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ABSTRACT: A superabsorbent composed of waste polystyrene, starch, and acrylic acid was prepared through emulsion polymerization.

The effects of major factors such as starch, acrylic acid, initiator, crosslinker, and bentonite contents and the neutralization degree of

acrylic acid on water absorbency were investigated to obtain optimum conditions with high swelling capacity. The superabsorbent

hydrogel was characterized by scanning electron microscope (SEM), Fourier transform infrared (FTIR) spectroscopy, and thermogra-

vimetric analysis (TGA). The FTIR results confirmed that the grafting polymerization took place among the polystyrene, acrylic acid,

starch, and bentonite. The introduction of bentonite particles into the polystyrene-g-poly (acrylic acid)-co-starch system could

increase the water absorbency. The superabsorbent composite containing 3 wt % bentonite had the highest water absorbency (500 g/g

in distilled water and 49 g/g in 0.9 wt % NaCl solution). VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Polystyrene is a synthetic hydrophobic polymer that is not bio-

degradable. Thus, it can cause environmental pollution.1 There

are different alternatives for reducing the problem of its disposal

and for converting it into valuable products, including polymer

modification and functionalization.2,3 The introduction of polar

groups into synthetic polymers causes the induction of hydro-

philicity.4,5 Functionalized polystyrene has different applications,

for instance, as a polyelectrolyte for water treatment processes.6

Studies have been reported on the preparation of superabsorb-

ent hydrogels using natural polymers such as starch, wheat

straw, and chitosan.7–9 In recent years, more attention has been

given to the modification of synthetic polymers with natural

polymers such as wool, gelatin, and starch.10 Starch is a natural

polymer and is an inexpensive, abundant, and renewable

resource. The chemical modification of starch via hydrolysis, ox-

idation, esterification, and etherification has been studied previ-

ously.11 In addition, the grafting of acrylic acid,12,13 acrylam-

ide,11,14 acrylonitrile,15 and methacrylonitrile16 onto starch has

been studied. Starch copolymers have been important due to

their potential applications in industry. For example, starch

copolymers have been used as hydrogels. Recently, superabsorb-

ent hydrogels have received more attention due to their various

applications in agriculture,17–20 drug delivery systems, biomedi-

cal uses,21,22 coal dewatering,23 and sanitary goods.24 In recent

years, different types of clays have been used for the preparation

of superabsorbent composites to enhance swelling properties

and hydrogel strength, and to decrease the production cost of

prepared superabsorbents such as kaolin,25 montmorillonite,9

attapulgite,17,26 and mica.27 The clay used in this work is ben-

tonite, due to its low cost and natural abundance. Bentonite is a

sheet-like clay and is mainly composed of the mineral montmo-

rillonite, a 2 : 1-type of alumina silicate.

Li and coworkers prepared a superabsorbent composite using

waste polystyrene, acrylic acid, and montmorillonite through

emulsion polymerization.28 Singh et al. synthesized polystyrene

graft copolymers using acrylic acid and starch through graft

copolymerization, and they investigated its application in metal

ion sorption for use in water alleviation technology.10 The

copolymerization of starch and polystyrene has been carried out

in a twin-screw extruder to form partially biodegradable plas-

tic.29 However, to the best of the authors’ knowledge, no work

has been performed with waste polystyrene and starch for the

preparation of superabsorbent hydrogel. In this work, the pur-

pose was to prepare superabsorbent hydrogel using waste poly-

styrene, starch, and bentonite to reduce the cost of the final

VC 2012 Wiley Periodicals, Inc.
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product, and to help decrease environmental problems with

waste polystyrene.

EXPERIMENTAL

Materials

Potassium persulfate (KPS), benzoyl peroxide (BP), and sodium

hydroxide were obtained from Merck. Acrylic acid (AA, from

Fluka) was used without purification. Toluene, n-hexane, and

ethylene acetate were obtained from Merck. Waste polystyrene

foam (from food containers) was washed with distilled water

before use. N,N0-methylene-bis-acrylamide (MBA) and Span 60

were purchased from Aldrich. Cassava starch (food grade) was

obtained from Thye Huat Chan Sdn BhD, Thailand. Bentonite

(BT) was supplied by Ipoh Ceramics Sdn. Bhd.

