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ABSTRACT: A series of novel superabsorbent nanocom-
posites were prepared by the solution radical polymeriza-
tion of natural guar gum (GG), partially neutralized
acrylic acid [sodium acrylate (NaA)], and cation-
exchanged vermiculite (Mnþ-VMT) with ammonium per-
sulfate as the initiator in the presence of the crosslinking
agent N,N0-methylene-bis-acrylamide. Fourier transform
infrared analysis revealed that NaA was grafted onto the
GG chains and that Mnþ-VMT participated in the polymer-
ization. X-ray diffraction results showed that the occur-
rence of the cation-exchange process changed the
interlayer gap of vermiculite (VMT) and that Mnþ-VMT
was exfoliated during polymerization to form a nanocom-
posite. The exfoliated VMT led to better dispersion in the

GG-g-poly(sodium acrylate) matrix, as shown by scanning
electron microscopy and transmission electron microscopy
analysis. Mnþ-VMT improved the water absorption of the
nanocomposite more remarkably than raw VMT, and
Al3þ-VMT enhanced the water absorption to the highest
degree. The nanocomposite exhibited intriguing overshoot-
ing swelling characteristics in a multivalent saline solution
and acidic pH solution and showed switching pH-respon-
sive behaviors in buffer solutions between pH 2 and pH
7.2. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 119: 3675–
3686, 2011
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INTRODUCTION

Polymer/clay nanocomposites have long been an
attractive subject for scientific research and indus-
trial application because the combination of clay
mineral with organic polymer can obviously reduce
the production cost and improve the performance of
materials.1–3 Superabsorbents are moderately cross-
linked three-dimensional hydrophilic polymer net-
works that can absorb and retain large amounts of
aqueous solutions compared with general absorb-
ents. Because of the unique properties, superabsorb-
ents have found extensive applications in various
fields, including agriculture,4,5 hygienic products,6

cosmetics,7 wastewater treatment,8,9 and drug-deliv-
ery systems.10,11 Recently, many kinds of materials

have been used to develop superabsorbents to
improve their performance and extend their applica-
tions.12–17 Among them, composites of low cost,
annually renewable and biodegradable polysaccha-
rides with abundant inorganic clays, and their sub-
stitutes for petroleum-based polymers have attracted
considerable attention because they offer both com-
mercial and environmental advantages.18

Guar gum (GG) derived from the seeds of the
guar plant Cyanaposis tetragonolobus (Leguminosae) is
a nonionic branched polymer with b-D-mannopyra-
nosyl units linked (1–4) with single membered a-D-
galactopyranosyl units occurring as side branches.
GG and its derivatives have been used in many
areas (e.g., thickening agents, suspending agents,
ion-exchange resins). Vermiculite (VMT) is a layered
aluminum silicate with exchangeable cations
(Scheme 1). The properties of traditional superab-
sorbents can be enhanced by the incorporation of
raw VMT.19 According to a previous description,20

the performance of composite materials can be fur-
ther improved through the modification of clay
because moderate pretreatment can improve its com-
patibility with an organic matrix. As a popular,
effective, and relatively facile method for the modifi-
cation of clays, the ion-exchange process may induce
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enormous changes in the microscopic structures of
clays.21 In this study, we directed much attention to-
ward the cation-exchange modification of raw VMT
and its use as a functional filler. We expected that
the type and amount of hydrophilic groups and the
network structure of superabsorbents would be
improved by the introduction of GG and cation-
exchanged vermiculite (Mnþ-VMT) synchronously.

On basis of the previous background, in this
study, we prepared novel GG-g-poly(sodium a-
crylate) (PNaA)/Mnþ-VMT superabsorbent nano-
composites from GG, sodium acrylate (NaA), and
Mnþ-VMT. Their structure and morphology was
characterized by Fourier transform infrared (FTIR)
spectroscopy, X-ray diffraction (XRD), and scanning
electron microscopy (SEM). The swelling properties
of the developed nanocomposites in various swelling
media were also evaluated systematically.

