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Abstract

A series of superabsorbent composites were synthesized by copolymerization reaction of partially neutralized acrylic
acid on unexpanded vermiculite (UVMT) micropowder using N,N 0-methylenebisacrylamide (MBA) as a crosslinker and
ammonium persulfate (APS) as an initiator in aqueous solution. And the samples were further characterized by means
of fourier-transform spectroscopy (FTIR), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), X-ray diffraction (XRD) and thermogravimetric analysis (TGA). The effects of vermiculite content on water
absorbency were studied. Swelling behaviors of the superabsorbent composites in various cationic salt solutions (NaCl,
CaCl2 and FeCl3), anionic salt solutions (NaCl, Na2SO4 and Na3PO4) and pH solutions were also systematically investi-
gated. Results obtained showed that the equilibrium water absorbency increased with increasing UVMT content and the
concentration of 20 wt.% clay gave the best absorption (1232 g/g in distilled water and 89 g/g in 0.9 wt.% NaCl). Data
achieved also suggested that the water absorbency in various saline solutions decreased with an increase in the ionic
strengths of these solutions. And it was found that at a higher ionic strength (>1 · 10�3 M), the water absorbency in mono-
valent cationic solutions was higher than those in multivalent cationic solutions. However, at the same ionic strength
(>1 · 10�3 M), the effect of three anionic salt solutions on the swelling has the following order: NaCl < Na2SO4 < Na3PO4.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Superabsorbents are loosely crosslinked hydro-
philic polymers that can absorb, swell and retain
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aqueous solutions up to hundreds of times their
own weight even under some pressure. Based on
their excellent characteristics, superabsorbents have
been used widely in agriculture [1], horticulture
[2–5], hygienics, foods, cosmetics [6,7] and drug
delivery [8,9]. Since the first superabsorbent polymer
was reported by the US Department of Agriculture
in 1961, lots of researchers attempted to modify
.
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these absorbent polymers to enhance their absor-
bency, gel strength, and absorption rate [10–13].

In recent years, the preparation of organic–inor-
ganic superabsorbent composites has attracted great
attention because of their relatively low production
cost, high water absorbency and their considerable
range of applications [14–16]. Synthesis and swelling
behaviors of superabsorbent composites through
polymerization of diluted solution of monomers by
using micro-sized inorganic materials such as kaolin
[14], attapulgite [17] and mica [18] have been recently
investigated. Because of their hydrophilic nature,
clays have been more suitable for use in water absor-
bents as additives.

Vermiculite is a layered aluminium silicate with
exchangeable cations and reactive –OH groups on
the surface. It is expected that the type and amount
of hydrophilic groups, as well as the network struc-
ture of the superabsorbent composites are improved
by copolymerization of acrylate monomer and ver-
miculite. Consequently, on the basis of our previous
work about superabsorbent composite [17,19–21], a
series of novel polyacrylate/vermiculite superabsor-
bent composites are synthesized in this paper. The
effects of vermiculite content on water absorbency
were studied. Swelling behaviors of the superabsor-
bent composites in various cationic salt solutions
(NaCl, CaCl2 and FeCl3), anionic salt solutions
(NaCl, Na2SO4 and Na3PO4) and pH solutions were
also systematically investigated.

2. Experimental

2.1. Materials

The monomer, acrylic acid (AA, chemically pure,
Shanghai Wulian Chemical Factory, Shanghai,
China) was distilled under reduced pressure before
use. The initiator, ammonium persulfate (APS, ana-
lytical grade, Xi’an Chemical Reagent Factory,
Xi’an, China) was recrystallized from water. The
crosslinker, N,N 0-methylenebisacrylamide (MBA,
chemically pure, Shanghai Chemical Reagent Fac-
tory, Shanghai, China) was used as purchased.
Unexpanded vermiculite micropowder (UVMT,
Longyan Colloidal Co., Ltd., Fujian, China), milled
through a 320-mesh screen, with a chemical com-
position of analytical SiO2 44.23 wt.%, Al2O3

15.10 wt.%, Fe2O3 14.26 wt.%, MgO 16.69 wt.%,
CaO 4.02 wt.%, TiO2 0.92 wt.%, MnO 0.13 wt.%,
K2O 3.64 wt.%, Na2O 0.24 wt.%, and P2O50.06
wt.%. Other reagents used were all analytical
grade and all solutions were prepared with distilled
water.

