvent diffuses into the polymer matrix,
thus causing it to swell. This diffusion process
involves migration of solvent into preexisting or
dynamically formed spaces between macromolecular
chains. Swelling of hydrogel involves larger scale
segmental motion ultimately resulting into an
increased distance of separation between macromo-
lecular chains.25 The portion of the water absorption
curve with a fractional water uptake F Mt=M1ð Þ less
than 0.60 [as given in Fig. (5)] was analyzed using
the following eq. (5),

F ¼ ktn (5)

where Mt the mass of water is absorbed at time t and
M1 is the mass of water absorbed at equilibrium, k is

a characteristic constant of the hydrogel, and the ex-
ponential n is a number used to determine the type of
diffusion. For n ¼ 0.45–0.50, the swelling process is
diffusion controlled and was termed Fickian type
transport. When 0.50 < n > 1.0, it indicates non-Fick-
ian or anomalous transport; and n ¼ 1 implies Case II
(relaxation controlled) transport. The constant n and k
were calculated from the slopes and intercepts of the
plots of lnF vs. lnt from the experimental data and
have been summarized in Table II.
The short time approximation method is used for

the calculation of diffusion coefficient of
AAc\AM\SH hydrogel.26 The short time approxi-
mation method is valid for the first 60% of initial
swelling. The diffusion coefficients of AAc\AM\SH
are calculated from the following relation27

F ¼ 4
Dt

pr2

� �1
2

�p
Dt

pr2

� �
� p

3

Dt

pr2

� �3
2

(6)

where D is in cm2/min, t in min, and r is the radius
of a cylindrical polymer sample. A graphical com-
parison of eqs. (5) and (6) shows the semi empirical
eq. (7),

k ¼ 4
D

pr2

� �1
2

(7)

For hydrogels F vs. t1\2 plots are constructed. The
diffusion coefficients were calculated from the slopes
of the lines and given in Table II.

Water sorption rate

Other important diffusion parameter is water sorp-
tion rate constant kw. According to the water sorp-
tion equation27,28.

� ‘n 1� Mt

M1

� �
¼ kwtþ e (8)

where t is sorption time, kw is water sorption rate
constant at time t, M1 is an equilibrium sorption

TABLE II
Swelling Kinetic Parameters [Based on eq. (3)], Diffusion Exponent (n), Diffusion Constant (k), Diffusion Coefficient

(D), and Water Sorption Rate Constant (kw) of AAc/AM/SH Superabsorbent Hydrogel Systems

Sample
designation

Initial
swelling rate

ri gwater/ggel min

Swelling rate
constant ks (�106)
ggel/gwater min

Theoretical
equilibrium
swelling
gwater/ggel

Swelling
exponent

(n)

Gel
characteristic

constant
k (�106)

Diffusion
coefficient

D (�103) cm2m�1

Water sorption
rate constant
kw (�103)

S1 3.55 14.31 498 0.68 91.2 49.69 4.50
S2 3.65 11.86 555 0.69 72.6 50.00 4.40
S5 4.45 7.52 769 0.70 54.9 51.30 3.90
S7 1.14 5.90 439 0.77 9.14 36.43 2.30
S10 1.08 6.80 400 0.79 5.79 35.15 2.20
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amount, and e is a constant. The plots of �‘n 1� F½ �
vs. t, where F ¼ Mt

M1
are constructed. The value of kw

and e were calculated from the slopes and inter-
cepts, respectively and listed in Table II.

Fourier transforms infrared spectroscopy (FTIR)
studies

The FTIR spectra of poly (AAc\AM\SH) superab-
sorbent were recorded with Perkin Elmer Spectro-
photometer using solid pellet potasium bromide
(KBr) after completely drying the sample at 60�C
upto constant weight.

Scanning electron microscopy

The surface morphology of various poly(AA-
c\AM\SH) hydrogels was examined under scanning
electron microscope (SEM). Dried hydrogels were
coated with a thin layer of pure gold in S150 Sputer
Coater, and imaged in a SEM (LEO Electron Micros-
copy, England).

Measurement of Cu21 ions and MB dye molecules
adsorption

For the adsorption studies batch experiments were
carried out. For this 50 mg of dry hydrogel was
introduced in 100 mL of Cu2þ ions salt solution and
methylene blue dye solution and was left in solution
for 48 h, then the gel was taken out and the quantity

of ions/dye left in solution was monitored by UV–
VIS spectroscopy.
The calculation of adsorption capacity was per-

formed by the equation

qe ¼ Co � Ce

m
� V (9)

where Co is the initial concentration of Cu2þ ions/
MB dye molecules, Ce is the equilibrium concentra-
tion; V is the volume of the Cu2þ ions/MB dye solu-
tion; and m is the mass of hydrogel sample.