EXPERIMENTAL

Materials

GG (food grade, number-average molecular weight
¼ 220,000) was purchased from Wuhan Tianyuan
Biology Co. (Wuhan, China). Acrylic acid (AA; chemi-
cally pure, Shanghai Shanpu Chemical Factory, Shang-
hai, China) was distilled under reduced pressure
before use. Unexpanded VMT (Linze Colloidal Co.,
Gansu, China) was milled and passed through a 320-
mesh screen before use, and the capacity of exchange-
able cations was 34.37 mmol/100 g. Ammonium per-
sulfate (APS; analytical grade, Xi’an Chemical Reagent
Factory, Xi’an, China) and N,N0-methylene-bis-acrylam-
ide (MBA; chemically pure, Shanghai Chemical Rea-
gent Corp., Shanghai, China) were used as purchased.
The other reagents used were analytical grade, and all
solutions were prepared with distilled water.

Preparation of the Mn1-VMT samples

VMT powder (particle size ¼ 46 lm, 10.0 g) was sus-
pended in 100 mL of 1 mol/L MCln� H2O (where M

is Liþ, Naþ, Kþ, Mg2þ, Ca2þ, or Al3þ) solutions
under vigorous stirring (1250 rpm) at room tempera-
ture for 4 h. The resulting Mnþ-VMT (denoted as
Liþ-VMT, Naþ-VMT, Kþ-VMT, Mg2þ-VMT, Ca2þ-
VMT, and Al3þ-VMT, respectively) was isolated
from the suspension by centrifugation and washed
with large amounts of distilled water to remove any
impurities present and redundant saline until no Cl�

could be detected by a 0.1 mol/L AgNO3 solution
from the washed water. The Mnþ-VMT was dried to
a constant weight at 70�C and passed through a 320-
mesh sieve (46 lm).

Preparation of the GG-g-PNaA/Mn1-VMT
nanocomposites

GG powder (1.20 g) was dispersed in 34 mL of a
0.067 mol/L NaOH solution (pH 12.5) in a 250-mL,
four-necked flask equipped with a mechanical stir-
rer, a reflux condenser, a thermometer, and a nitro-
gen line. The resulting dispersion was heated to
60�C with an oil bath and maintained for 1 h to
form a colloidal slurry. Then, the aqueous solution
of the initiator APS (4 mL, 0.1008 g) was dropped
into the reaction flask under continuous mechanical
stirring and maintained at 60�C for 10 min to gener-
ate radicals. AA (7.2 g) was neutralized with 8.5 mL
of 8 mol/L NaOH until a total neutralization degree
of 70% was reached (34 mL of the 0.067 mol/L
NaOH solution used to disperse GG was considered
as a part of the neutralization degree), and then, the
crosslinker MBA (21.6 mg) and VMT micropowder
(0.45 g) were charged into the neutralized AA solu-
tion under magnetic stirring. After the reactants
were cooled to 40�C, this dispersion was added
dropwise to the reaction flask, and the oil bath was
slowly heated to 70�C and kept there for 3 h. A
nitrogen atmosphere was maintained throughout the
reaction period. The final gel products were dried to
a constant weight at 70�C and then ground and
passed through 40–80-mesh sieves (180–380 lm).
The uncrosslinked PNaA and GG-g-PNaA were pre-
pared by similar procedures except without the
addition of VMT and MBA.

Measurements of the equilibrium water
absorption and swelling kinetics

The dry sample (0.05 g) was immersed in excessive
aqueous solution at room temperature for 4 h to reach
swelling equilibrium. The swollen gels were sepa-
rated from water with a mesh screen and then drained
on the sieve for 10 min until no free water remained.
After the swollen gels were weighed, the equilibrium
water absorption was calculated by eq. (1):

Qeq ¼ ðw2 � w1Þ=w1 (1)

Scheme 1 Schematic structure of VMT.
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where Qeq is the equilibrium water absorption (g of
water/g of sample) and w1 and w2 are the weights
of the dry and water-swollen samples, respectively.

The swelling kinetics of superabsorbent in dis-
tilled water, saline solution, and various pH solu-
tions were measured as follows: a certain amount of
sample (ca. 0.05 g) was put in contact with 300-mL
aqueous solution for a set interval (1, 3, 5, 8, 10, 20,
30, or 60 min), and then, the swollen gel was filtered
with a sieve. A similar procedure was repeated for
each time interval until the swelling equilibrium was
reached. The water absorption at a given time was
calculated according to eq. (1). The pH values of the
external solutions were adjusted with standard 1
mol/L HCl or NaOH solution and measured with a
pH meter (Mettler Toledo 320 pH meter, Zurich,
Switzerland). In all cases, three parallel samples were
used, and the averages are reported in this article.