2.2. Preparation of poly(acrylate)/vermiculite (PAA/
UVMT) superabsorbent composites

A series of samples with different amounts of
UVMT were prepared by the following procedure.
7.2 g AA was dissolved in 20 mL distilled water
and then neutralized at 5 �C with 12 mL of sodium
hydroxide solution (5 M) in a four-neck flask
equipped with a stirrer, a condenser, a thermometer,
and a nitrogen line. UVMT powder (0.8 g) was dis-
persed in the above partially neutralized monomer
solution. Under nitrogen atmosphere, the cross-
linker MBA (16.0 mg) was added to the AA–
UVMT mixture solution and the mixed solution
was stirred on a water bath at room temperature
for 30 min. The water bath was then heated slowly
to 70 �C with vigorous stirring after the radical ini-
tiator APS (80.2 mg) was charged to the mixed solu-
tion. The polymerization reaction was carried out at
70 �C for 3 h.

2.3. Measurement of water absorbency

After polymerization, the resulting product was
washed several times with distilled water, dried at
70 �C to a constant weight, then milled and screened.
All samples used for test had a particle size in the
range of 40–80 mesh. The powdered composite was
immersed in distilled water or salt solutions at room
temperature for at least 4 h to reach swelling equilib-
rium, which resulted in the absorption of water into
the network of the composite and the formation of
a hydrogel. Swollen samples were then separated
from unabsorbed water by filtering with 100-mesh
stainless screen and hanging up for 10 min. The equi-
librium-swelling ratio (QH2O) was calculated accord-
ing to following equation:

QH2O ¼ ðm2 � m1Þ=m1

where m1 and m2 are the weights of the dry sample
and the swollen sample, respectively. QH2O was cal-
culated as grams of water per gram of sample.

The determination of water absorbency at vari-
ous pH solutions was similar to that of above mea-
surement. Fixed at 0.1 M of total ionic strength, pH
values of the external solution were adjusted via
addition of 0.1 M HCl, 0.1 M NaOH and 0.1 M
NaCl solutions. The effects of various pH solutions
on water absorbency can then be achieved.
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2.4. Characterization

IR spectra of the superabsorbent composite were
recorded on a FTIR (Thermo Nicolet, NEXUS,
TM) in the range of 4000–400 cm�1, using KBr pel-
lets. SEM studies were carried out in a JSM-5600LV
SEM instrument (JEOL, Ltd.) after coating the
sample with gold film using an acceleration voltage
of 20 kV. TEM was performed on an instrument of
JEM1200EX (Japan). The powdered specimen was
placed on the copper grids after sonicating its sus-
pension in ethanol dried for 300 s. XRD patterns
were obtained from an X’Pert PRO diffractometer
(CuKa radiation, 40 kV, 30 mA). Thermal stability
studies were performed on a Perkin–Elmer TGA-7
thermogravimetric analyzer, in the temperature
range 25–800 �C at a heating rate of 10 �C/min
using dry nitrogen purge at a flow rate of 50 mL/
min.

3. Results and discussion

3.1. FTIR

The infrared spectra of UVMT, crosslinked PAA
and composite containing 10 wt.% UVMT are
shown in Fig. 1. Compared with infrared spectra
of pure UVMT and crosslinked PAA, the infrared
spectrum of composite containing 10 wt.% UVMT
showed a broad band in the wave numbers
Fig. 1. Infrared spectra of (a) UVMT, (b) crosslinked PAA and
(c) composite containing 10 wt.% UVMT.
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range from 3700 to 3000 cm�1, as well as the band
at 1631 cm�1, both characteristic of molecular
water, and this spectrum contained all bands char-
acteristic of crosslinked PAA. However, the absorp-
tion bands near 1004 cm�1 and 685 cm�1 that
correspond to stretching vibrations of Si–O bond
[22] almost disappeared in the spectrum of compos-
ite, suggesting the reactions between –COO� groups
and –OH groups on the surface of UVMT
micropowder.

3.2. Morphology

The micrographs of crosslinked PAA, compos-
ites containing 5 wt.% UVMT and 30 wt.% UVMT
are depicted in Fig. 2a–c, respectively. It can be
observed that crosslinked PAA (Fig. 2a) displays a
smooth and tight surface. However, composites
containing UVMT (Fig. 2b and c) present an undu-
lant and coarse surface, facilitating the permeation
of water into the polymeric network [23]. Moreover,
the UVMT micropowders are more finely dispersed
in the polymer matrix. Fig. 3 shows a TEM image of
composite containing 5 wt.% vermiculite and fur-
ther proves the characteristic of fine dispersion for
UVMT micropowders.

