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Abstract−A new hectorite/poly(acrylamide/itaconic acid) nanocomposite hydrogel was synthesized by inverse micro-
emulsion polymerization. The effects of crosslinker amount on water absorbency and salt absorbency, swellability, pH-
sensitivity, gel strength, temperature-and shear-resistance were investigated. Water and salt absorbencies, pH-sensitivity
and swellability decreased, while gel strength and temperature-and shear-resistance increased with increasing cross-
linker amount. Nanocomposite hydrogels had good thermal stability with onset decomposing temperature of 252 oC.
The as-synthesized hydrogel particles were regular and spherical-like and had an average particle size of 43 nm in the
range of 30-65 nm. Hectorite clay platelets were exfoliated and transformed into amorphous structure.
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INTRODUCTION

Superabsorbent hydrogels have been widely applied in many fields
as hygienic products [1], in agriculture [2], waste water treatment
[3], drug-delivery systems [4] and enhanced oil recovery [5]. How-
ever, superabsorbent hydrogels made from either natural or synthetic
sources are limited in their industrial and biomedical applications
due to their poor mechanical properties caused by irregularly dis-
tributed crosslinking. Many efforts have been focused toward en-
hancing the mechanical strength of these hydrogels [6,7]. Nano-
composite hydrogels (NC gels), having complex nanometer-scale
structures, exhibit extraordinary mechanical and optical proper-
ties and could overcome the limitations of conventional chemically
crosslinked hydrogels [8-13].

Laponite, (Na+
0.7[(Mg5.5Li0.3)Si8O20(OH)4]−0.7), consists of syn-

thetic silicate nanoparticles with an average diameter of 30 nm and
a thickness of 1 nm. Contrary to the conventional chemically cross-
linked hydrogels, the NC gels formed using Laponite as a multi-
functional crosslinker exhibit extraordinary mechanical toughness,
tensile moduli, and tensile strengths [14-19]. But, the expensive
price of Laponite is disadvantageous to applications in industrial
production on a large scale.

Up to now almost all of the Laponite-based NCs have been pre-
pared by water solution polymerization. Little is reported about
the acrylamide-itaconic acid/clay nanocomposite hydrogel. Kiat-
kamjornwong [20] synthesized acrylamide-itaconic acid/mica hydro-

gel nanocomposites by water solution polymerization, using am-
monium persulfate and N, N, N', N'-tetramethylethylenediamine
as the redox initiators and mica as an inorganic additive. Water ab-
sorbency and the artificial urine absorbency of the nanocompos-
ite with an AM/IA mole ratio of 95 : 5, 0.2% mol MBA, and 5%
w/w mica were 748 g/g and 76 g/g, respectively. The viscoelastic
behavior suggested that the swollen gel of the nanocomposites exhib-
ited mechanical stability and elasticity. Kaplan [21] prepared acryl-
amide-itaconic acid/montmorillonite (MMT) hydrogel nanocom-
posites by water solution polymerization, using polyethyleneglycol
(400) diacrylate as crosslinker. The hydrogel nanocomposite has
high adsorption rate (equilibrium time is approximately 30 min)
and basic dye adsorption capacity of 458.1 mg/g.

On the base of our previous work on superabsorbent hydrogels
and microemulsion polymerization [22-32], a novel hectorite/poly
(acrylamide/itaconic acid) nanocomposite hydrogel was synthe-
sized by inverse microemulsion polymerization, using a commer-
cial synthesized and cheap hectorite product as replacer of Laponite.
The hectorite clay is dispersed in aqueous monomer solutions and
then added into the inverse microemulsion. Finally, the nanocompos-
ite hydrogel latex with nanoscale particle size is prepared by inverse
microemulsion polymerization. Effects of crosslinker amount on
water absorbency and salt absorbency, swellability, gel strength, tem-
perature-and shear-resistance were investigated. Structures and ther-
mostability of the nanocomposite hydrogels were characterized by
transmission electron microscope (TEM), X-ray diffraction (XRD)
and thermal gravimetric analysis (TGA), respectively. These nano-
composite hydrogels showed good pH-sensitivity, swellability, gel
strength and temperature-and-shear-resistance, depending on the
crosslinker amount.
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EXPERIMENTAL

1. Materials
Itaconic acid (IA), analytical grade, was purified by recrystalliza-

tion. Acrylamide (AM), analytical grade, was purified by recrystal-
lization. N-methylene-bis-acrylamide (MBA), analytical grade, was
purified by recrystallization. Ammonium persulfate (APS), sodium
bisulfite (SBS), sorbitan monooleate (Span-80), polyoxyethylene
sorbitan monooleate (Tween 80), cyclohexane, analytical grade, were
used without further purification.
2. Synthesis of Hectorite/Poly(Acrylamide/Itaconic Acid) Nano-
composite Hydrogels