Evaluation of the pH responsivity

Buffer solutions with various pH values were pre-
pared by the proper combination of KH2PO4,
K2HPO4, H3PO4, NaCl, and NaOH solutions. The
ionic strengths of all of the buffer solutions were
adjusted to 0.1M with an NaCl solution. The pH re-
versibility of the nanocomposite was investigated in
terms of its swelling and deswelling between pH 2
and pH 7.2. Typically, the sample particle (0.05 g,
180–380 lm) was placed in a 100-mesh sieve and
adequately contacted with 100 mmol/L pH 2.0
buffer solution until it reached equilibrium. Then,
the swollen samples were soaked in pH 7.2 buffer
solutions for set time intervals. The swollen samples
were filtered and weighed, and then, we calculated
the water absorption of the nanocomposite at a
given moment according to the mass change of sam-
ples before and after swelling. The consecutive time
interval was 18 min for each cycle, and the same
procedure was repeated for four cycles. After every
measurement, each solution was renewed.

Characterizations

FTIR spectra were recorded on a Nicolet NEXUS
FTIR spectrometer (Madison Wisconsin, United
States) in the 4000–400-cm�1 region with KBr plate-
lets. The maximum absorption band of all of the
samples was normalized as 10% (transmittance), the
basic line was normalized as 100% (transmittance),
and all of the FTIR data was analyzed by an OMNIC
software pack. Thermal analysis of samples was car-
ried out on a PerkinElmer TGA-7 thermogravimetric
analyzer (PerkinElmer Cetus Instruments, Norwalk,
CT, United States) in the temperature range 25–
800�C at a heating rate of 10�C/min with a dry
nitrogen purge at a flow rate of 50 mL/min. XRD

analyses were performed with an X-ray power dif-
fractometer with a Cu anode (PAN Analytical Col,
X’pert PRO, ALMELO, The Netherlands) running at
40 kV and 30 mA and scanning from 3 to 10� at 3�/
min. SEM studies were carried out in a JSM-5600LV
SEM instrument (JEOL Ltd., Tokyo, Japan) after the
sample was coated with gold film at an acceleration
voltage of 20 kV. The Brunauer–Emmett–Teller
(BET) specific surface area and average pore size of
the samples were measured by an accelerated sur-
face area and porosimetry system (Micromeritics,
ASAP 2020, USA) by the BET method at 76 K.

RESULTS AND DISCUSSION

Superabsorbent composite networks could be
formed by the simultaneous grafting and chemically
crosslinking reaction of GG, NaA, MBA, and VMT
(Scheme 2). At the initial stage, the initiator APS was
decomposed under heating to generate sulfate anion
radicals. Then, these radicals stripped down the
hydrogen of AOH groups on GG to form alkoxy
macroradicals. These macroradicals could act as the
active sites during the reaction and could initiate
NaA to process chain propagation.22 During chain
propagation, the crosslinker MBA, containing double
vinyl groups, and VMT, containing active AOH
groups, participated in the crosslinking reaction, and
thus, a crosslinked network structure was formed.

FTIR and differential thermogravimetry analysis

The FTIR spectra of VMT and Mnþ-VMT are shown
in Figure 1(a–f). The ACH3 and ACH2 absorption
bands of VMT at 2920 and 2845 cm�1 derived from
the organic mineral congeries among VMT particles
almost disappeared in the spectra of Mnþ-VMT; this
indicated that the mineral congeries were removed
during treatment. The absorption band of VMT at
3668 cm�1 (asymmetrical stretching vibrations of
AOH of silanol groups) and the absorption band at
915 cm�1 [stretching vibrations of SiAO(H)] were
slightly strengthened after modification; this indi-
cated that more SiAOH was exposed because of the
removal of mineral congeries. The AOH stretching
vibration bands of the interlayer H2O molecules
were 3446 cm�1 for raw VMT, 3431 cm�1 for Liþ-
VMT, 3475 cm�1 for Kþ-VMT, 3422 cm�1 for Mg2þ-
VMT, 3434 cm�1 for Ca2þ-VMT, and 3430 cm�1 for
Al3þ-VMT. The change order of these absorption
bands was identical to the tendency reported in a
previous report on Mnþ-VMT;23 this implied the
occurrence of a cation-exchange reaction. This result
was also proven by XRD analysis.
As shown in Figure 1(g–k), the characteristic

absorption bands of GG at 1017, 1082, and 1158
cm�1 (stretching vibrations of CAOH) and the band
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at 1648 cm�1 (bending vibrations of AOH groups)
were weakened after the reaction. New bands at 1565
cm�1 for GG-g-PNaA, 1569 cm�1 for GG-g-PNaA/
Kþ-VMT GG-g-PNaA/Mg2þ-VMT, 1571 cm�1 for
GG-g-PNaA/Al3þ-VMT, and 1454 and 1410 cm�1