3.3. XRD patterns

Fig. 4 exhibits the XRD patters of pure vermicu-
lite, composites containing 5 wt.% UVMT, 10 wt.%
UVMT and 30 wt.% vermiculite, respectively. The
XRD pattern of pure UVMT shows a strong peak
at 2h = 6.17 which corresponds to a basal spacing
of 14.3 Å. After reaction, this peak has almost dis-
appeared, and other diffraction peaks are similar
to those of pure UVMT, and 2h remains unchange-
able. Results obtained indicate that UVMT micro-
powder has been dispersed finely in the polymer
matrix [12], and the polymerization reaction is per-
formed on the surface of UVMT micropowder. This
is consistent with the results achieved from SEM
and TEM.

3.4. TGA analysis

TGA curves of crosslinked PAA (a) and compos-
ites containing 5 wt.% UVMT (b) and 30 wt.%
UVMT (c) are presented in Fig. 5, respectively.
These samples show a similar loss at 25–200 �C, cor-
responding a loss of water existed in these samples.
The major weight loss of crosslinked PAA starts



Fig. 2. Scanning electron micrographs for dried superabsorbents: (a) crosslinked PAA, (b) composite containing 5 wt.% UVMT and (c)
composite containing 30 wt.% UVMT.

Fig. 3. Transmission electron microscopy for the superabsorbent
composite containing 5 wt.% vermiculite.
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at 329 �C (22.8%), whereas composite containing
5 wt.% UVMT has a major weight loss starting at
339 �C (31.2%), and composite containing 30 wt.%
UVMT exhibits the major weight loss located at
359 �C (48.7%). So, these samples have initial
decomposition temperatures of 329 �C, 339 �C and
359 �C, respectively. TGA curves showed a higher
onset temperature after the UVMT was incorpo-
rated. This may be attributed that the UVMT parti-
cles improve the barrier by physically impeding the
passage of gases through the matrix, the so-called
tortuous path impedance. The enhanced barrier
characteristics [24], which benefits from the hin-
dered diffusion pathways through the UVMT parti-
cles, will lead to improved thermal stability. In
this procedure, UVMT particles can act as the
heat barrier. The result is similar to our previous
study about attapulgite [19]. Conclusion obtained
implies that the incorporation of UVMT is benefi-
cial for the improvement of thermal stability of
the composites.



Fig. 4. XRD powder patters for (a) pure UVMT, (b) composite containing 5 wt.% vermiculite, (c) composite containing 10 wt.%
vermiculite and (d) composite containing 30 wt.% vermiculite.
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3.5. Water absorbency

3.5.1. Effect of UVMT content on equilibrium water

absorbency

Water absorbency of the superabsorbent com-
posites incorporated with different amounts of
UVMT in distilled water and in 0.9 wt.% NaCl
solution is shown in Fig. 6. It is clear that the
amount of UVMT micropowder plays an important
role in affecting equilibrium water absorbency of
the PAA/UVMT superabsorbent composites. The
water absorbency increases from 612 g/g to 1232
g/g as the amount of UVMT increases from 0 to
20 wt.%, and further increasing the amount of
UVMT decreases the water absorbency. According
to a previous study [15], attapulgite can react with
AA to improve the polymeric network. In this
study, a similar mechanism can be proposed, that
is, the reactions between –COO� groups and –OH
groups on the surface of UVMT micropowder can
occur, and therefore enhances the water absorbency
of the superabsorbent composite as the amount of
UVMT increases from 0 to 20 wt.%. In addition,
in low UVMT content (<20 wt.%), the cations pres-
ent in UVMT are easily ionized and dispersed into
the polymeric network. This enhances the hydrophi-
licity of the composites and makes it swell more [25].
The effect of electrostatic interaction on the polymer
chains may be also responsible for the increased
water absorbency [12]. The decreasing tendency of
equilibrium water absorbency with further increas-
ing UVMT content may be attributed to generation
of more crosslink points in the polymeric network,
inducing an increase in crosslink density of the



Fig. 5. TGA curves of (a) crosslinked PAA, (b) composite
containing 5 wt.% UVMT and (c) composite containing 30 wt.%
UVMT.