Recovery and reusability

Recovery of the Cu2þ ions from the superabsorbent
hydrogel was carried out in 25 mL of 0.1M HNO3

solution (elution medium) for 24 h. The hydrogel
adsorbed Cu2þ ions were placed in the elution me-
dium and stirred with a magnetic stirrer at room
temperature. The final Cu2þ ions concentration in
the aqueous phase was determined by UV–VIS spec-
troscopy. The elution ratio was calculated from the
amount of Cu2þ ions adsorbed on the polymer sur-
face and final Cu2þ ions concentration in the elution
medium. The MB dye molecules were recovered in
distilled water. MB adsorbed hydrogel was put in
500 mL distilled water as elution medium and MB
desorbed was measured with the help of UV–VIS
spectroscopy. Elution ratio was calculated using the
following expression-

Desorption ratio ¼ Amount of Cu2þion=MB dye desorbed to the elution medium

Amount of Cu2þion=MB dye adsorbed on the superabsorbent hydrogel
� 100 ð10Þ

To determine the reusability of the superbsorbent
hydrogels consecutive adsorption desorption cycle
was repeated for five times with the same sample.

RESULTS AND DISCUSSION

FTIR spectra

The characterization of pure SH, PAM, PAAc/AM,
and PAAc/AM/SH superabsorbent (S5, S10) was
conducted by FTIR technique and shown in [Fig.
1(a–e)], respectively. Comparing with the IR spec-
trum of PAM [Fig. 1(b)] the absorption band at 1645
cm�1 for the C¼¼O group of the AM and 1029 cm�1

for the CAN stretching of AM shifts to 1670 and
1068 cm�1, respectively in the IR spectrum of
PAAc/AM Figure 1(c), suggesting the polymeriza-
tion reaction of AAc and AM. On comparing with
the IR spectrum of pure SH [Fig. 1(a)] the absorption
band at 3210 and 3081 cm�1 for NAH stretching and
2360 cm�1 for OAH stretching of carboxylic group,

1708 cm�1 of C¼¼O stretching of carboxylic group
and 1600 cm�1 for asymmetrical stretching of COO�

are absent in the spectrum of AAc/AM/SH. In addi-
tion, the band of SH at 1238 cm�1 (phenolic CAO
stretching) has almost disappeared in the spectrum
of S5 [Fig. 1(d)], indicating involvement of carbonyl
group and aromatic hydroxyl group of SH in inter-
action with the NAH group and carbonyl group of
AAc and AM. On comparing with the spectrum of
S0 it was found that the peak at 1670 cm�1 attributed
to the C¼¼O in AM changes to 1652 cm�1 after the
reaction. Similarly, the peaks at 1730 cm�1 (C¼¼O
group of carboxyl group), 1570 cm�1 (symmetric
stretching of the carboxylate) and 1380 cm�1 (asym-
metric stretching of the carboxylate) change to 1715,
1560, and 1400 cm�1, respectively in the spectrum of
S5 superabsorbent hydrogel. In addition, newly
appeared asymmetric vibration of CAH bond at
2935 cm�1 indicate that SH is polymerized and
crosslinked by the breaking of C¼¼C bond, as well as
the new absorption band at 1706 and 1278 cm�1
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which are attributed to C¼¼O stretching of carboxylic
group of SH and aromatic ether is observed, respec-
tively. It indicate that the reaction among AAc, AM,
and SH takes place during the copolymerization and
they may be connected with the new bond C¼¼O¼¼C
in aromatic ether group. In case of spectrum of S10
[Fig. 1(e)] the reappearance of the absorption band
at 3202 cm�1 (NAH stretching), 2346 cm�1 (OAH
stretching of carboxylic group), and 1706 cm�1

(C¼¼O stretching of carboxylic group) shows that at
higher concentration SH exist in pure form and act
as only filler.29