(asymmetric stretching and symmetric stretching in
ACOO� groups, respectively) appeared [Fig. 1(h–k)].
This result reveals that the PNaA chains existed in
the superabsorbents, and the grating copolymeriza-
tion reaction occurred among the GG macromolecular
chains and NaA monomers. To confirm the grafting
of NaA onto GG, the differential thermogravimetry
curves of GG, uncrosslinked PNaA, and GG-g-PNaA
polymers are presented (Fig. 2). The decomposition
temperature and weight loss rate clearly changed af-
ter the graft reaction. GG, PNaA, and GG-g-PNaA
showed one-step [peak maximum temperatures
(Tmax) ¼ 308�C], three-step (Tmax ¼ 261, 398, and
447�C), and four-step (Tmax ¼ 244, 339, 397, and
436�C) thermal decompositions, respectively. After
the graft polymerization reaction, the Tmax of GG at
308�C shifted to 339�C, and the Tmax’s of PNaA at 398
and 447�C shifted to 397 and 436�C, respectively. This
indicated that NaA was grafted onto the GG back-
bone.22 The (Si)OAH stretching vibration of VMT at

3668 cm�1 and the AOH bending vibration of Mnþ-
VMT at 1632 cm�1 almost disappeared after the reac-
tion [Fig. 1(b–f,i–k)]. The absorption band of VMT at
998 cm�1, attributed to BSiAO stretching, shifted to
about 1012 cm�1 in the spectrum of the nanocompo-
site. This gave direct evidence that VMT participated
in the graft copolymerization reaction through its
active silanol groups.24,25

XRD analysis

The XRD patterns of VMT, Liþ-VMT, Kþ-VMT,
Mg2þ-VMT, Ca2þ-VMT, Al3þ-VMT, GG-g-PNaA/Kþ-
VMT (5 wt %), GG-g-PNaA/Mg2þ-VMT (5 wt %),
and GG-g-PNaA/Al3þ-VMT (5 wt %) are shown in
Figure 3. VMT showed a strong (001) reflection at 2y
¼ 7.17� with a basal spacing (d) of 1.23 nm [Fig.
2(a)]. After cation exchange, this reflection shifted to
2y ¼ 6.05� (d ¼ 1.46 nm, Liþ-VMT), 2y ¼ 8.71� (d ¼
1.02 nm, Kþ-VMT), 2y ¼ 6.17� (d ¼ 1.43 nm, Mg2þ-
VMT), 2y ¼ 6.00� (d ¼ 1.47 nm, Ca2þ-VMT), and 2y
¼ 6.28� [d ¼ 1.41 nm, Al3þ-VMT; Fig. 3(b–f)]; this
indicated that cation exchange between the inter-
layer cations of VMT and the external cations
occurred. Also, the VMT modified by different

Scheme 2 Proposed mechanisms for the formation of the superabsorbent nanocomposite network.
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cations showed distinct d-spacing: Ca2þ-VMT reached
1.47 nm, but Kþ-VMT reached only 1.02 nm. This
tendency was ascribed to the difference in the layer
number of the interlayer water;23 this resulted from
the different ionic potentials of the cations. The ionic
potentials of the cations increased in the order Kþ

(7.52 nm�1) < Naþ (10.53 nm�1) < Liþ (14.71 nm�1) <
Ca2þ (20.20 nm�1) < Mg2þ (30.77 nm�1) < Al3þ (60.00
nm�1). Kþ-VMT presented the lowest layer number of
interlayer water (0 layer) and the smallest d value.
Liþ-VMT, Mg2þ-VMT, Ca2þ-VMT, and Al3þ-VMT pre-
sented two-layer interlayer water.23 Because Ca2þ had
a correspondingly greater ion radius than Mg2þ and
Al3þ ions, it combined with water molecules for more
relaxation and the greatest d value.

