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Abstract A novel porous superabsorbent polymer based on poly(acrylic acid-co-
acrylamide) grafted onto sodium alginate backbone was prepared under microwave
irradiation. Anionic surfactant sodium n-dodecyl benzenesulfonate (SDBS) is used
as a pore-forming micelle templating. FTIR spectroscopy confirmed the formation
of the gel and removal of SDBS by washing. The swelling behaviors in distilled
water and in solutions with different pH values are investigated. The results indicate
that there is an optimized concentration of SDBS (1.92 mM) where the swelling rate
(63.84 ¢ g~ min~') and the swelling capacity (1078 g/g) are maximal. These
results are also supported by scanning electron microscopy where the optimized
hydrogel exhibits higher pore sizes and interconnected open cellular structure. The
optimized hydrogel is used as adsorbent for metal ion Pb(II). Isotherm of adsorption
and effect of pH, adsorption dosage and recyclability are discussed. The results
show that maximum adsorption capacity of Pb(II) on the hydrogel is 480.77 mg.g ™"
and adsorption is well described by Langmuir isotherm model. Adsorption capacity
of the optimized hydrogel for other hazardous heavy metal ions Cd(II), Ni(II) and
Cu(Il) and their competitive adsorption are also investigated.
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Introduction

Superabsorbent polymers (SAPs) are water-swellable, three-dimensional, slightly
crosslinked hydrophilic polymeric network [1]. These materials can absorb large
amounts of water and even retain the absorbed water under some pressure [2].

In the development and design of new SAPs some considerations and features are
of especial importance as: high swelling capacity, fast swelling rate, biodegrad-
ability, low production cost and good gel strength. Among these properties, swelling
rate is important because it determines the application properties of SAPs in almost
each field [3]. Recently, many efforts have been made to improve the swelling rate
of the superabsorbents for improving their applicability [4].

In principle, the initial swelling rate of a superabsorbent is primarily due to the
penetration of water molecules into the polymeric network through diffusion and
capillarity [5]. Higher porosity in the superabsorbents can increase the contact area
between polymeric network and external solution that facilitates to speed up the
diffusion rate [6]. So, the creation of porosity structure in the hydrogels is the key to
enhance the swelling rate of superabsorbents and to regulate the properties [3, 7].

Currently, there are various available techniques for fabricating porous hydrogels
mainly include freeze-drying and hydration technique [8], foaming technique [9],
water-soluble porogens [10] and phase inversion technique [11]. However, these
techniques often yield hydrogels with broad macropore size distributions with a
mixture of open and closed pores [12, 13].

Surfactants can self-assemble to form micelles in aqueous environment, which
act as a template in the polymerization reaction process to form porous materials
with well-defined and controlled pore size. They were applied in drug delivery
systems [14], tissue engineering [15] and wastewater treatment [16].

Contamination of water resources by organic pollutants and heavy metals has
become an issue of great concern due to the harmful effects on living beings and
even on the whole ecological system. Several kinds of techniques have been
attempted to remove these pollutants, such as photocatalysis for the decomposition
of organic pollutants [17-19], electrosorption for removal of heavy ions [20],
adsorption onto amino-functionalized ordered mesoporous silica [21], etc. Recently,
the use of hydrogel polymers for removal of heavy metal ions and dyes from
wastewater has become subject of great interest owing to their high absorption
capacity, selectivity and reusability. The presence of functional groups within
polymeric network helps in binding the pollutants via formation of complex
structures [22—-24].

The porosity of hydrogels can affect water uptake of hydrogels and their ability
for pollutant adsorption. Using micelle templating is an effective way that can be
used to increase porosity of hydrogels [12].

On the other hand, hydrogels based on bio-resources are promising candidates as
bio-adsorbents since they are less expensive than conventional adsorbents, such as
ion-exchange resins or activated carbon.

Sodium alginate (NaAlg) is an anionic polysaccharide, which is composed of
poly- B-1, 4-p-mannuronic acid (M units) and o-1, 4-L-glucuronic acid (G units) in
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varying proportions by 1-4 linkages. NaAlg can be extracted from brown algae. It is
abundant, renewable, non-toxic, water soluble, biodegradable and biocompatible
[25].

Conventional thermal heating methods usually take a long time and consume
much energy. However, microwave heating is a promising heating technique due to
its specificity in terms of reactivity and its rapid bulk heating capability [26-29].
Currently, the graft copolymerization of vinyl monomers onto natural polymers has
been successfully conducted under microwave irradiation [28].

In this study, we use microwave irradiation to prepare sodium alginate (NaAlg)
graft copolymerized with partially neutralized acrylic acid (AA) and acrylamide
(AM): NaAlg-g-P(AA-co-AM). The porosity of the novel sodium alginate
superabsorbent polymers is due to micelle templating formed by the self-assembled
anionic surfactant sodium n-dodecyl benzene sulfonate (SDBS). Fourier transform
infrared (FTIR) spectroscopy is used to confirm the successful synthesis of NaAlg-
g-P(AA-co-AM) hydrogel and removal of SDBS from the products by washing
process. X-ray patterns are also used to verify the grafting reaction. The effect of
SDBS concentration on the porosity of the prepared superabsorbents is investigated
by scanning electron microscopy (SEM). In addition, the swelling kinetics of these
SAPs as function of SDBS concentration and pH of the medium are also studied.
The ability of the prepared hydrogel in adsorption of metal ion Pb(I) is
investigated. Isotherm of adsorption and effect of pH, adsorption dosage and
recyclability are discussed. Adsorption capacity of the optimized hydrogel for other
hazardous heavy metal ions Cd(II), Ni(I[) and Cu(Il) and their competitive
adsorption are also investigated.