Instrumental Analysis

FTIR spectra of the prepared samples were taken with KBr pel-

lets using a Perkin Elmer Spectrum One apparatus. The FTIR

spectra of the samples were obtained for a range from 4000 to

550 cm�1.

Thermogravimetric analysis (TGA) of the composites was car-

ried out with a Perkin Elmer Pyris 6 TGA analyzer from 50 to

700�C with a nitrogen flow of 10 mL min�1.

Micrographs of the prepared superabsorbents were collected

using a field emission scanning electron microscope (FESEM,

ZEISS Supra-35VP). Before SEM observation, the samples were

coated with a thin layer of platinum.

Preparation of Na-Bentonite

The Na-bentonite (Naþ-BT) was prepared by stirring 5 g of the

sample in 500 mL of 1.0M NaCl solution for 24 h. The Naþ-BT
was separated from excess solution by centrifugation and

washed with distilled water several times to remove Cl�. Then,
the product was dried at a temperature of 105�C over night.30

Preparation of Polystyrene-Graft-Poly (Acrylic Acid)-co-

Starch/Bentonite (PS-g-PAA-co-ST/BT) Superabsorbent

Hydrogel

The preparation of PS-g-PAA-co-ST/BT included four steps. In

the first step, a proper amount of waste polystyrene (PS) was

dissolved in a mixture of solvents including n-hexane, toluene,

and ethyl acetate. Appropriate amounts of Span 60 (as an emul-

sifier) and an oil-soluble initiator, benzoyl peroxide (BP), were

added to the solution in a four-necked reaction flask equipped

with a thermometer, a mechanical stirrer, and a nitrogen line.

In the second step, a definite amount of acrylic acid (AA) was

partially neutralized with sodium hydroxide solution (3M) with

cooling (ice bath), and a proper amount of Naþ-BT was added

to the acrylic acid solution under stirring for a few minutes.

Then the acrylic acid solution was added to the reaction flask

and heated to 45�C for a few minutes. In the third step, a

proper amount of starch (ST) combined with distilled water

was heated to 90�C under a nitrogen atmosphere to prepare a

starch slurry. Then, the starch slurry was added to the flask, and

the solution was heated to 60�C. In the fourth step, appropriate

amounts of crosslinker (MBA) and initiator (potassium persul-

fate) were added to the solution; after a few minutes, the tem-

perature was increased to 70�C for 2 h. Then the samples were

precipitated into the ethanol, filtered, cut into small pieces, and

dried at 80�C for 12 h, followed by milling and screening.

Acrylic acid homopolymers and unreacted monomers were

extracted from the product by soxhlet extraction using an etha-

nol–water mixture (80: 20) for 8 h.31 The extraction was carried

out three times for the samples to obtain the constant weight of

grafted samples.

Preparation of the PS-g-PAA-co-ST Superabsorbent Hydrogel

The preparation method of the PS-g-PAA-co-ST superabsorbent

hydrogel used herein is similar to that of the PS-g-PAA-co-ST/

BT superabsorbent composite except that bentonite was not

included.

Water Absorbency Measurement

A certain amount of sample (0.1 6 0.01 g) with particle sizes

between 60 and 100 mesh (150–250 lm) was immersed in 50

mL of saline solution (0.9 wt %) or 200 mL of distilled water,

and the samples were allowed to soak at room temperature for

3 h. Then swollen samples were separated from excess water by

filtering via a 100-mesh screen, and the samples were weighed.

The swelling absorbency (QH2O) of the sample was calculated

using the following formula:

QH2O ¼ ðm2 �m1Þ=m1 (1)

where m2 and m1 are the weights of swelling gel and dried gel,

respectively.

RESULTS AND DISCUSSION

FTIR Spectrum Analysis

The FTIR spectra of BT, starch, PS-g-PAA-co-ST and PS-g-PAA-

co-ST/BT are shown in Figure 1. In the spectrum of starch, the

broad band at 3389 cm-1 arises due to the stretching band of

the OAH groups. The band at 1642 cm�1 is related to the first

overtone of the OAH bending vibration. The bands at 2927

and 1156 cm�1 result from CAH stretching and CAO stretch-

ing, respectively. The two bands at 1079 and 1015 cm�1 are

related to CH2AOACH2 stretching vibrations.32 The spectrum

of Na-BT shows a band at 3626 cm�1, which is a result of the

OAH stretching vibrations of SiAOH groups.30 The band at

3450 cm�1 is due to hydroxyls bound via hydrogen bonds. The

band at 1633 cm�1 corresponds to the HAOAH bending vibra-

tion in water. The band arising from AlAAlAOH is shown at

915 cm�1.33 The bands at 463 and 520 cm�1 correspond to the

SiAOASi and AlAOASi bending vibrations, respectively.