Morphological studies

SEM is the most widely employed technique to
investigate the shape, size, morphology, crosslink
density, and porosity of hydrogels. In the present
study, we used this technique to identify the change
of surface morphology of superabsorbent hydrogels
resulting from the incorporation of SH. The SEM
micrograph of superabsorbent hydrogels S0, S1, S5,
and S10 were observed and shown in Figure 2(a–d).
As can be seen from Figure 2(a) hydrogel S0 showed
a dense, and smooth surface with regular ribbed pat-
tern; however, the samples introduced with SH
exhibited an undulant, comparatively loose, porous,
and coarse surface [Fig. 2(b,c)]. The surface rough-

ness increased with increasing the content of SH and
pores and gaps can be observed on the surface of
superabsorbent hydrogels S1 and S5 when compared
with S0 and S10. In case of hydrogel S5 [Fig. 2(c)] size
of cracks-like structure increased, which provide
more space for water penetration that lead to drastic
increase in swelling. Buchholz30 described that the
open pores in superabsorbent hydrogels are small
reservoirs for water storage, when there is a means
to transport the water into open pores. This observa-
tion revealed that the incorporation of SH facilitates
porosity in the network structure and increases the
surface area, which allows enhancement of diffusion
of aqueous fluid into the polymeric network result-
ing in increased water absorbency. Details of the tex-
ture shown in case of S10 [Fig. 2(d)] shows some
coarse irregularly shaped pores and lesser cracks
with the dispersed second phase, which showed that
excess SH particle do not involve in the formation of
polymer network and remain as filler.

Effect of sodium humate concentration on water
absorbency

For comparing the performance of hydrogels con-
taining SH, a plain hydrogel So containing only AAc
and AM was synthesized as control. The relation-
ship between equilibrium swelling and SH

Figure 1 FTIR spectra of (a) SH, (b) PAM, (c) PAAc/AM, (d) PAAc/AM/SH superabsorbent (S5), and (e) PAAc/AM/
SH superabsorbent (S10).
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concentration variation is shown in Figure 3. It was
observed from the Figure 3 that initially there was
moderate increase in equilibrium swelling from 480
to 523 gg�1 for the superabsorbent hydrogels S1–S3
having SH concentration 0.50–1.47 wt %. After that
the equilibrium swelling ratio shows drastic increase
from 523 to 724 gg�1 for S3 to S5 superabsorbent
hydrogels, which have 1.47–2.43 wt % SH concentra-
tion in the feed. On further increasing the SH con-
centration from 2.43 to 4.76 wt % the water absorb-
ency decreased sharply for S5–S10 hydrogels. The
superabsorbent S5 shows maximum water absorb-
ency of 724 gg�1. The increment in equilibrium
swelling values is due to SH is a complex organic
macromolecule, contains free and bound phenolic
AOH groups, quinine structure, nitrogen and oxy-
gen as bridge unit, ACOOH, and ANH2 groups vari-
ously placed on aromatic ring.31,32 The species and
number of hydrophilic groups in the AAc\AM\SH
network were much more, and these functional
groups of SH can react with AAc and AM during
polymerization process. At the same crosslinker con-
tent, the introduction of irregular SH into AAc-AM

polymeric network could decrease the effective cross-
linking density, which result in the increasing water
absorbency with increasing SH content. However,

Figure 2 (a) SEM of Poly (AAc/AM/SH) superabsorbent hydrogel S0 (b) SEM of Poly (AAc/AM/SH) superabsorbent hydrogel
S1 (c) SEM of Poly (AAc/AM/SH) superabsorbent hydrogel S5 (d) SEM of Poly (AAc/AM/SH) superabsorbent hydrogel S10.

Figure 3 Effect of SH concentration (wt %) on the equi-
librium swelling ratio of the synthesized poly (AAc-AM-
SH) superabsorbent at 0.40 wt % APS, 0.20 wt % NMBA,
molar ratio of AM to AAc 1.01 mol mol�1.
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when the SH content increases above 2.43 wt %, the
apparent decrease of water absorbency may be
attributed to the fact that excessive SH only act as a
filler and the amount of hydrophilic groups on the
polymeric backbone decreased with the increase of
SH content.23 So it was difficult to form the efficient
absorbent three-dimensional structures and the solu-
bility of polymer increased as well as caused the
decrease of osmotic pressure difference between the
polymeric network and the external solution. It was
also reported by Wang and Wang33 in the case of
semi IPN superabsorbent hydrogels based on so-
dium alginate-g-poly(sodium acrylate) and poly(vi-
nyl pyrrolidone) system that the excess of PVP may
tangle with the graft polymer chains and the physi-
cal crosslinking was formed when the PVP content
exceeding 15 wt %. Similar type of result has been
observed by Liu et al.22 for superabsorbent hydrogel
based on chitosan-g-poly(acrylic acid)/SH containing
different amount of SH. They found that water
absorbency increases from 0 to 10% SH concentra-
tion and then decreases and 10 wt % shows the
maximum water absorbency at 183 gg�1.