Experimental
Chemicals and materials

Sodium alginate (NaAlg, viscosity of the aqueous solution at a concentration of 1 %
is 5.0-40.0 cps at 25°C) and sodium dodecyl benzene sulfonate (SDBS,
MW = 348.48 g/mol,) were purchased from Sigma-Aldrich. Acrylic acid (AA),
for synthesis, and Acrylamide (AM), for synthesis, were from Merck and they were
used as purchased. Potassium peroxodisulfate (KPS), GR for analysis, as an
initiator, N,N'-methylene bisacrylamide (MBA), special grade for molecular
biology, as a crosslinker, and N,N,N',N'-tetramethylene diamine (TEMED) GR
for analysis as an accelerator were also obtained from Merck. Sodium hydroxide
NaOH microgranular pure (POCH) was used for acid neutralization. Solvents:
methanol and ethanol (GR for analysis) were obtained from Merck. Saline sodium
chloride (NaCl) (Merck), magnesium chloride (MgCl,) (Merck) and aluminum
chloride (AICl3) (Merck) were prepared with distilled water and were all purchased
from Merck (GR for analysis). All the metal ion reagents (Pb(II), Ni(Il), Cd(II) and
Cu(Il)) were nitrate salts and were of analytical grade. They were purchased from
Merck and used without any purification.
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Preparation of NaAlg-g-P(AA-co-AM) superabsorbent polymers SAPs

The general procedure for the preparation of the superabsorbent polymer through
graft copolymerization of poly(AA-co-AM) onto NaAlg was conducted as follows:

The monomers solutions were prepared as follows: (6 g) AA was partially
neutralized to 75 wt% by addition of NaOH solution (5 M) to the acid in an ice bath
to avoid polymerization, then the solution is added to the solution of acrylamide
(6 g in ca. 12 mL of distilled water) with continuous stirring. After that, we added
the MBA solution (0.043 g in ca. 5 mL of distilled water).

NaAlg (1.20 g) was dissolved in 35 mL purified water under mechanical stirring
at 60 °C for 15 min. Then aqueous solution of the surfactant SDBS with different
concentrations (0, 0.96, 1.92, 2.88, and 3.84 mM) was added and the stirring of the
mixture was continuing for 15 min to assure homogeneous solution formation. Two
equimolar aqueous solutions of the redox initiator system of KPS, 0.118 g and
TEMED, 0.051 g (each in ca. 5 mL of distilled water) were prepared and then
dropwise added to the solution of NaAlg under vigorous mechanical stirring and
kept at 60 °C for 10 min to generate radicals. After cooling this solution to 50 °C,
the monomer solution was added dropwise on it, under continuous stirring at
1050 rpm for 15 min. The total volume of the reactive mixture is brought to
100 mL by adding distilled water. Then, the final mixture is treated in a microwave
oven at the power of 475 W for 4 min. The mixture temperature and viscosity
increase gradually and the gelation point is reached after 210 s.

The product (as an elastic yellow gel) is cut to small pieces. And it was firstly
washed thoroughly with methanol/water (8:1, v/v) for several times to remove the
surfactant and then was immersed 24 h in absolute methanol for dehydration and
dissolving non-reacting reagent. At last, it was washed by ethanol, and dried for
several hours at 60 °C until it became solid and brittle. At this point the solid was
milled and treated in the furnace at 60 °C for 24 h.

Instrumental analysis

The IR spectra in the 400-4000 cm ™' range were recorded at room temperature on
the infrared spectrophotometer (Bruker, Vector 22). For recording IR spectra,
powders were mixed with KBr in the ratio 1:250 by weight to ensure uniform
dispersion in the KBr pellet. The mixed powders were then pressed in a cylindrical
die to obtain clean discs of approximately 1 mm thickness.

The morphology of the samples was examined using scanning electron
microscope VEGA II TESCAN SEM instrument after coating the samples with
graphite.

Thermogravimetric analyses of sodium alginate NaAlg, and the superabsorbent
hydrogel were performed (SETARAM, Labsys TG, 1600 °C) from room temper-
ature to 400 °C at a heating rate of 10 °C/min and under argon atmosphere.

A computer interface X-ray powder diffractometer (Philips, X pert) with Cu Ko
radiation (4 = 0.1542 nm) was used to identify the crystalline phases. The data
collection was over the 2-theta range of 10-70° in steps of 0.02° s~ .
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Atomic absorption spectrophotometer (AAS) Shimadzu, AA-6800 was used to
measure the adsorbance of heavy metals on the superabsorbent hydrogel.