According to the FTIR spectra of PS-g-PAA-co-ST, the band at

2923 cm�1 corresponds to the asymmetric and symmetric

stretching vibrations of ACH2 from PS. The peak at 1585 cm�1

is due to the C¼¼C of the vinyl group from PS while the band

at 1452 cm�1 results from the deformational vibrations of

ACH2 and (B1) of the benzene ring of the styrene molecule.34

The band at 1734 cm�1 corresponds to the asymmetrical C¼¼O

stretching band of AA. The band at 1412 cm�1 is due to the

COO� of AA. The broad absorption band at 3468 cm�1 corre-

sponds to the OH stretching of starch. Additionally, the absorp-

tion band at 1156 cm�1 ascribed to the CAO band of starch

was overlapped by the CAO band of acrylic acid shifted to

1169 cm�1, and it appears to be broader than that of starch.
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The absorption bands at 3626, 3450, and 912 cm�1 correspond-

ing to the AOH of BT were not observed in the spectrum of

PS-g-PAA-co-ST/BT in comparison to that of BT. Furthermore,

the absorption bands at 460 and 520 cm�1 ascribed to the

SiAOASi and AlAOASi of BT shifted to 467 and 518 cm�1,

respectively, and the intensity decreased. These results show the

participation of the AOH groups of BT in the formation of the

composite. After BT was introduced into the polymeric network,

the absorption bands of the ACOO� groups shifted from 1412

to 1408 cm�1, which shows that the chemical environment of

the ACOO� groups was altered. In addition, the absorption

band at 1169 cm�1 ascribed to the CAO of starch and acrylic

acid in the spectrum of PS-g-PAA-co-ST shifted to 1160 cm�1

and decreased in intensity, indicating that there may be a

hydrogen bonding between the surface silanol groups of NaAB

and the ACAO group of PS-g-PAA-co-ST. It can be concluded

from Figure 1 that grafting polymerization took place among

the polystyrene, acrylic acid, starch and bentonite.

Mechanism of Hydrogel Formation

Crosslinking graft copolymerization of starch and acrylic acid

onto polystyrene was carried out in the presence of a bi-phase

initiator system including an oil-soluble initiator (benzoyl per-

oxide) and a water-soluble initiator (potassium persulfate). In

addition, MBA was used as a crosslinker. A proposed mecha-

nism for the formation of PS-g-PAA-co-ST is shown in Figure

2. Benzoyl peroxide as an oil-soluble initiator can be decom-

posed under heating to produce benzoate radicals. One possible

type of hydrogen abstraction on the polystyrene backbone can

occur on the tertiary carbon atoms of polystyrene chains to

produce tertiary benzylic radicals,35 as shown in Figure 2. These

active centers on the backbone chains can initiate the grafting

of AA, and starch on PS. After KPS and MBA were added to

the reaction flask and heated slowly to 60�C, the water-soluble

initiator decomposed to produce sulfate anion radicals. It

should be mentioned that a second initiator (KPS in this sys-

tem) is used to complete the reaction. In addition, the amount

of the first initiator is not sufficient to complete the polymeriza-

tion of the material present in the solution, so the second initia-

tor is used to decrease the residual-free monomer content

Figure 1. FTIR spectra of (a) starch, (b) sodium bentonite, (c) PS-g-PAA-co-ST, and (d) PS-g-PAA-co-ST/BT.