Dynamic swelling studies

Kinetic model is in good agreement with the swel-
ling experiments; the theoretical swelling follows the
same trend as the practical one. From the Table II it
was identified that there is a significant variation in

their initial swelling rate, theoretical equilibrium
swelling, and swelling rate constant because of vari-
ation in the SH concentration.
Swelling rate of a superabsorbent hydrogel is sig-

nificantly influenced by various factors such as size
distribution, specific surface area, swelling capacity,
and apparent density of polymer.34 It is examined
from Figure 4 and Table II that swelling rate
increases till the absorbency increases and then it
goes down. The initial swelling progress is primarily
because of the water penetration into polymeric net-
work through capillary and diffusion.35 Introduction
of SH increases the surface area [Fig. 2(b,c)], which
results in easy diffusion of solvent molecules into
the network, and thus enhance in swelling rate. The
results from the Table II show that superabsorbent
hydrogel prepared with greater amounts of SH
exhibited the lower swelling rate. The percentage of
hydrophilic groups (such as ACOOH and ACOO�)
on polymeric network for AAc\AM\SH superab-
sorbent decreased with increasing SH content after a
certain level, so the diffusion rate of water penetrat-
ing into the superabsorbent decreases. These results
indicates that the incorporation of moderate amount
of SH is favorable to enhance the swelling rate, but
the excessive addition of SH reduced it.
It is clear from the data given in Table II that swel-

ling rate constant decrease with increasing SH con-
centration. This can be explained based on chelating
and hydrophilic nature of SH. As SH concentration

Figure 4 Swelling kinetics curves of AAc-AM-SH superabsorbent at 0.40 wt % APS, 0.20 wt % NMBA, molar ratio of
AM to AAc 1.01 mol/mol.
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increases the capacity of the AAc\AM\SH network to
hold water increases. Similar results were found in
the study of the swelling behavior of semi-IPNs of
starch and poly(acrylamide-co-sodium methacrylate).36

Mechanism of water uptake

Table II and Figure 5 clarifies that the swelling expo-
nent n for the samples with varying SH concentra-
tions lie between 0.68 and 0.79; thus suggesting the
anomalous or non-Fickian type diffusion.37 It is
explained as a consequence of the slow relaxation
rate of the polymer matrix, or rates of solvent diffu-
sion and polymer relaxation are comparable.38 As
solvent diffuses into the hydrogel, rearrangement of
chains does not occur immediately.

The diffusion coefficient, D determined using eq.
(6) and is used to study water movement into the
hydrogels are shown in Table II. It can be seen that
the diffusion coefficient ranges from 35.15 � 10�3 to
51.30 � 10�3 cm2 min�1. In this case the relatively
higher diffusion coefficients are obtained which is
an indication of faster penetration of solvent mole-
cules into the hydrogel. Here the penetration of sol-
vent into hydrogel is easier and the diffusion rate is
fast, because there is a hydrophilic interaction
between the hydrogel and water.

The results presented in the Table II show that
water sorption rate constant changed in the range

2.20 � 10�3 to 4.50 � 10�3. The reason for this may
be hydrophilic characteristics of SH, due to which it
interact with the water molecules.

Effect of salts solution on swelling behavior

The characteristic of swelling medium such as salin-
ity has a well known influence on swelling proper-
ties of a superabsorbent hydrogel.39 Equilibrium
swelling ratio of the various poly(AAc-AM-SH)
superabsorbent hydrogels S0, S1, S3, S5, S7, and S10 in
the distilled water, 0.01, 0.05, 0.10, 0.50, and 1% sa-
line solutions NaCl;MgCl2; FeCl3

� �
were investi-

gated and are shown in Figures 6–8, respectively. It
was observed from the Figures 6–8 that samples
incorporated with SH shows higher equilibrium
swelling ratio than the PAAc/AM superabsorbent
hydrogels. It can be explained with the fact that
incorporated SH improved the network structure of
PAAc/AM. Sample S5 shows the highest equilib-
rium swelling ratio in various saline solutions. It sig-
nifies that an appropriate amount of SH improves
the salt resistance of PAAc/AM superabsorbent
hydrogel. It can also be observed that equilibrium
swelling ratio of superabsorbent was appreciably
decreased comparing to the values measured in the
distilled water and goes on decreasing as the ionic
concentration of the salt solutions increases. This is
associated with the decrement in expansion of the