Swelling measurements

Water absorbency of the hydrogel is measured by the free swelling method and is
calculated in grams of water per 1 g of the hydrogel. Thus, an accurately weighed
quantity of the polymer under investigation (0.1 g) is immersed in 500 mL of
distilled water at room temperature for at least 4 h. Then the swollen sample is
filtered through weighed 100-mesh (150 pm) sieve until water ceased to drop.

The weight of the hydrogel containing absorbed water is measured after draining
and the water absorbency is calculated according to the following Eq. (1):

Seq = (W5 — wa)/Wa (1)

where Sq is the equilibrium water absorption calculated as grams of water per gram
of superabsorbent sample; w, and w are the weights of the dry sample and swollen
sample, respectively [30, 31].

Gel content

To measure the gel content, accurately weighed dried samples of SAPs NaAlg-g-
P(AA-co-AM) are dispersed in distilled water to swell completely. Then the swollen
SAPs are filtered and washed with distilled water frequently. The samples are
dewatered in excess ethanol for 48 h, and dried at 50 °C for 12 h until the SAPs
have a constant weight. The gel content is defined as the following equation [32]:

1%
Gel (%) = Wd x 100 2)

1

where W, is the weight of dried SAPs after extraction and W; is the initial weight of
the SAPs.

Grafting percentage and grafting efficiency

The grafting percentage (G %) and the grafting efficiency (E %) were calculated
according to the Eqgs. (3), (4), [33-35]:

Wy — W
— x
0

G %= 100 (3)

W, — W
- " x

2

E%= 100 (4)

where Wy, W, W, denote the weight of NaAlg, final weight of the grafted hydrogel
and weight of monomers, respectively.
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Water retention

The pre-weighed swollen gels (ws3) equilibrated in distilled water are left at room
temperature for 24 h. Then, the mass of hydrogels is recorded and marked as wj.
The percentage water retention is calculated as follows [36]:

Water retention (%) = M4 % 100 (5)
w3

Swelling kinetics at different SDBS concentrations

Accurately weighed quantities (0.1 g) of SAP prepared from different concentra-
tions of SDBS (0, 0.96, 1.92, 2.88, and 3.84 mM) are immersed in 500 mL of
distilled water at room temperature. At consecutive time intervals, the water
absorbency of the SAP is measured according to Eq. (1).

Swelling Kinetics at different pH values

To investigate the rate of absorbency of the SAP at different pH values, accurately
weighed quantities (0.1 g) of the hydrogel NaAlg-g-P(AA-co-AM) prepared at a
concentration of SDBS equals 1.92 mM are immersed in 500 mL of aqueous
solutions of different pH values (pH 4.0, 7.0 and 12.0) at room temperature. At
consecutive time intervals, the water absorbency of the SAP is measured according
to the above-mentioned method.

Adsorption study

Pb>*, Ni*", Cd*" and Cu* adsorption capacities of the hydrogel NaAlg-g-P(AA-co-
AM) prepared at a concentration of SDBS equals 1.92 mM (denoted SAP-1.92 mM)
were also determined at ambient temperature [37]. For each metal ion, about 0.02 g of
the prepared hydrogel sample was accurately weighed into a conical flask and then
200 mL of 100 mg/L of metal ion solution (prepared from metal nitrate salt) was
carefully added into the flask. The solutions were stirred at 25 °C for 4 h before it was
statically placed for 24 h to allow the metal ion adsorption saturation of the NaAlg-g-
P(AA-co-AM) sample to be achieved. Subsequently, the adsorption solution was
filtered and part of the filtrate was diluted to a certain concentration for determination
by an atomic absorption spectrometer. Therefore, the metal ion adsorption capacities
of NaAlg-g-P(AA-co-AM) were calculated by Eq. (6).

(co—c)xVxM
w

qMe>") = (6)
where q(Me*") is metal ion adsorption capacity of NaAlg-g-P(AA-co-AM) (mg/g),
co and c are the metal ion solution concentrations before and after adsorption
(mmol/L), respectively. V is the solution volume (L), M is the atomic molar mass of
metal ion (g/mol) and W is the mass of NaAlg-g-P(AA-co-AM) sample (g).
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As for the competitive adsorption: A solution (200 mL) containing 100 mg/L
from each metal ion was treated with 0.2 g of hydrogel at 25 °C for 4 h under
stirring before it was statically placed for 24 h. After adsorption equilibrium, the
concentrations of metal ions in the remaining solution were also evaluated by AAS.

Results and discussions
Preparation and characterization of NaAlg-g-P(AA-co-AM)

The hydrogels are prepared by free radical polymerization in distilled water under
atmospheric condition. Graft polymerization, by an anionic surfactant SDBS
micelle templating, of acrylamide (AAm) and acrylic acid (AA) onto sodium
alginate is carried out in the presence of MBA as a crosslinking agent, potassium
persulfate (KPS) as an initiator and TEMED as a reaction accelerator (Fig. 1). In
NaAlg solution, the self-assembly of SDBS can form spherical micelles at a certain
concentration of the surfactant. In the process of grafting copolymerization and
crosslinking, these micelles may be enclosed in the network and act as a template
for pore forming. After removing of SDBS micelles by a washing process, the
superabsorbent spongy structure is generated.

FTIR spectra

To investigate the successful grafting of the copolymer onto sodium alginate
backbone and removal of SDBS, FTIR spectroscopy was employed.