As shown in Figure 3(g–i), no diffraction peaks of
VMT were observed in the XRD patterns of the com-
posites. The absence of the characteristic reflections
of Mnþ-VMT in the composites revealed that VMT
was almost exfoliated and was homogeneously dis-
persed in the polymer matrix.26 Similar results were
also observed in nanocomposite superabsorbent
starch-grafted PAA-co-AM/MMT.27

SEM and transmission electron microscopy
(TEM) analysis

Figure 4 shows the SEM micrographs of Kþ-VMT,
Mg2þ-VMT, Al3þ-VMT, the GG-g-PNaA hydrogel,
and the superabsorbent nanocomposites. It was

Figure 1 FTIR spectra of (a) VMT, (b) Liþ-VMT, (c) Kþ-VMT, (d) Mg2þ-VMT, (e) Ca2þ-VMT, (f) Al3þ-VMT, (g) GG, (h)
GG-g-PNaA, (i) GG-g-PNaA/Kþ-VMT, (j) GG-g-PNaA/Mg2þ-VMT, and (k) GG-g-PNaA/Al3þ-VMT. The content of Mnþ-
VMT in the composite was 5 wt %.

GUAR GUM/VERMICULITE NANOCOMPOSITE 3679

Journal of Applied Polymer Science DOI 10.1002/app



evident that the VMTs modified by various cations
showed similar morphologies, in which some sheet
structures were observed. Also, GG-g-PNaA only
showed a smooth and dense surface [Fig. 4(d)],
whereas the nanocomposites all showed compara-
tively coarse and rough surfaces [Fig. 4(e–i)]. By
comparing the micrographs shown in Figure 4(e–i),
we observed that the nanocomposite derived from
monovalent Mnþ-VMT exhibited correspondingly
course and porous surfaces compared to the multi-
valent ones. This phenomenon was ascribed to the
additional surface crosslinking action of multivalent
cations during polymerization. We also observed
that the Mnþ-VMT was almost embedded and uni-
formly dispersed within the GG-g-PNaA matrix
[Fig. 4(e–i)]. The fine dispersion of VMT particles
in the polymer matrix without flocculation
facilitated the superabsorbent to form a homogene-
ous composition.

Figure 5 depicts the TEM image of the GG-g-
PNaA/VMT superabsorbent nanocomposite. As
shown, obvious VMT platelets were observed in the
composite; this indicated that VMT led to a better
dispersion in the polymeric matrix without floccula-
tion. This observation was in accordance with the
XRD and SEM results.

Effect of Mn1-VMT on the water absorption

Figure 6 shows the effects of Mnþ-VMT on the water
absorption in distilled water and 0.9 wt % NaCl so-
lution. The nanocomposites improved the water
absorption in the following order: VMT < Liþ-VMT
< Naþ-VMT < Kþ-VMT < Ca2þ-VMT < Mg2þ-
VMT < Al3þ-VMT. Compared with VMT, Mnþ-VMT
improved the water absorption more remarkably,
and the divalent (Ca2þ and Mg2þ) or trivalent cation

(Al3þ)-exchanged VMT enhanced the water absorp-
tion to a higher degree than the monovalent ones
(Liþ, Naþ, and Kþ). As described previously,28 the
exchange capability of VMT clay mineral with exter-
nal cations followed the order Liþ < Naþ < Kþ<
Ca2þ < Mg2þ < Al3þ; this was consistent with the
order of water absorption and revealed that cations
with a strong exchange capability with VMT
improved the water absorption more remarkably. To
evaluate the changes in the physical parameters of
VMT before and after modification, the BET specific
surface area and average pore size were determined
and are shown in Table I. The surface area of Mnþ-
VMT were all greater than that of VMT, and the
exchange of Ca2þ, Mg2þ, and Al3þ increased the dis-
tribution of micropores or mesopores in VMT and
enhanced the surface area of VMT to a greater
degree than Liþ, Naþ, and Kþ. Compared with
VMT, these exchanged cations exhibited better
arrangement in the clays.29 These factors were favor-
able to the improvement of water absorption. In
addition, the contribution of exchanged multivalent
cations to the improvement of water absorption may
have resulted from their complexation with hydro-
philic groups (e.g., ACOO� and AOH), which acted
as assistant crosslinking agents and facilitated the
formation of a regular polymeric network.30

Effect of the Al31 concentration on the
water absorption

Al3þ-VMT improved the water absorption to the
highest degree. The effect of the concentration of