Figure 5 Plots of ln(F) vs. ln(t) of AAc-AM-SH superabsorbent at 0.40 wt % APS, 0.20 wt % NMBA, molar ratio of AM
to AAc 1.01 mol/mol�1.
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gel network because of repulsive forces of counter
ions on the polymeric chain shielded by the bound
ionic charge, therefore, the osmotic pressure differ-

ence between the gel network and the external solu-
tion decreased with increase in the ionic strength of
the saline concentration.36 Furthermore, the water

Figure 6 Equilibrium swelling ratios of AAc-AM-SH superabsorbent hydrogels in NaCl(aq) solutions with different
concentrations.

Figure 7 Equilibrium swelling ratios of AAc-AM-SH superabsorbent hydrogels in MgCl2(aq) solutions with different
concentrations.
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absorbencies for these six superabsorbent hydrogels
decreased in the orderNaCl > MgCl2 > FeCl3. These
results are acceptable because with increase in the
size of the ions present in the swelling medium
decreases the swelling capacity of the superabsorb-
ents due to difficulty in penetration of ions into the
networks of polymers. An additional reason is
increasing electrostatic attraction between anionic
sites of chains and multivalent cations Mgþ2; Feþ3

� �
leading to increased ionic crosslinking degree and
consequently loss of swelling. These effects of cati-
ons on the equilibrium swelling ratio of superab-
sorbent are obvious according to many studies.40,41

There is a familiar power-law relationship
between swelling and concentration of a salt solu-
tion which is stated as following relation,39

Equilibrium Swelling ¼ k0ðsaltÞ�n0
(11)

where k
0
and n0 are power-law constants for an indi-

vidual superabsorbent that can be obtained from the
curve fitted with eq. (11). The calculated constants
are listed in the Table III. The k0 value is swelling at
a high concentration of salt and n0 value is a mea-
sure of salt sensitivity. Figures 6–8 illustrates the
power-law relationship between swelling and saline
concentrations. The exponent increases with increas-
ing the SH concentration from 0.50 to 2.43 wt % and
then it decreases with a further increase in the SH
concentration to 4.76 wt %.

Mechanism of metal ion/dye adsorption

Many studies have been made on the binding of
metal ions/dye to polyelectrolytes. Interaction
between the metal ions/dye and superabsorbent
occur mainly due to electrostatic forces and the for-
mation of coordinate bonds.21 These interactions
take place at adsorbent/adsorbate interface. In this
study, adsorption occurs through the phenolic
hydroxyls and carboxylates as the superabsorbent
having carboxylic and phenolic groups have high
affinities for cationic dyes/metal ions.17,42 In the case
of Cu2þ ions adsorption is mainly because of ion
exchange and chelation (Scheme 2a), which may be
preceded by long range attractive electrostatic inter-
actions, as the Cu2þ ion is condensed on the poly-
mer surface, it is site fixed by the polymer ligands.

Figure 8 Equilibrium swelling ratios of AAc-AM-SH superabsorbent hydrogels in FeCl3(aq) solutions with different
concentrations.

TABLE III
The Power Law Constants [eq. (11)] for Swelling

Dependency of Different Samples on Salt Concentration
(0.01–1 wt %) of Different Salt Solutions

Sample
designation

NaCl MgCl2 FeCl3

n0 � 102 k0 n0 � 102 k0 n0 � 102 k0

S0 36.50 47.42 29.42 18.96 27.98 5.96
S1 39.40 47.70 30.92 24.28 29.89 6.70
S3 39.88 56.17 31.01 25.95 30.04 8.01
S5 40.80 80.36 32.48 27.14 31.18 8.91
S7 39.90 66.36 30.87 22.57 29.51 8.58
S10 38.84 56.11 30.31 21.63 28.24 7.61
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For the methylene blue dye, adsorption occur
through the formation of an ionic complex between
the superabsorbent hydrogel and MB molecules,
which formed between imines groups of MB dye
and charged functional group of superabsorbent
hydrogel (Scheme 2b) as well as because of hydro-
gen bonding.