Figure 2 shows the FTIR spectra of NaAlg, SDBS-free hydrogel, non-washed-
SDBS hydrogel, washed hydrogel and SDBS, respectively.

The absorption bands of the NaAlg spectrum (Fig. 2a) at 1616 and 1418 cm™
for the —COO™ shift to 1563 and 1454 cm™', respectively, in the spectrum of
SDBS-free hydrogel (Fig. 2b). The absorption bands at 948 and 889 cm™' of the
NaAlg spectrum disappeared in the spectrum of SDBS-free hydrogel while appear
the bands at 1170 and 1674 cm™" assigned to -COO ™ stretching of acrylate groups
and C=0 stretching of acrylamide groups, respectively, which suggests the grafting
reaction of the copolymer onto sodium alginate backbone [38].

In the spectrum of SDBS-free hydrogel (Fig. 2b) the peaks observed at 3430 and
at 3208 cm™ ' correspond to O—H and N-H stretching, respectively. The peak at
2948 cm ™! is assigned to —C—H stretching of the acrylate group. The peaks at 1674
and at 1565 cm™' are assigned to C=0 stretching of the acrylamide groups and
acrylate groups, respectively [27, 39, 40].

By comparing the FTIR spectra of non-washed-SDBS hydrogel (Fig. 2c) and
washed-SDBS-hydrogel (Fig. 2d) the typical peak appearing around 2850 cm™'
(the —C-H stretching vibration of —CH,— of the SDBS molecule) was obviously
weakened after the washing process (Fig. 2e) [41].

The O=S=0 symmetrical and asymmetrical stretching bands of the sulfonate
groups of SDBS molecules appeared at 1186 and 1376 cm ™' in non-washed-SDBS

1
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Hydrogel With Pores M MBA (crosslinker)

" Hydrophilic polymer chains
% Spherical micelles of SDBS

Fig. 1 Proposed reaction scheme for the synthesis of NaAlg-g-P(AA-co-AM) superabsorbent hydrogel
using SDBS micelle templating

hydrogel spectrum and disappeared in the spectrum of washed-SDBS hydrogel [42,
43].

Furthermore, the characteristic absorption peaks for SDBS-free and washed-
SDBS hydrogel are identical, which infers that all residual SDBS has been removed
from the hydrogel network, (Fig. 2b, d).

X-ray patterns
The X-ray powder diffraction patterns of alginate, copolymer and alginate grafted

copolymers are illustrated in Fig. 3. Compared with the original alginate, grafted
copolymer shows a weaker and broader peak in the 20 = 17°-37° region, which
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Fig. 2 FTIR spectra of a NaAlg, b SDBS-free hydrogel, ¢ non-washed-SDBS hydrogel, d washed
hydrogel, and e SDBS

demonstrates that the grafting suppressed the partial crystallization of alginate to
some extent. It is also suggested that the NaAlg and copolymer are mixed well at the
molecular level.

Thermogravimetric analysis

Thermogravimetric degradation curves of the NaAlg and NaAlg-g-P(AA-co-AM) in
argon atmosphere are displayed in Fig. 4. NaAlg thermogram exhibits two-step
degradation behavior. The one in the range 20-180 °C is ascribed to the elimination
of free water adsorbed to the hydrophilic polymer. The other in the range
200-300 °C is assigned to a complex process including dehydration of the
saccharide rings, depolymerization with the formation of water, CO, and CH, as
reported in the literature [44]. The temperature of 50 % weight loss is at 281.02 °C.
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Fig. 3 X-ray diffraction patterns of a NaAlg, b P(AA-co-AM) and ¢ NaAlg-g-P(AA-co-AM)
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Fig. 4 TG curves of a NaAlg, b NaAlg-g-P(AA-co-AM) and ¢ P(AA-co-AM)

At that temperature, the grafted hydrogel NaAlg-g-P(AA-co-AM) and the copoly-
mer P(AA-co-AM) exhibit weight losses of 14.07 and 11.71 %, respectively.
From the TG curves, it can be concluded that the grafting of P(AA-co-AM) onto
NaAlg backbone enhances the thermal stability of the polysaccharide, which can
indicate that the grafted hydrogel was synthesized successfully. This phenomenon
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has been reported by Isiklan and Kiigiikbalc1 [44]. They have indicated that grafting
poly(N-isopropylacrylamide) onto alginate improved the thermal stability of the
natural polymer.

Morphological analyses

To study the change of surface morphology of the SAPs resulting from the
introduction micelles templating using SDBS, SEM micrographs of NaAlg-g-
P(AA-co-AM) with different SDBS concentrations were observed and are shown
in Fig. 5.