A series of nanocomposite hydrogels with different components
were prepared by microemulsion polymerization according to the
following procedure: Typically, 0.45 g hectorite was dispersed in
30 mL distilled water under stirring at least for 4 h to make a uni-
form dispersion. Then 2.25 g itaconic acid and desired amounts of
NaOH solution were added into the hectorite aqueous dispersion
in an ice bath. Subsequently, 9 g acrylamide and 0.034 g N-methy-
lene-bis-acrylamide were added to the above aqueous dispersion
under stirring at room temperature for 60 min. Finally, the mixed
aqueous dispersion was added dropwise to the inverse microemul-
sions formed by 300 g cyclohexane, 18 g Span80, and 12 g Tween
80. The water bath was heated slowly to 45-55 oC with mild stir-
ring under bubbling N2 gas after redox initiator APS (69 mg) and
sodium bisulfite (19mg) were introduced to the above inverse micro-
emulsions. After 3-5 h of the reaction, the resulting product was
washed several times with ethanol and acetone, respectively, dried
at 60 oC to a constant weight, and then milled and screened.
3. Water Absorbency of the Nanocomposite Hydrogels Using
Filtration Method

Approximately 50 mg of dried, milled and sifted hydrogels was
dispersed in 100 mL of deionized water. Then, excess water was
allowed to drain through a 300 mesh wire gauze. The weight of
the hydrogels containing absorbed water was measured, and water
absorbency at different absorption time was calculated according
to the following equation:

Water absorbency (g/g)=(W2−W1)/W1 (1)

where W1 and W2 are the weight of the dry and swollen hydro-
gels, respectively.
4. Saline Solution Absorbency of the Nanocomposite Hydro-
gels Using Filtration Method

Approximately 20 mg of dried, milled and sifted hydrogels was
dispersed in 50 mL 1%, 3%, 5%, 10%, 15% NaCl, MgCl2 and CaCl2
solutions for 300 min, respectively. Then, excess salt solutions were
allowed to drain through a 300 mesh wire gauze. The weight of
the hydrogels containing absorbed salt solutions was measured
after draining for 30 min, and the saline solution absorbency was
calculated according to the following equation:

Saline solution absorbency (g/g)=(S2−S1)/S1 (2)

where S1 and S2 are the weight of the dry and swollen hydrogels,
respectively.
5. Determination of Swellability of the Nanocomposite Hydrogels

Particle sizes of the nanocomposite hydrogels swollen at differ-

ent time were determined by an OMEC LS-POP(III) laser parti-
cle size analyzer (Zhuhai OMEC instrument Co., Ltd., China).
6. Gel Properties of the Nanocomposite Hydrogels Determined
by Rotation Viscometer
6-1. Gel Strength Evaluation of the Nanocomposite Hydrogels

Approximately 50 mg of dried, milled and sifted hydrogels was
dispersed in 100mL of deionized water. After reaching water absorp-
tion equilibrium, excess water was allowed to drain through a 300
mesh wire gauze. Gel strength of the water-swollen nanocompos-
ite hydrogels could be measured by apparent viscosity and was deter-
mined on a NXS-11B type rotation viscometer (Chengdu, China)
at a shear rate of 17 s-1 at room temperature.
6-2. Shear-resistance Evaluation of the Nanocomposite Hydrogels

Swollen nanocomposite hydrogels were agitated by a high-speed
mixer for 60min with a speed of 3,000rpm, and then the gel strength
of the swollen nanocomposite hydrogels was determined on an NXS-
11B type rotation viscometer (Chengdu, China) at a shear rate of
17 s-1 at room temperature.
6-3. Temperature-resistance Evaluation of the Nanocomposite Hydro-
gels

Swollen nanocomposite hydrogels were placed in an oven at 80 oC,
taken away every 1 h, cooled to room temperature and then the
gel strength of the swollen nanocomposite hydrogels was deter-
mined on an NXS-11B type rotation viscometer (Chengdu, China)
at a shear rate of 17 s-1.
7. Characterization of the Nanocomposite Hydrogels

The micrographs of nanocomposite hydrogels were taken using
TEM (Tecnai G2 F20S-TWIN, FEI). Before TEM observation, inverse
microemulsion samples were diluted with cyclohexane, stained with
phosphotungstic acid, and then dipped onto the copper grid and
allowed to evaporate at room temperature. X-ray diffraction mea-
surements were performed using an X-ray diffractometer, Bruker
AXS Model D8 Discover (Cu Kα radiation, 40 kV, 40 mA, with
λ=0.15406 nm and n=1) at a scanning range from 10 to 60o and a
scanning rate of 0.0258 min-1. TGA was recorded on a Dupont
2100 thermogravimetric analyzer, in the temperature range of 25
to 500 oC at a heating rate of 10 oC/min using dry nitrogen purge
at a flow rate of 30 mL/min.