Figure 3 XRD patterns of (a) VMT, (b) Liþ-VMT, (c) Kþ-
VMT, (d) Mg2þ-VMT, (e) Ca2þ-VMT, (f) Al3þ-VMT, (g)
GG-g-PNaA/Kþ-VMT (5 wt %), (h) GG-g-PNaA/Mg2þ-
VMT (5 wt %), and (i) GG-g-PNaA/Al3þ-VMT (5 wt %).
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 2 DTG curves of (a) GG, (b) uncrosslinked PNaA,
and (c) uncrosslinked GG-g-PNaA. [Color figure can be
viewed in the online issue, which is available at wiley
onlinelibrary.com.]
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Al3þ used to modify VMT on the water absorption
was evaluated and is shown in Figure 7. The water
absorption of the nanocomposite rapidly increased
with increasing concentration of AlCl3 solution from
0.25 to 1.0 mol/L until a maximum was reached.
With increasing the concentration of AlCl3 solution,
more Al3þ could exchange with the other cations on
the surface and in the interlayer gallery of VMT. Af-
ter Al3þ-VMT was exfoliated during the reaction, the
interlayer Al3þ formed more intramolecular and
intermolecular complexes with the hydrophilic
ACOOA groups of the grafted polymer chains.30

Thus, the polymer network was improved, and the
water absorption was improved. However, the ex-
cessive concentration of Al3þ used to modify VMT
may have induced a rapid increase in the effective
crosslinking density; this minimized the network
space and decreased the water absorption.

Figure 5 TEM image of the GG-g-PNaA/VMT superab-
sorbent nanocomposite.

Figure 4 SEM micrographs of (a) Kþ-VMT, (b) Mg2þ-VMT, (c) Al3þ-VMT, (d) GG-g-PNaA, (e) GG-g-PNaA/Liþ-VMT, (f)
GG-g-PNaA/Kþ-VMT, (g) GG-g-PNaA/Mg2þ-VMT, (h) GG-g-PNaA/Ca2þ-VMT, and (i) GG-g-PNaA/Al3þ-VMT. The con-
tent of Mnþ-VMT in the composite was 5 wt %.
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Effect of the Al31-VMT content on the
water absorption

The alteration of the VMT content in the nanocom-
posite may have caused the changes in its composi-
tion, structure, and swelling properties. As shown in
Figure 8, the water absorption of the nanocompo-
sites increased with increasing content of Al3þ- VMT
and showed a maximum at 5 wt %. It is well known
that VMT contains numerous active AOH groups on
the edge of the platelet, which can participate in the
polymerization reaction by these active groups.
Thus, the incorporation of rigid Al3þ- VMT pre-
vented the intertwining of grafted polymeric chains
and weakened the hydrogen-bonding interaction
between ACOOH groups. This decreased the degree
of physical crosslinking and contributed to the regu-
lar formation of the polymer network, and so the
water absorption was improved.

However, the excessive addition of VMT may have
induced a decrease in the water absorption. This was
because the excess platelets of Al3þ-VMT physically
filled in the network space, which decreased the ratio

of hydrophilic groups in the unit volume and the
hydrophilicity of the nanocomposite and obscured
the network voids for holding water. As a result, the
water absorption decreased with increasing VMT
content above 5 wt %. A similar tendency was
observed for chitosan-g-poly(acrylic acid)/organo-
rectorite superabsorbent nanocomposites.31

Swelling kinetics

Figure 9 shows the kinetic swelling behaviors of
composites with certain particle sizes (180–380 lm)
in distilled water and a 0.9 wt % NaCl solution. The
swelling rate of the composites was higher within 10
min. Later, the swelling rate decreased, and the
swelling curves became flatter. The swelling kinetics
can be expressed by the Voigt-based viscoelastic
model [eq. (2)]:32

Qt ¼ Q1ð1� e�t=rÞ (2)

where Qt is the swelling capability at time t (g/g);
Q1 is the power parameter (g/g), which denotes the
theoretical equilibrium water absorption; t (min) is
the time for swelling; and r is the rate parameter
(min), which denotes the time required to reach
0.63% of equilibrium water absorption. The experi-
mental data for each sample were fitted by eq. (2) to
calculate the values of the parameters r and Q1 (Ta-
ble II). Because r is a measure of the resistance to
water permeation, a lower r value may reflect a
higher swelling rate.33 Thus, we concluded that the
swelling rate for each sample was in the following
order: GG-g-PNaA/Kþ-VMT in distilled water >
GG-g-PNaA/raw VMT in distilled water > GG-g-
PNaA/Mg2þ-VMT in distilled water > GG-g-PNaA/