Figure 2. A proposed mechanism for the synthesis of the PS-g-PAA-co-

ST/BT1 superabsorbent hydrogel.
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during the polymerization process.36 Because MBA as a cross-

linker is present in the reaction, a crosslinked structure is

formed. MBA is a bifunctional crosslinker, and after the initia-

tor is added to the solution, a crosslinker macroradical is

formed which contains four reactive sites. These active sites can

link with the radicals on the acrylic acid, starch, and polysty-

rene. It should be mentioned that in Figure 2 only two active

sites on MBA are shown. Pourjavadi et al. recently reported a

similar mechanism for k-carrageenan grafted acrylic acid-co-2-

acrylamido-2-methylpropanesulfonic acid.37 The bentonite par-

ticles were dispersed among the polymeric network, and the

bentonite particles acted as a crosslinking agent. In addition,

the FTIR results show that there are interactions between the

OH groups of bentonite and the functional groups (CAO and

ACOO�) of PS-g-PAA-co-ST.

Influence of the Weight Ratio of Acrylic Acid to Polystyrene

on Water Absorbency

Table I shows that the water absorbency increased with increas-

ing AA content. The maximum swelling capacity was obtained

Table I. Effect of Different Parameters on the Water Absorbencies of PS-g-PAA-co-ST Superabsorbent

Sample AA/PS
Neutralization
degree of AA (%)

Starch
(wt %)

MBA
(wt %)

BP
(wt %)

KPS
(wt %) Qeq

1. Effect of AA to PS weight ratio

A 5 70 0.10 0.08 0.80 0.80 230

B 7 70 0.10 0.08 0.80 0.80 300

C 9 70 0.10 0.08 0.80 0.80 390

D 11 70 0.10 0.08 0.80 0.80 290

E 13 70 0.10 0.08 0.80 0.80 250

2. Effect of neutralization degree of AA

A 9 50 0.10 0.08 0.80 0.80 290

B 9 60 0.10 0.08 0.80 0.80 330

C 9 70 0.10 0.08 0.80 0.80 390

D 9 80 0.10 0.08 0.80 0.80 230

E 9 90 0.10 0.08 0.80 0.80 180

3. Effect of starch content

A 9 70 0.05 0.08 0.80 0.80 370

B 9 70 0.10 0.08 0.80 0.80 390

C 9 70 0.15 0.08 0.80 0.80 230

D 9 70 0.20 0.08 0.80 0.80 190

E 9 70 0.25 0.08 0.80 0.80 150

4. Effect of oil-soluble initiator (BP)

A 9 70 0.10 0.08 0.20 0.80 140

B 9 70 0.10 0.08 0.40 0.80 165

C 9 70 0.10 0.08 0.60 0.80 250

D 9 70 0.10 0.08 0.80 0.80 390

E 9 70 0.10 0.08 1.00 0.80 350

5. Effect of water soluble initiator (KPS)

A 9 70 0.10 0.08 0.80 0.00 180

B 9 70 0.10 0.08 0.80 0.40 230

C 9 70 0.10 0.08 0.80 0.60 260

D 9 70 0.10 0.08 0.80 0.80 390

E 9 70 0.10 0.08 0.80 1.00 350

6. Effect of crosslinker content

A 9 70 0.10 0.04 0.80 0.80 355

B 9 70 0.10 0.06 0.80 0.80 370

C 9 70 0.10 0.08 0.80 0.80 390

D 9 70 0.10 0.10 0.80 0.80 280

E 9 70 0.10 0.12 0.80 0.80 190

Qeq: equilibrium water absorbency, (g/g).
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when the sample was synthesized with an AA to PS mass ratio

of 9: 1. This could be due to the fact that the increase in the

amount of AA from the ratio of 5: 1 to 9: 1 resulted in an

increase in the molecular weight and grafting of poly acrylic

acid chains.26 With further increases in the AA content, the

water absorbency decreased. This could be due to (a) preferen-

tial homopolymerization of acrylic acid over graft copolymeriza-

tion or (b) increased medium viscosity which hinders the move-

ment of monomer molecules and free radicals.38

Influence of the Neutralization Degree of AA on Water

Absorbency

The effect of the neutralization degree of AA on water absorb-

ency is shown in Table I. The water absorbency increases as the

neutralization degree increases from 50 to 70%, and decreases

with further increases in the neutralization degree of AA. The

maximum water absorbency is obtained when the neutralization

degree of the AA is 70%. When acrylic acid was neutralized

with a sodium hydroxide solution, the negatively charged car-

boxyl groups attached to the polymer chains produced an elec-

trostatic repulsion, resulting in an expansion of the network.