Effect of SH content on metal ion/dye adsorption

Figures 9 and 10 shows the effect of SH content on MB
dye molecules and Cu2þ ions adsorption capacity for
PAAc/AM/SH superabsorbent hydrogels S0, S1, S3,
S5, S7, and S10, respectively. It can be examined from
Figure 9 that for the MB molecules at the adsorption
equilibrium the adsorption capacities are found to be
i.e., 241, 218, 252, 269, 220, and 209 mg/g/L for S0, S1,
S3, S5, S7, and S10, respectively. Figure 10 shows the
adsorption capacities for Cu2þ ions be 239, 249, 274.1,

Scheme 2 (a) Mechanism of removal of copper ions by the superabsorbent hydrogel poly(AAc/AM/SH). (b) Mechanism
of removal of MB dye molecules by the superabsorbent hydrogel poly(AAc/AM/SH).

Figure 9 Influence of SH concentration on the adsorption
capacity for MB molecules of AAc/AM/SH hydrogels
with different amount of SH content.
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299, 241, and 221 mg/g/L for S0, S1, S3, S5, S7, and S10,
respectively. The results of sorption and swelling
studies are parallel character to each other. The re-

moval concentration for Cu2þ ion and MB molecules
increased initially for S1–S5, and then it levels off from
S5 to S10. It indicates that initially there is strong elec-
trostatic attraction between the SH and Cu2þ ions/MB
molecules and it is assigned to the improved network
structure of AAc/AM/SH when compared to AAc/
AM. SH can attach to polymer network in the form of
grafting by which the network structure improved.43

SH is composed of large number of functional hydro-
philic groups that have ability to interact with the
Cu2þ ions/MB molecules. Also it can be concluded
from the above results that an appropriate addition of
SH is crucial to improve the adsorption capacity. Simi-
lar types of result have been concluded by Yi et al.20

for SH/poly(N-isopropylacrylamide) hydrogels that

Figure 10 Influence of SH concentration on the adsorp-
tion capacity for Cu2þ ions of AAc/AM/SH hydrogels
with different amount of SH content.

Figure 11 Photographs of MB dye solutions: (a) At the
time of immersion and (b) After adsorption (c) S5 superab-
sorbent hydrogel before adsorption of dye, and (d) Super-
absorbent hydrogel after adsorption of dye. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 12 Variation in the adsorption capacity as func-
tion of initial MB molecules concentration using superab-
sorbent hydrogel AAc/AM/SH with the different amount
of SH.

Figure 13 Variation in the adsorption capacity as func-
tion of initial Cu2þ ions concentration using superabsorb-
ent hydrogel AAc/AM/SH with the different amount of
SH.
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appropriate SH content of hydrogels was crucial for
the adsorption and desorption of MB dye. (Fig. 11)

Effect of initial Cu21 ions/MB molecules
concentration on adsorption capacity

The dependency of adsorption capacity of the hydro-
gels S1, S3, S5, S7, and S10 on the initial concentration
of Cu2þ ions/MB molecules concentration evaluated
by equilibrating the fixed amount of the hydrogel (50
mg) with a series of Cu2þ ions/MB dye solutions of
gradually increasing concentration. Figure 12 shows
dependence of color removal of MB dye molecules as
a function of initial concentration of MB dye mole-
cules ranging from 110 to 360 mg/L. Solution with
the 320 mg/L shows maximum MB dye removal of
269 mg/g/L for S5 superabsorbent hydrogel. After
that on increasing the concentration to 360 mg/L
adsorption capacity decreases to 237 mg/g/L.
Adsorption capability of the AAc/AM/SH towards
Cu2þ ions with different initial Cu2þ ions solution
concentrations varying from 200 to 1200 mg/L was
given in Figure 13. Figure indicates that initially
Cu2þ ions uptake increased with the increase in ini-

tial concentration of Cu2þ ions, and then reached a
plateau value. The highest value found to be 299
mg/gm/L for S5 gel obtained from the initial metal
ion solution at 1000 mg/L. After increasing a particu-
lar value of initial concentration of Cu2þ ions/MB
molecules; decrement in adsorption binding capacity
represents saturation of the active sites (which are
available for Cu2þ ion/dye). This can be explained,
that as the concentration of the MB molecules/Cu2þ

ions increases, it results in increase in number of ad-
sorbate, which comes in contact with the adsorbent
at the same time interval; whereas the number of
sites which are available for adsorption are constant
for all concentrations. That is why at higher initial
concentration the active site for adsorption becomes
fewer.