Fig. 6. Effect of UVMT content on water absorbency.

Fig. 7. Effect of various pH solutions on water absorbency.
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composite, therefore a decrease in the elasticity of
the polymer. On the other hand, the water absor-
bency decreased with increasing UVMT content
may be due to the that UVMT particles are partly
physically filled in the PAA/UVMT network, the
content of hydrophilic groups is lower and the water
absorbency thus gradually decreases.

3.5.2. Effect of various pH solutions on water

absorbency

Fig. 7 shows the effect of pH values on water
absorbency. It can be seen that equilibrium water
absorbencies for PAA/UVMT composites keep
roughly constant in the pH range from 4 to 12.
This behavior was interpreted as a buffer action of
–COOH and –COO� [26]. But when a large amount
of acid or base is added, the buffer action of
–COOH and –COO� has disappeared. Fig. 7
also shows that acidic environment has a greater
impact on water absorbency than that of basic envi-
ronment. For the composite containing 10 wt.%
UVMT, based on total ionic strength of 0.1 M,
water absorbency is lower than 11 g/g when the con-
centration of H+ is 0.1 M, while it is 65 g/g when the
concentration of OH� is also 0.1 M.

3.5.3. Effect of various cations on water absorbency

A typical profile of water absorbency as a func-
tion of different ionic strengths for the PAA/UVMT
(20 wt.%) in different valence salt solutions [aqueous
KCl, CaCl2, and FeCl3] is shown in Fig. 8. The
water absorbency decreased as the ionic strength
of all three cationic salt solutions increased. The
curve of water absorbency for monovalent cationic
salt solution was flatter than those for divalent
and trivalent cationic salt solution. This is because
the divalent calcium ion and trivalent ferric ion
would form complexes with the carboxylate group
[27]. Hence, the water absorbencies converge to zero
for the gels in the divalent and trivalent cationic salt
solutions at 0.1 M ionic strength. Moreover, the
deswelling of the superabsorbent composite showed
different tendencies at various ranges of the ionic
strength: Ca2+ < Na+ < Fe3+, and Ca2+ < Fe3+ <
Na+ for ionic strengths of lower than 1 · 10�3 M
and higher than 1 · 10�3 M, respectively. At a lower
ionic strength, the main influence of multivalent cat-
ions on the water absorbency was due to the reduc-



Fig. 8. Water absorbency of composite containing 20 wt.%
UVMT in aqueous NaCl, CaCl2 and FeCl3 solutions with
various ionic strengths.
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tion of osmotic pressure between superabsorbent
composite network and external solutions.

3.5.4. Effect of various anions on water absorbency
Fig. 9 shows the effects of monovalent, divalent,

and trivalent anions with a common cation (Na+)
on the water absorbency of the superabsorbent
composite. The water absorbency of the superabsor-
bent composite showed different tendencies at vari-
ous ranges of the ionic strength: PO3�

4 < Cl� <
SO2�

4 and Cl� < SO2�
4 < PO3�

4 at ionic strengths of
lower than 1 · 10�3 M and higher than 1 · 10�3 M,
Fig. 9. Water absorbency of composite containing 20 wt.%
UVMT in aqueous NaCl, Na2SO4 and Na3PO4 solutions with
various ionic strengths.
respectively. These results obtained indicated that
the water absorbency of the superabsorbent compos-
ite in a trivalent anion ðPO3�

4 Þ salt solution was
higher than that in monovalent anion (Cl�) and diva-
lent anion ðSO2�

4 Þ salt solutions with the same ionic
strength, similar to that of PAA/attapulgite [17].
4. Conclusions

Equilibrium water absorbency for the PAA/
UVMT superabsorbent composite are significantly
affected by the content of UVMT and the highest
water absorbency is obtained when 20 wt.% UVMT
is incorporated. Water absorbency of these compos-
ite materials is also significantly dependent on prop-
erties of external saline solutions, including valence
of ions, ionic strength and pH values. FTIR indi-
cates that the reactions occur between –COO�

groups and –OH groups on the surface of UVMT
micropowder. SEM and TEM studies illustrate
more finely dispersion of the clay particle in the
polymer matrix. In addition, XRD analysis shows
that the polymerization reaction is performed on
the surface of UVMT and the d-space is not chan-
ged. TGA implies that introduction of UVMT into
the polymer network leads to an increase in thermal
stability of the composites.
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