The electrostatic repulsion rose as the neutralization degree

increased from 50 to 70%, leading to increased water absorb-

ency. The further increase in the neutralization degree of AA

resulted in the decreased water absorbency of the prepared

superabsorbent. This behavior could be due to a rise in chain

stiffness and counter ion condensation on the polyion.39 We

believe that due to the increased amount of counter ion (Naþ)
with increasing AA neutralization degree, the condensation of

counter ions that cover COO� ions increased, resulting in a

decreased formation of hydrogen bonds between the COO�

groups and H2O. This phenomenon causes the water absorb-

ency of the superabsorbent hydrogel to decrease.

Influence of Starch Content on Water Absorbency

Table I shows the effect of different amounts of starch on water

absorbency in distilled water. It can be seen that the amount of

starch powder used has an important role in the equilibrium

water absorbency of the prepared samples. The water absorb-

ency increased from 370 to 390 g/g as the ratio of starch in the

feed increased from 0.05 to 0.1 wt %, and further increases in

the amount of starch in the feed decreased the water absorb-

ency. According to a previous study,8 wheat straw can react

with AA to enhance the polymeric network. A similar mecha-

nism may have played a role in this study; starch contains a

number of hydrophilic functional groups (AOH groups), and

thus reactions between the OH groups of starch and the

COO�1 groups of AA may occur and enhance the polymeric

network resulting in an increase in water absorbency.8 When

the starch content was >0.1% in the feed, the water absorbency

decreased. This phenomenon could be due to the generation of

more crosslink points in the polymeric network which would

cause the crosslink density of the superabsorbent hydrogel to

increase; therefore, there should be a decrease in the water

absorbency.8

Influence of Initiator Content on Water Absorbency

Table I illustrates the effect of the oil-soluble initiator and

water-soluble initiator on the water absorbency of the prepared

samples. The water absorbency increases as the BP and KPS

contents increase from 0.2 to 0.8% and from 0.0 to 0.8%,

respectively, but decreases with further increases in the BP and

KPS content. The maximum water absorbency (390 g/g) is

obtained when the total amount of initiator (KPS and BP) is

1.6% which causes the graft polymerization rate to increase;

consequently, the final water absorbency increases. When the

total amount of initiator is higher than the optimum value, the

water absorbency decreases. This phenomenon is most likely

due to an increase in the number of radical centers, which

increases the crosslinking density. The greater crosslinking den-

sity prevents the network from expanding to its greatest extent.

Furthermore, an increase in the number of radical centers leads

to a decrease in the chain length of the grafted AA-co-starch of

the hydrogel and a decrease in the molecular weight of the

grafted AA-co-starch of the hydrogel. As a result, the water

absorbency decreases. This may be attributed to the inverse rela-

tionship between the initiator content and molecular weight.37

Influence of Crosslinker Content on Water Absorbency

Table I shows the effect of the crosslinker content on water

absorbency. An increase in the crosslinker content from 0.08 to

0.12% leads to a decreased water absorbency. This phenomenon

is most likely due to the fact that, as the amount of crosslinker

increases, more crosslink points are produced during polymer-

ization and the crosslinking density increases. The increased

crosslinking density leads to a highly crosslinked and rigid

structure, and the polymer network can not expand enough to

retain a large amount of water. The maximum water absorbency

is achieved when the amount of crosslinker is 0.08%. When the

amount of crosslinker is <0.08%, the water absorbency

decreases due to an increase in soluble materials.26 This tend-

ency is similar to that of the starch-graft-poly acrylic acid/atta-

pulgite superabsorbent prepared by Li et al.26

Influence of Bentonite Content

The influence of bentonite content on the water absorbency of

the PS-g-PAA-co-ST/BT superabsorbent composite is shown in

Table II. It is obvious that the BT content has an important

effect on the water absorbency of the superabsorbent composite.