RESULTS AND DISCUSSION

1. Effect of Crosslinker Amount on Water Absorbency of the
Nanocomposite Hydrogels

Crosslinking density plays a major role in modifying the swelling
properties of hydrogels. Effects of crosslinker amount on the water
absorbency of the nanocomposite hydrogels are shown in Fig. 1.
Water absorbency decreased with increasing crosslinker amount.

The relationship between the volume swelling ratio Q5/3 and net-
work structure parameters given by Flory-Rehner theory [33] is
usually used as the following equation:

(3)

Here, i/Vu is the concentration of the fixed charges referred to
the unswollen polymer, and I is ionic strength in the external solu-
tion; the term (1/2−χ1)/V1 represents the interaction parameter,

Q5/3
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i.e., affinity of the gel to water, and ve/V0 is the crosslink density of
the gel.

According to Eq. (3), the volume swelling ratio Q5/3 should increase
as the square of concentration of the fixed charge and as the recip-
rocal of I, and decrease as the crosslink density. Higher crosslinker
amount will result in more crosslink points and higher crosslink
density, decreasing both the space among the grids of the three-
dimensional network and the elasticity of the polymeric network.
This will make it more difficult for the network to expand and be
swollen by water, and therefore decrease water absorbency of the
nanocomposite hydrogels. The results are in conformity with Flory-
Rehner theory [33].
2. Effects of Crosslinker Amount on Salt Absorbencies of the
Nanocomposite Hydrogels

Crosslinker amount dependence of salt absorbencies of the nano-
composite hydrogels was investigated and the results are in Fig. 2.
Salt solution absorbencies decreased with increasing crosslinker
amount. It is observed that, the lower the salt concentration, the
higher the cation valence, the less the radius of the same valance
cation, the more the salt solution absorbencies (Na+>Mg2+>Ca2+).
According to the Donnan equilibrium theory, the distribution in
the concentration of mobile ions between the gel and solution is
reduced with increasing ionic strength, consequently decreasing
the osmotic swelling pressure of the mobile ions inside the gel and
decreasing salt solution absorbencies. Besides, with increase in ion
size, salt solution absorbencies decrease due to the difficulty in the
penetration of the ions into the hydrogel networks [34].
3. Effects of Crosslinker Amount on the pH-sensitivity of the
Nanocomposite Hydrogels

Effects of crosslinker amount on the pH-sensitivity of the nano-
composite hydrogels are shown in Fig. 3. As indicated in Fig. 3,
the swelling capacity of the nanocomposite hydrogels increased with
increasing pH value until reaching the maximum, and then de-
creased with increasing pH value. Note that the pH-sensitivity de-
creased, whereas the maximum swelling capacity of the nanocom-
posite hydrogels occurred at higher pH value with increased cross-
linker amount. Higher crosslinker amount can make the polymeric

chains more rigid and restrain the expansion of polymeric networks,
thus decreasing pH-sensitivity of the nanocomposite hydrogels.
Loose and flexible network can be formed under low crosslinker
amount. This can make H+ or OH− enter into the network easily,
and affect the ionization or deionization of carboxylate groups as
well as the ionic strength of the hydrogels. Consequently, swelling
capacity changes significantly and the maximum swelling occurs

Fig. 1. Effect of crosslinker amount on water absorbency of the nano-
composite hydrogels.

Fig. 2. Effects of crosslinker amount on salt absorbencies of the nano-
composite hydrogels.
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at lower pH value with decreasing crosslinker amount.
4. Effects of Crosslinker Amount on the Gel Strength and Shear-
resistance of the Nanocomposite Hydrogels

Fig. 4 demonstrates the gel strength and shear-resistance versus
crosslinker amount of the nanocomposite hydrogels. Gel strength
increased with increasing crosslinker amount and reached 13.6 Pa·s
at 0.6 wt% crosslinker used. After 60 min-shearing with a speed of
3,000 rpm, gel strength of the nanocomposite hydrogels decreased,
showing shear-thinning behaviors. However, gel strength of the nano-
composite hydrogels decreased more slightly after 60min-shearing
with increasing crosslinker amount, demonstrating enhanced shear-
resistance of the nanocomposite hydrogels. Higher crosslinker amount
can increase the effective network chain density of the nanocompos-
ite hydrogels. This can make the polymeric chains more rigid and
restrain the deformation of polymeric chains, thus increasing both
gel strength and shear-resistance of the nanocomposite hydrogels.
5. Effects of Crosslinker Amount on Temperature-resistance
of the Nanocomposite Hydrogels