SEM MAG: 2.00 kx Det LVSTD L1011 | VEGARTESCAN
Scan speed: 7 SM:RESOLUTION 20 ym [

SEM MAG: 2.00 kx Det SE Lo o000 01 | VEGAWTESCAN
SEM HV: 20.00 kv Arab European University n

Scan speed: 6 SM: RESOLUTION  20pm
SEMHV:10.00 kv Arab European University n

NeAkat N-Alkafri

SEM MAG: 2.00 kx Det: LVSTD Lo o100 01 | VEGAWTESCAN
Scan speed: 7 SM: RESOLUTION 4

SEM MAG: 2.00 kx Det. LVSTD Lo VEGA\KTESCN:
SEM HV: 20.00 kv Arab European University n

Scan speed: 7 SM: RESOLUTION 20 ym
SEM HV: 20.00 KV Arab European University n

N-Alkafri N-Alkafri

Fig. 5 SEM micrographs of SAP with different concentrations of SDBS a 0 mM, b 0.96 mM,
¢ 1.92 mM, and d 3.84 mM at the same magnification scale
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The SEM micrograph of SDBS-free SAP has a relatively compact structure with
an average pore size of 3.288 pum. But the structure has not interconnected open
cellular structure (Fig. 5a). The average size of pores increases with increasing the
content of SBDS (Fig. 5Sb—d). This could be attributed to the self assembling of
SDBS molecules in the reactive medium and the micelles acting as a pore-forming
templating. We clearly notice that the sample with SDBS concentration 1.92 mM
presents an average diameter pore of 8.28 um with an interconnected open cellular
structure (Fig. 6). This could be linked to the formation of a superporous structure
[45].

Further increase in SDBS concentration (concentration of 3.84 mM) results in a
more fragile and easy to collapse porous structure. According to Su et al. [46],
micelle formation at higher concentration of SDBS could interfere with the gellation
process (Fig. 5d).

Effect of SDBS concentration on the swelling ratio and swelling kinetics

It is well established that the porosity of the hydrogel has great effect on water
absorbency [7]. According to morphological studies, we have proven that the pore
size of the prepared hydrogels depends on the concentration of the surfactant SDBS.
Figure 7 depicts the variation of the absorbency of the hydrogels with different
concentrations of SDBS as a function of time. For each kinetic curve, we can
distinguish two sections: the initial rapid increase and the stabilized equilibrium
absorbency (S.q). The asymptotic value S.q is dependent on SDBS concentration.
The highest value of S, corresponds to a concentration of 1.92 mM of SDBS. This
result is in perfect coherence with the morphological studies, as the microstructure
of this hydrogel has higher pore sizes and exhibits an interconnected open cellular
structure compared with the other hydrogels. To study the effect of SDBS on the
absorbency we used the pseudo second-order swelling kinetic model proposed by
Schott [47]:

t 1 1

SW B kit N Soo : (7)
where S, is the swelling ratio at time 7, S is the theoretical equilibrium swelling
ratio and k;, is the initial swelling rate constant. According to Fig. 8 the plots of the
average swelling rate (¢/S,,) versus swelling time (¢) give straight lines
(R*> > 0.999), indicating that the swelling process follows pseudo second-order
swelling kinetic model. k;j; and S, values can be calculated through the slope and
intercept of the fitted straight lines (Figs. 9, 10). It is clearly seen that the theoretical
S presents similar tendency as S.q when changing SDBS concentration. Moreover,
the initial swelling rate constant k; also increases with increasing SDBS concen-
tration from O to 1.92 mM and then it decreases with further increase of SDBS
concentration. In fact, the more porous is the gel, the more is the specific surface
area and the faster is water diffusion into the gel. This leads to an improved initial
swelling rate. Furthermore, the k;; values for different SDBS concentrations imply
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Fig. 6 SEM micrographs of SAP at the concentration of SDBS 1.92 mM with different magnifications
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Fig. 7 Time-dependent swelling curves of the SAPs generated by different concentrations of SDBS in
distilled water
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Fig. 8 The 1/S,, versus 7 graphs according to Schott’s pseudo second-order swelling kinetics model

that the hydrogel prepared with a concentration of SDBS equals to 1.92 mM has the
best microstructure that promotes the swelling rate.

The key result of the current study is that there is an optimum concentration,
1.92 mM of SDBS. At this concentration, the swelling rate and swelling ratio have
the highest values. This optimum concentration is the same as the one found when
studying the morphology of the prepared gels. At this optimum concentration,
SDBS molecules self-assemble and the micelles act as a pore-forming templating.
The hydrogel has then higher pore sizes and exhibits an interconnected open cellular
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Fig. 9 Variation of the initial swelling rate constant (kj;) with different SDBS concentrations
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Fig. 10 Variation of theoretical equilibrium swelling (S,,) with different SDBS concentrations

structure which is reflected on the swelling behavior of the hydrogel by the highest
initial swelling rate and excellent swelling capacity.

Water retention
Table 1 presents the variation of water retention with varying SDBS concentration
(mM).

It can be concluded that the anionic surfactant templating has a benefic effect in
enhancing water retention as the SDBS-free hydrogel has only about 73 % of water
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Table 1 Variation of water retention, gel content, grafting percentage and grafting efficiency with
varying SDBS concentration (mM)

SDBS concentration (mM) 0.00 0.96 1.92 3.84
Water retention (%) 73.6 82.3 81.5 82.7
Gel content (%) 72 62 75 70
Grafting percentage (G %) 704.8 596.5 746.7 698.2
Grafting efficiency (E %) 70.5 59.7 74.7 69.8

retention compared to about 81 % for the others hydrogel. This could be attributed
to more water captured in a more porous structure.