Table II. Effect of Sodium Bentonite Content on the Water Absorbencies

of the Superabsorbent Compositesa

Sample

Bentonite
percentage
(wt %)

QH2O (g/g)

Distilled
water

NaCl
(0.9 wt %)

PS-g-PAA-co-ST/BT0 0 390 42

PS-g-PAA-co-ST/BT1 3 500 49

PS-g-PAA-co-ST/BT2 5 350 45

PS-g-PAA-co-ST/BT3 7 315 40

PS-g-PAA-co-ST/BT4 9 280 38

PS-g-PAA-co-ST/BT5 11 260 33

aReaction conditions: reaction temperature, 70�C; 70% neutralization
degree of AA; weight ratio of AA/PS in the feed 9 : 1; weight ratios of
starch, oil-soluble initiator, water-soluble initiator and crosslinker in the
feed of 0.10, 0.80, 0.80, and 0.08 wt %, respectively.
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The water absorbency of the superabsorbent composite in dis-

tilled water and in 0.9 wt % NaCl solution increased from 390

to 500 g/g and from 42 to 49 g/g, respectively, as 3 wt % BT

was introduced. According to the data from the IR analysis of

this work, the AOH groups of BT could participate in the for-

mation of the composite, which can enhance the polymeric net-

work and increase the water absorbency. Furthermore, Na-ben-

tonite (BT) contains Naþ cations that are almost completely

dispersed into the composite polymeric network, thus increasing

the hydrophilicity of the composite and causing the water

absorbency to increase.9 A further increase in the BT content to

11 wt % leads to a decreased water absorbency of 260 in dis-

tilled water and 33 g/g in 0.9 wt% NaCl solution. The water

absorbency decreased with increasing BT content. This could be

due to the fact that the interactions among the BT, acrylic acid,

and starch increase gradually with increasing BT content, which

leads to an increased formation of physical and chemical cross-

links in the polymeric network. With more physical and chemi-

cal cross-links in the polymeric network, the elasticity of the

polymer chains decreases. The water absorbency of the superab-

sorbent composite decreases with decreasing polymer elasticity.9

Effect of Salt Solution on Water Absorbency

The effect of saline solution on water absorbency is shown in

Figure 3. The swelling capacity of the superabsorbent in saline

solutions was lower than that in distilled water. This phenom-

enon could be due to a charge screening effect of the excess cat-

ions. The excess cations can shield the carboxylate anions and

decrease the effective anion–anion repulsion, resulting in a

decrease in the osmotic pressure (ionic pressure) difference

between the hydrogel network and the external solution.40 As

shown in Figure 3, the swelling capacity of the prepared hydro-

gel in the prepared saline solutions is Naþ > Ca2þ > Feþ3. The

absorbency of the superabsorbent composites in the salt solu-

tions is monovalent > divalent > trivalent cations; the degree

of ionic crosslinking increases with increasing cation charge,

and consequently, swelling decreases.37 The reduced water-

absorbing capacity observed in multivalent cationic solutions

can be attributed to the carboxylate groups, which can induce

the formation of intermolecular and intramolecular complexes,

resulting in an increase in the network crosslinking density.41

The ability of the carboxylate group to form a complex with the

three cations is Fe3þ > Ca2þ > Naþ, based on their formation

constants for ethylenediaminetetraacetic acid (EDTA).17 In addi-

tion, the water absorbency decreases with increasing concentra-

tions of different external saline solutions. This phenomenon

may be due to the presence of cations in different salt solutions.

The osmotic pressure between the external saline solution and

the polymeric network decreases with increasing concentration

of the saline solution.42 The penetration of counter ions (Feþ3,

Ca2þ, and Naþ1) in the polymeric network can have a screening

effect on the carboxylate groups (ACOO�), which results in a

decreased water absorbency of the superabsorbent composites.40

Morphological Analysis

The porosity of a hydrogel can affect its water absorbency and

retention rate.40 Thus, one of the important properties to inves-

tigate is the hydrogel microstructure morphology. SEM micro-

graphs of PS-g-PAA-co-ST/BT0 and PS-g-PAA-co-ST/BT1 are

shown in Figure 4. These images confirm that the prepared

samples have a porous structure. The surface of the PS-g-PAA-

co-ST/BT1 composite seems to be more porous (higher pore

Figure 3. Water absorbency of PS-g-AA-co-ST/BT1 in NaCl, CaCl2, and

FeCl3 in aqueous solutions with various salt concentrations.