Adsorption isotherm

Chelation isotherm is used to characterize the inter-
action of Cu2þ ions/MB dye with the superabsorb-
ent hydrogels S1, S3, S5, S7, and S10. It provide a rela-
tionship between the concentration of Cu2þ ions/MB

Figure 14 Langmuir adsoroption isotherm of MB mole-
cules adsorption on poly(AAc/AM/SH) superabsorbent
hydrogels with various SH contents in aqueous solutions.

Figure 15 Langmuir adsoroption isotherm of Cu2þ ions
adsorption on poly(AAc/AM/SH) superabsorbent hydro-
gels with various SH contents in aqueous solutions.

TABLE IV
Langmuir Coefficients qmax and Ke for the Adsorption of Cu21 Ions and MB Dye on AAc/AM/SH SAHs in Aqueous

Solutions Together with the Regression Coefficient (R2)

Sample designation

Cuþþ ion MB dye

qe qmax Ke � 103 R2 qe qmax Ke � 102 R2

S1 249.00 278.00 35.50 0.9949 218 238.00 47.55 0.9985
S3 274.10 303.03 32.00 0.9961 252 277.77 37.00 0.9939
S5 299.00 333.33 37.87 0.9904 269 312.50 40.26 0.9837
S7 241.20 263.16 35.95 0.9956 221 238.10 42.46 0.9948
S10 221.06 243.90 51.26 0.9936 210 227.27 47.00 0.9990
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molecules dye in the solution and the amount of
Cu2þ ions/MB molecules adsorbed on to the solid
phase when two phases are at equilibrium. The data
for the uptake of Cu2þ ions/MB molecules by super-
absorbent hydrogels AAc/AM/SH have been ana-
lyzed in light of Langmuir isotherm model of
adsorption. The Langmuir adsorption isotherm
equation is represented as44

Ce

qe
¼ 1

Keqmax
þ Ce

qmax
(12)

where Ce is the equilibrium concentration mg/L, qe
the amount adsorbed at equilibrium mg/gm/L, Ke

and qmax are Langmuir constants related to energy
of adsorption and adsorption capacity i.e., the
amount of adsorbate required covering a monolayer.
The plots of Langmuir adsorption isotherm of MB
molecules and Cu2þ ions are shown in Figures 14
and 15, respectively. The plots appear to be linear
over the whole concentration range studied. The
value of qmax and Ke were calculated from the slope
and intercept of linear plots of Ce/qe vs. Ce and tabu-
lated in Table IV together with regression coeffi-
cients. The calculated monolayer adsorption capacity
qmax for MB molecules 238.00, 277.77, 312.50, 238.10,

and 227.27 mg/gm/L for S1, S3, S5, S7, S10, respec-
tively and for Cu2þ is found to be 278.00, 303.03,
333.33, 263.15, and 243.90 mg/gm/L. The qmax val-
ues of the superabsorbent hydrogels obtained by
Langmuir equation were quite consistent with the
experimental one (Table IV). The applicability of
Langmuir model and higher values of regression
coefficient (R2 value found in the range of 0.9897–
0.9990 and 0.9904–0.9961 for MB dye molecules and
Cu2þ ions, respectively) suggest favorable and
monolayer adsorption.45

When the equilibrium adsorption of Cu2þ ion and
MB dye of our S5 hydrogel was compared with the
work of other researchers (shown in Table V); it was
evident that the synthesized S5 superabsorbent
hydrogel has a very high adsorption capacity of 299
and 269 mg/L for Cu2þ ion and MB dye, respec-
tively; indicating that it can be effectively and eco-
nomically used as wastewater purifier.

Desorption/regeneration of adsorbent

For any adsorption process the recovery and regen-
eration of adsorbent are important factors. Desorp-
tion studies may help to recover the Cu2þ ions/MB
dye molecules from the adsorbent and regenerate

TABLE V
Comparison Table for Removal Capacities (qe) of Cu

21 Ions and MB Dye by Various Adsorbents

Cuþþ ion MB dye

Absorbent qe (mg/g) Reference Absorbent qe (mg/g) Reference

Amine functionalized silica 9.02 (46) Alginate/polyaspartate 4.85 (50)
Chitosan 17.9 (47) Clay 58.2 (51)
N,O-carboxymethyl- Chitosan 162.5 (48) SH 48 (52)
Acid-activated polygorskite 32.24 (49) Sodium humate/Poly

(N-isopropylacrylamide)
10.8 (20)

Poly(AAc-AM-SH) 299 This work Poly(AAc-AM-SH) 269 This work

TABLE VI
Adsorption Amount of Cu21 Ion and MB Dye After Repeated Adsorption–Desorption Cycle

Cycle no.