Gel content, grafting percentage and grafting efficiency

Table 1 also presents the variation of gel content, grafting percentage and grafting
efficiency with varying SDBS concentration (mM). As clearly seen in Table 1, these
parameters strongly depend on surfactant concentration indicating the interference
of micelle formation with the gellation and grafting processes. Furthermore, the
values of gel content, grafting efficiency and grafting percentage are the highest
when the concentration is 1.92 mM of SDBS. This concentration is the optimum
one found when discussing the swelling kinetics and the morphology of the
synthesized gels. This result confirms our assumption of the presence of an optimum
SDBS for micelle formation.

Effect of the environmental parameters on water absorbency
Effects of salt solution on water absorbency

The optimized SAP was tested for the effect of water salinity on its swelling
capacity.

Different concentrations of NaCl, MgCl,, AICl; solutions were prepared to study
the effect of ion charge and ion concentration on water absorption. The absorbency
of the synthesized hydrogel was measured by the same procedure adopted above in
the case of distilled water.

Figure 11 shows that water absorption decreases with increasing the ionic
strength of the saline solution as cited in Flory equation [48]. The ionic strength of
the solution depends on both the concentration and the charge of each individual
ion. In fact, the presence of ions in the solution decreases the osmotic pressure
difference, the driving force for the swelling between the gel and the solution. In
addition, multivalent cations (Mg>" and AI’") can neutralize several charges inside
the gel by complex formation with carboxamide or carboxylate groups, leading to
increased ionic crosslinking degree and consequently loss of swelling. The effect of
cation charge and its concentration on swelling can be concluded from (Fig. 11).

@ Springer



Polym. Bull. (2016) 73:3183-3208 3199

0.009 %

450

400

350

300

250

200

150

Water Absorbency (g/g)

100

Fig. 11 Histogram of variation of water absorbency of SAP with different ion charge and ion
concentration of saline solutions

1200

1000 N

2 800+ \

2

3 | ./'

S 600+

Q

2

o

3 a0

2 i

e

2

g 200 \

0 [

T T T T T T 1
2 4 6 8 10 12 14

pH

Fig. 12 Effect of environmental pH on water absorbency

Effect of pH on water absorbency and pH responsive characteristics

Studies have indicated that water absorption of hydrogels is sensitive to
environmental pH [49]. So, the swelling behavior of synthesized SAP was studied
at various pH value between 2.0 and 13.0, at room temperature (Fig. 12). Since the
swelling capacity of all “anionic” hydrogels is appreciably decreased by addition of
counter ions to the swelling medium, no buffer solutions were used when studying
the net effect of pH on water absorbency. Therefore, a stock of concentrated
solution HCl and NaOH was diluted with distilled water to reach the desired acidic
or basic pH [50].
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The absorbency of the synthesized hydrogel was measured by the same
procedure adopted above in the case of distilled water.

It can be clearly observed that the SAP almost does not swell at pH 2, but it
sharply swells as increasing external pH values. We can explain the variation of
absorbency with variation of pH as follows:

As anionic polymer, the SAP prepared using micelle templating formed by the
self-assembled anionic surfactant SDBS contains numerous hydrophilic -COO™,
—COOH and NH, groups. At low pH, sodium carboxylate group on the polymer
network is protonated. On one hand, the hydrogen-bonding interaction among
—COOH and NH; groups was strengthened and the additional physical crosslinking
was generated. On the other hand, the electrostatic repulsion among —COO™ groups
was restricted, and so the SAP network tends to shrink, and becomes hydrophobe
[25]. In the interval pH 4-8, some of carboxylic acid groups are ionized and the
electrostatic repulsion between —COO™ groups causes an enhancement of the
swelling capacity [27].

At high pH, the swelling capacity also decreases by “charge screening effect” of
excess Na™ in the swelling media, which shields the carboxylate anions and prevent
effective anion—anion repulsion [27].

The evidence change of water absorption with altering the pH of external
solution confirms the excellent pH-sensitivity behavior of the prepared SDBS-
hydrogels.

We have also studied the swelling kinetics of the SAP at different pH values
(Fig. 13). As can be seen, the swelling kinetics of the SAP is dependent on the pH
values of the swelling medium.

The time-dependency of the swelling behavior of SDBS-1.92 mM hydrogel is
studied for different pH values (Fig. 13). We used solutions of HCI (pH 1.0) and
NaOH (pH 13.0) to adjust the pH value of the studied solution and to avoid the
influence of ionic strength. Figures 13 and 14 depict clearly the swelling kinetics of
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Fig. 13 Swelling kinetics at different pH values
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Fig. 14 Schott’s pseudo second-order swelling kinetics model for pH kinetics study