Figure 4. Scanning electron micrographs of (a) PS-g-PAA-co-ST/BT0 and

(b) PS-g-PAA-co-ST/BT1.
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density) than that of PS-g-PAA-co-ST/BT0. It can be concluded

from the SEM images that the bentonite particles were well dis-

persed in the composite; thus, there is a good interaction

between the clay particles and the polymer chains. In addition,

these pores should provide regions for water penetration into

the polymeric network and interaction sites for the hydrophilic

groups of the polymer network and external stimuli.9,37

Thermal Stability

Figure 5 shows the thermal decomposition of PS-g-PAA-co-ST/

BT0 and PS-g-PAA-co-ST/BT1. Both superabsorbents passed

through three steps from room temperature to 700�C, but there
were some differences between the two samples in each step. The

temperatures for 10% weight loss for PS-g-PAA-co-ST/BT1 and

PS-g-PAA-co-ST/BT0 were 261 and 242�C, respectively. Although
the maximum decomposition for both samples occurred at the

third step, the maximum decomposition temperature (Tmax) in

the third step for PS-g-PAA-co-ST/BT1 was higher (467�C with

52% weight loss) than that of PS-g-PAA-co-ST/BT0, which was

453�C with 58% weight loss. The experimental data show that

the total percentage weight loss of the PS-g-PAA-co-ST/BT1

superabsorbent was lower than that of PS-g-PAA-co-ST/BT0. Fur-

thermore, the initial decomposition temperature and the maxi-

mum decomposition temperature of each step for PS-g-PAA-co-

ST/BT1 were higher than those of PS-g-PAA-co-ST/BT0. This

indicates that the incorporation of bentonite into the polymer

network leads to an increase in thermal stability. This phenom-

enon occurs due to the heat barrier effect of bentonite which

enhanced the thermal stability of the sample.

Swelling Rate

The swelling rates of the PS-g-PAA-co-ST/BT0 and PS-g-PAA-co-

ST/BT1 superabsorbents were determined and are illustrated in

Figure 6. It can be seen from Figure 6 that the swelling rates of

PS-g-PAA-co-ST/BT0 and PS-g-PAA-co-ST/BT1 were higher for

0–35 min and that the water absorbency of PS-g-PAA-co-ST/

BT0 and PS-g-PAA-co-ST/BT1 reached 280 and 360 g/g within

35 min, respectively. Then the swelling rates decreased slowly,

and the equilibrium water absorbency of PS-g-PAA-co-ST/BT0

and PS-g-PAA-co-ST/BT1 was reached within 90 and 125 min,

respectively. Compared with the swelling of PS-g-PAA-co-ST/

BT0, the swelling of the PS-g-PAA-co-ST/BT1 superabsorbent

took longer to reach equilibrium. The swelling rate of a super-

absorbent is determined by the surface area, swelling ability,

polymer density, and particle size.43 The higher swelling equilib-

rium rate for PS-g-PAA-co-ST/BT0 could be due to the fact that

the superabsorbent without clay has a looser polymeric network

in comparison to the superabsorbent with clay, PS-g-PAA-co-

ST/BT1. Furthermore, the introduced bentonite particles

blocked the penetration of distilled water into the superabsorb-

ent composite, so the time required to achieve the swelling

equilibrium for PS-g-PAA-co-ST/BT1 was greater than that for

PS-g-PAA-co-ST/BT0. A similar observation was reported by

Wang et al. for the preparation of poly acrylic acid-co-acryl am-

ide/sodium humate/attapulgite.17

CONCLUSIONS

A superabsorbent hydrogel was prepared by the graft copoly-

merization of AA and starch onto polystyrene through emulsion

polymerization. The maximum water absorbency under opti-

mum conditions for PS-g-PAA-co-ST/BT1 was 500 g/g in dis-

tilled water and 49 g/g in NaCl solution (0.9 wt % NaCl). The

results from FTIR indicated that the AOH groups of starch and

BT and the ACOO� groups of AA participated in graft poly-

merization on polystyrene backbone chains. The SEM results

showed that the small bentonite particles can disperse in the

polymer network. TGA investigations demonstrated that the

introduction of bentonite particles can improve the thermal sta-

bility of the prepared sample. Furthermore, the use of waste

polystyrene not only can reduce the production cost of superab-

sorbent hydrogel, but can also provide a new method for con-

verting waste resources into valuable products.
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Figure 5. TGA curves of (a) PS-g-PAA-co-ST/BT1 and (b) PS-g-PAA-co-

ST/BT0 at a heating rate of 10�C min�1.

Figure 6. Swelling rate in distilled water for PS-g-PAA-co-ST/BT0 and PS-

g-PAA-co-ST/BT1.
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