S1 S3 S5 S7 S10

A D A D A D A D A D

Cu2þ ion 1 249.0 97.5 274.0 97.4 299.0 98.2 241.0 96.5 221.0 96.1
2 248.4 98.1 273.6 97.2 298.8 98.4 240.7 96.6 220.0 96.5
3 248.0 98.6 273.1 97.6 298.4 98.1 240.3 96.1 219.7 96.0
4 247.6 98.2 272.8 96.9 298.2 97.8 239.5 95.9 219.5 97.1
4 247.6 98.2 272.8 96.9 298.2 97.8 239.5 95.9 219.5 97.1
5 247.1 97.9 272.2 96.5 297.7 97.8 239.1 96.2 218.8 97.0

MB dye 1 218.0 94.1 252.0 93.4 269.0 95.58 221.0 92.4 210.0 90.2
2 217.6 94.6 251.8 93.4 268.48 95.10 220.88 92.7 209.5 90.8
3 217.4 95.1 251.4 93.8 268.10 95.30 220.41 91.5 209.3 90.4
4 217.1 94.0 250.4 92.9 267.87 94.84 220.11 93.1 208.8 89.3
5 216.7 94.7 250.1 93.7 267.54 95.11 219.74 92.4 208.3 90.4

A, Adsorption (mg/g); D, Desorption (%).
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the superabsorbent hydrogel. Because of which it can
be used again and again for the adsorption. Elution of
Cu2þ ions/MB dye molecules was also studied in a
batch experimental set up. The AAc/AM/SH superab-
sorbent hydrogels which were used for the adsorption
of Cu2þ ions/MB dye were placed in elution medium
for 24 h and the amount of Cu2þ ions/MB dye de-
sorbed to the elution medium was measured. As seen
in Table VI the polymer showed stable Cu2þ ions/MB
dye removal capacities after repeated regeneration.

CONCLUSION

Experimental results show that swelling behavior of
superabsorbent hydrogel poly(AAc/AM/SH) was
significantly dependent on the SH concentrations in
a nonlinear fashion. When percentage of SH content
increases from 0.50 to 1.47 wt % the swelling ratio
shows slight increase from 480 to 523 gg�1 and after
that it shows drastic increase in swelling ratio. High-
est equilibrium swelling ratio of 724 gg�1 was
obtained for S5 hydrogel having 2.43 wt % SH con-
centration. On further increment of SH concentration
from 2.43 to 4.76 wt % in the feed, equilibrium swel-
ling ratio decreased from 724 to 389 gg�1. Superab-
sorbent hydrogels of poly(AAc/AM/SH) exhibited
the non-Fickian type diffusion (0.68 < n > 0.79) with
diffusion coefficients in the range of 35.15 � 10�3 to
51.30 � 10�3 cm2/min. The swelling kinetics of the
poly(AAc/AM/SH) superabsorbent in water was
governed by the Schotts second order equation.
Equilibrium swelling ratio of PAAc/AM and PAAc/
AM/SH superabsorbent hydrogels in various saline
solutions (NaCl, MgCl2, and FeCl3) were investi-
gated; and it can be concluded that SH containing
hydrogels always had higher water absorbency as
compared to control. The water absorbency of super-
absorbent hydrogel for different saline solutions
shows the orderNaCl > MgCl2 > FeCl3. The power-
law relationships were found for swelling on SH
concentration and swelling on saline dependency.

The removal capacity of PAAc/AM/SH superab-
sorbent hydrogel initially increased with increasing
SH concentration and then it goes down. Superab-
sorbent hydrogel S5 showed highest removal
capacity for both Cu2þ ions as well as for MB dye.
The maximum binding capacity for Cu2þ ion was
299 mg/gm/L at 1000 mg/L initial Cu2þ ion concen-
tration and for MB dye it is 269 mg/gm/L at 320
mg/L initial MB dye concentration. Cu2þ ion/MB
dye adsorption on copolymer superabsorent hydro-
gels agrees well with the Langmuir model. On the
basis of the earlier results it can be proposed that
PAAc/AM/SH superabsorbent hydrogels promise
to be potential adsorbents for the removal of heavy
metals and dye from waste water and aqueous
effluents.
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