The temperature-resistance behavior of the nanocomposite hydro-

gels was investigated as a function of crosslinker amount. As shown
in Fig. 5, gel strength of the nanocomposite hydrogels decreased
with increasing heating time. With increasing crosslinker amount,
the gel strength of the nanocomposite hydrogels decreased more
slowly with increasing heating time, demonstrating the enhanced
temperature-resistance of the nanocomposite hydrogels. Higher
crosslinker amount will cause more crosslink points and higher
crosslink density, decreasing the space among the grids of the three-
dimensional network, increasing rigidity of the polymeric network,
and thus increasing temperature-resistance.
6. Effects of Crosslinker Amount on Swellability of the Nano-
composite Hydrogels

Swellability of the nanocomposite hydrogels synthesized at dif-
ferent crosslinker amount is shown in Fig. 6. As indicated in Fig. 6,
the average particle size of the nanocomposite hydrogels synthe-
sized at crosslinker amount of 0.2% and 0.6%, increased from 0.38
µm and 0.12µm to 4.6µm and 2.8µm, respectively, with swelling
time increasing from 30 min to 300 min. This indicates the good
adjustable swellability of the nanocomposite hydrogels via changing
crosslinker amount. With increasing crosslinker amount, denser

Fig. 3. Effects of crosslinker amount on the pH-sensitivity of the
nanocomposite hydrogels.

Fig. 5. Effects of crosslinker amount on temperature-resistance of
the nanocomposite hydrogels.

Fig. 4. Effects of crosslinker amount on the gel strength and shear-re-
sistance of the nanocomposite hydrogels.

Fig. 6. Effects of crosslinker amount on swellability of the nanocom-
posite hydrogels.
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and stiffer polymeric networks are formed, preventing the networks
from expanding and thus decreasing the swellability of the nano-
composite hydrogels.
7. Morphology and Structure of the Nanocomposite Hydrogels

The morphology and size of the as-synthesized nanocomposite
hydrogels were characterized by TEM and the results shown in Fig.
7. Nanocomposite hydrogel particles are regular and spherical-like
and have an average particle size of 43 nm in the range of 30-65 nm,
indicating that nanocomposite hydrogels have been successfully
synthesized by microemulsion polymerization.
8. X-ray Analysis of the Nanocomposite Hydrogels

XRD patterns of hectorite and nanocomposite hydrogels are shown
in Fig. 8. As indicated there, hectorite showed five distinct diffrac-
tion peaks, an indicative of crystalline structure of hectorite. After
graft copolymerizing of hectorite with IA and AM, these diffrac-
tion peaks disappeared and were transformed into a large and wide
dispersion peak. This confirmed that hectorite clay platelets were
exfoliated and transformed into amorphous structure, causing hec-
torite to be dispersed randomly within the polymeric network.
9. Thermal Analysis (TGA) of the Nanocomposite Hydrogels

TGA and DTGA curves of nanocomposite hydrogels are shown
in Fig. 9. As indicated, nanocomposite hydrogels had three step
degradations. The first degradation step between 25 and 165 oC
with Tmax of 80 oC, temperature at which maximum degradation
occurred, might be due to the water desorption. The second deg-

radation step lying between 175 and 300 oC with Tmax of 280 oC and
onset decomposing temperature (Tonset) of 252 oC, is ascribed to the
elimination of CO2 and water molecule from the two neighboring
carboxylic groups of the polymer chains due to carboxyl removal
and the formation of anhydride [35]. The third degradation step
between 300 and 500 oC with Tmax of 333 oC, is due to the breakage
of polymeric chains and the destruction of crosslinked network
structure. This clearly indicates the good thermal stability of nano-
composite hydrogels.

CONCLUSIONS

A novel hectorite/poly(acrylamide/itaconic acid) nanocomposite
hydrogel was synthesized by inverse microemulsion polymeriza-
tion. With increasing crosslinker amount, water and salt absorbency,
pH-sensitivity decreased with the salt absorbency sequence of Na+>
Mg2+>Ca2+, while gel strength and temperature-and shear-resis-
tance increased with gel strength of 13.6 Pa·s at 0.6 wt% crosslinker
used. Average particle size of the nanocomposite hydrogels synthe-
sized at 0.2% and 0.6% crosslinker, increased from 0.38µm and
0.12µm to 4.6µm and 2.8µm, respectively, with swelling time in-
creasing from 30 min to 300 min. TEM indicated that the as-syn-
thesized regular and spherical-like hydrogel particles had an average
particle size of 43 nm in the range of 30-65 nm. XRD demonstrated
that hectorite clay platelets were exfoliated and transformed into
amorphous structure. TGA showed that nanocomposite hydro-
gels had good thermal stability with onset decomposing tempera-
ture of 252 oC.
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Fig. 7. TEM picture of the as-synthesized nanocomposite hydrogels.
Fig. 9. TGA of the nanocomposite hydrogels.

Fig. 8. XRD spectra of the nanocomposite hydrogels (a) and hec-
torite (b).
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