the SAP as a function of the pH values. To determine the swelling kinetic
parameters (ki and S, ) in various pH solutions we used the Schott’s pseudo second-
order kinetics model (Eq.5). According to (Fig. 14) the plots of the average
swelling rate (¢/S,,) versus swelling time (f) give straight lines (R* > 0.997),
indicating that the swelling process follows pseudo second-order swelling kinetic
model. k;; and S, values can be calculated through the slope and intercept of the
fitted straight lines. The k;; values for pH values 4.0, 7.0 and 12.0 are, respectively,
0.687, 1.063 and 0.335 g/(g s). S« values are 980, 1288 and 162 g/g, respectively.
The Seq (792, 1078, 153 g/g) and S, are almost equal which suggests that the
swelling behavior of the SAP at different pH solutions could reach about 84 % of its
equilibrium absorbency within 2 h. The change tendency of k; as a function of pH
values is similar with S,. The initial swelling rate of the SAP is related to the
relaxation rate of the chain segments in the network. The ionization of carboxylate
groups occurs at pH >4.7 and this trend is increased at higher pH. On the other
hand, the increased carboxylate groups lead to a stronger electrostatic repulsion,
which is benefic to the relaxation of the polymer network. The fast relaxation is
favorable to the penetration of water molecules into the gel network more easily,
and so the initial swelling rate can be enhanced. But at higher pH >10, the mobility
of polymer network is reduced by the screening effect of cations which limits the
diffusion of water molecules into the polymer network, and consequently the initial
swelling rate is decreased.

Since the SAPs show different swelling behaviors at various pH values, we
investigated their pH reversibility in aqueous solutions adjusted at pH values 2.0
and 7.0, respectively. Figure 15 shows a stepwise reproducible swelling change of
the SAP at 25 °C with alternating pH between 2.0 and 7.0. The time interval
between the pH changes was 15 min. At pH 7.0 the hydrogel swells due to anion—
anion repulsive electrostatic forces, while at pH 2.0, it shrinks within a few minutes
due to protonation of carboxylate groups. This sharp swelling—deswelling behavior
of the SAPs makes them suitable candidates for controlled releasing systems.
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Fig. 15 Swelling—deswelling behavior of the SAP between pH values 7.0 and 2.0, respectively. The time
interval between the pH changes was 15 min

Adsorption of heavy metal ions on the SAP
Single and multi-element aqueous solutions

Table 2 shows adsorption capacities of Pb(Il), Cd(I), Ni(Il) and Cu(II) on SDBS-
1.92 mM hydrogel in single and multi-element aqueous solutions.

The adsorption capacities of SAP-1.92 mM are 231.88, 235.62, 67.52 and
76.35 mg/g for Pb(Il), Cd(Il), Ni(Il) and Cu(Il), respectively. The affinity order
(weight based) is Cd(II) > Pb(Il) > Cu(I) > Ni(II).

As wastewater often contains more than one heavy metal species, it is possible
that the behavior of particular metal specie is affected by the presence of other
metals. So, competitive adsorption of heavy metal ions from their mixture was also
investigated. The adsorption capacities diminish, Table 2. This decrease is expected
due to the increased ionic strength of the aqueous solution. The affinity order
(weight based) is Pb(II) > Cu(Il) > CdI) > Ni(I).

Table 2 Adsorption capacities of Pb(I), Cd(II), Ni(II) and Cu(II) on SAP-1.92 mM (0.02 g hydrogel) in
single and multi-element aqueous solutions

Metal ion Pb(II) Cddn Ni(II) Cu(Il)
q(Me*") (mg/g) 231.88 235.62 67.52 76.35
q(Me*") (umol/g) 1119 2096 1150 1201
q(Me**) (mg/g) competitive adsorption 120.04 31.18 6.720 67.99
q(Me*") (umol/g) competitive adsorption 579 277 115 1070
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Table 3 Effect of initial heavy metal ion concentration on the adsorption capacity on SAP-1.92 mM
(0.01 g hydrogel)

Metal ion Pb(Il) (mg.L™") 50 100 200 300
Amount of the sorbed metal ion (mg/g) 244.83 360.93 366.61 471.99

Effect of initial heavy metal ion concentration

The effect of initial heavy ion concentration on the adsorption capacity was
investigated on lead ion Pb(Il), Table 3. Adsorption capacity increased from
244 .83 mg/g for 50 mg/L initial lead ion concentration to 471.99 mg/g for 300 mg/
L initial lead ion concentration. This result is related to a greater driving force for
mass transfer of lead ion from solution to solid surface at higher concentrations.

Adsorption isotherms

Langmuir and Freundlich models are two common isotherm models that are used to
determine the affinity of sorbent and adsorbate and to find the mechanism of
adsorption. In Langmuir model, adsorption occurs as a monolayer process on
homogeneous and energetically equivalent sites, while in Freundlich model,
adsorption is a multilayer process and adsorbent surface is heterogeneous and
energetically non-equivalent. Langmuir and Freundlich isotherm models are
expressed as Eqgs. (8) and (9), respectively [37, 51].

Coq 1 Ceq
q meaX Qmax

(8)

1
log g = log K + Elog Ceq 9)

where ¢ is the concentration of the adsorbed metal ion on the adsorbent (mg g™ '),
Ceq is the equilibrium metal ion concentration in solution (mg L_l), b is the
Langmuir constant (L mg™"), and Qpna.x is the maximum adsorption capacity
(mg g~ "), K is Freundlich constant (mg g~') and n is heterogeneity factor.

Table 4 lists the constants calculated from the plot of the two models for Pb(Il).
As it is shown in this table, the correlation coefficient (R?) for Langmuir isotherm
model is higher than that of Freundlich model, indicating that adsorption of metal
ion is better described by Langmuir isotherm model. Maximum adsorption capacity
(gmax = 480.77 mg/g) predicted by this model is in good agreement with the value
obtained experimentally 471.99 mg/g.

The value of free energy change (AGP) for the sorption process is calculated,
using the following Eq. (10), [51]:

AG® = —RTInb (10)

The estimated value of AG? for adsorption of Pb(II) onto SAP was —23.14kJ mol ..
Negative AG” indicates the spontaneous nature of the adsorption process.
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Table 4 Adsorption constants for the sorption of Pb(II) on SAP-1.92 mM (0.01 g hydrogel)

Freundlich constants Langmuir constants AG°kJ mol™!
Kr n RZ On(mgg™!) bLmg™')  bL mol™") R?
147.13 4.75 0.7871 480.77 0.0547 11,333.84 0.9471 —23.14
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Fig. 16 Adsorption of lead ion at different pH values on SAP-1.92 mM (0.02 g hydrogel)

Effect of initial pH

Figure 16 depicts the effect of pH values of solution on the adsorption capacity of
SAP-1.92 mM for lead ion Pb(II). The initial concentrations of Pb(II) solution are
100 mg/L. The mass of SAP is about 0.02 g weighed accurately and immersed in
200 mL of pH solution. The adsorption time was set at 24 h. As seen from Fig. 16,
the adsorption capacity reaches a maximum at pH 7. In fact, when pH is
4 < pH < 8, some of carboxylic acid groups are ionized and the electrostatic
repulsion between carboxylate groups causes an enhancement of the swelling
capacity. This result is in good agreement with that found when discussing the effect
of environmental pH on water absorbency.

Desorption and reusability of SAP

The results above show that SAP-1.92 mM exhibits excellent adsorption capabil-
ities for hazardous lead ion. But for economic and environmental point of view, it is
necessary that such adsorbent material is able to be used repeatedly.

Desorption of Pb(Il) is achieved on samples of 0.01 g of SAP-1.92 mM loaded
by different amounts of Pb(II). They were stirred with HNO; solution—as a
desorption agent—(50 mL, 0.1 M) at 25 °C for 150 min. The final metal ion
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Table 5 Adsorption—desorption values of Pb(Il) after three consecutive cycles of adsorption and des-
orption on SAP-1.92 mM (0.01 g hydrogel)

Amount of Pb(IT) (mg/g) loaded 244.83 360.93 366.61 471.99
Amount of the desorbed Pb(II) (mg/g) 211.75 299.20 300.00 417.00
Desorption ratio (%) 86.49 82.90 81.83 88.35

concentration in the aqueous phase was determined using AAS. The desorption ratio
was calculated from the Eq. (11):

Amount of metal ions desorbed (mg)

Desorption ratio % = x 100 (11)

Amount of metal ion adsorbed onto the SAP

To determine their reusability, the desorbed hydrogels are regenerated with
0.1 mol/L NaOH for 30 min and then used for another adsorption.

The cycles of adsorption—desorption were repeated three times. Table 5 shows
the adsorption—desorption values of Pb(II) after three consecutive cycles of
adsorption and desorption. The desorption ratios vary between 81.83 and 88.35 %.
Although the amount of ion adsorption decreases after regeneration, however, the
hydrogel maintained nearly 85 % of their original adsorption capacity after three
consecutive cycles of adsorption and desorption. This result suggests that the SAP-
1.92 mM is a potential candidate for the design of a continuous sorption process.

Conclusion

In this work we succeeded, using microwave irradiation, to prepare a new SAPs
with porous structure by the grafting copolymer P(AA-co-AM) onto the backbone
of a renewable and biodegradable substrate of sodium alginate in the presence of
redox couple initiator of KPS/TEMED and crosslinker MBA, using the self-
assembled SDBS micelles as a pore-forming templating.

The method of preparation is fast and simple. It does not need the use of an inert
gas during synthesis. FTIR analysis confirmed that the copolymer P(AA-co-AM)
chains had been grafted onto the macromolecular chains of NaAlg, and SDBS was
removed from the final product during washing process.

The SDBS concentration strongly affects the morphology and the pore structure
as demonstrated by SEM results. There is an optimum concentration of SDBD
(1.92 mM) at which SDBS molecules self-assemble and the micelles act as a pore-
forming templating. At this concentration the hydrogel has a well-defined pore
structure and higher pore sizes and exhibits an interconnected open cellular
structure. This is reflected on the swelling behavior of the hydrogel by a high initial
swelling rate (63.84 g ¢~ ' min™") and a high swelling capacity (1078 g/g).

The special porous sponge structure has endowed NaAlg-g-P(AA-co-AM)
hydrogel with a high adsorption capacity for metal ions. Adsorption of Pb(Il) is
better described by Langmuir isotherm model and maximum adsorption capacity up
to 480.77 mg. g~ is obtained. Adsorption capacity is dependent on pH values and
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is increased by increasing the initial metal ion concentration. The adsorbent exhibits
high removal efficiency after three cycles of adsorption. Adsorption capacity of the
optimized hydrogel for other hazardous heavy metal ions Cd(II), Ni(Il) and Cu(II)
and their competitive adsorption are also investigated. The results indicate that the
optimized hydrogel offers a cheap and efficient removing agent for hazardous heavy
metal ions form wastewater.
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