Figure 6 Effects of Mnþ-VMT on the water absorption in
distilled water and a 0.9 wt % NaCl solution. The content
of VMT in the composite was 5 wt %. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

TABLE I
BET Specific Surface Area and the Average Pore Size

for the VMT and Mn1-VMTs

Sample

BET specific
surface area

(m2/g)

Average pore
width (4V/A by

BET; nm)

VMT 1.6426 8.4652
Liþ-VMT 1.6946 9.3518
Naþ-VMT 2.0965 9.5916
Kþ-VMT 3.3075 8.4803
Mg2þ-VMT 12.9829 3.3557
Ca2þ-VMT 5.8987 6.9822
Al3þ-VMT 10.6965 4.7501

Figure 7 Effects of the AlCl3 concentration on the water
absorption in distilled water and a 0.9 wt % NaCl solution.
The content of Al3þ-VMT in the composite was 5 wt %.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Al3þ-VMT in distilled water > GG-g-PNaA/Al3þ-
VMT in a 0.9 wt % NaCl solution. This result indi-
cates that Kþ-modified VMT made a great contribu-
tion to the rate, whereas Al3þ-modified VMT made a
remarkable contribution to the water absorption. The
increased concentration of electrolyte in the swelling
medium decreased the swelling rate of the
superabsorbents.

Effect of the saline solution on the kinetic
swelling behavior

The dynamic swelling behaviors of the GG-g-PNaA/
Al3þ-VMT (concentration of Al3þ used to modify
VMT ¼ 1 mol/L, Al3þ-VMT content ¼ 5 wt %)
superabsorbent nanocomposite in 2, 5, and 10
mmol/L aqueous solutions of NaCl and CaCl2 were

evaluated and are shown in Figure 10. As shown,
the water absorption of the nanocomposite increased
with prolonged contact time and reached a swelling
equilibrium within 1200 s in the NaCl solution. The
equilibrium water absorption of the composite in the
saline solution was obviously lower than that in dis-
tilled water (Fig. 9), and the water absorption
decreased with increasing concentration of saline so-
lution. This may have resulted from the change in
the osmotic pressure difference between the gel net-
work and the swelling medium. As described previ-
ously,34,35 the net osmotic pressure (pion) was deter-
mined by Donnan equilibrium theory:

pion ¼ RT
X

iðCg
i � Cs

i Þ (3)

where Ci is the mobile ion concentration of species i
and g and s denote the gel and solution phases,
respectively. R is the gas constant (0.08206 L atm
mol�1 K�1, T is thermodynamic (absolute) tempera-
ture (K). Because the ion concentration in the gel net-
work (C

g
i ) is changeless for a superabsorbent, the

increase in the concentration of saline solution (Cs
i )

certainly led to a decrease in pion, which was respon-
sible for the shrinkage of water absorption. How-
ever, distinct swelling behaviors were observed in
the CaCl2 solution. The water absorption initially
increased to 151 g/g (2 mM), 112 g/g (5 mM), and
55 g/g (10 mM) and then decreased until the swel-
ling almost disappeared (Fig. 10). The required time
to reach maximum absorption shortened with
increasing concentration of the CaCl2 solution. This
successive swelling–deswelling process is known as
the overshooting effect36 and may have been due to
the additional crosslinking action of Ca2þ ions due
to the interaction with the ACOO� groups of the
polymer chains. The FTIR spectra (Fig. 11) showed
the change in the chemical environment of ACOO�

groups of GG-g-PNaA/Al3þ-VMT after swelling in
NaCl and CaCl2 solutions. The absorption band of
the ACOO� groups at 1571 cm�1 did not change af-
ter swelling in the 5 mM NaCl solution but shifted
to 1547 cm�1 after swelling in the 5 mM CaCl2
solution.

Figure 8 Effect of the Al3þ-VMT (Al3þ concentration ¼ 1
mol/L) content on the water absorption in distilled water
and a 0.9 wt % NaCl solution. [Color figure can be viewed
in the online issue, which is available at wiley
onlinelibrary.com.]

Figure 9 Swelling kinetic curves of the GG-g-PNaA/
VMT superabsorbent composites in distilled water. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TABLE II
Swelling Kinetics of the Superabsorbents Containing

5 wt % VMT

Sample Q1 (g/g) r (s) R2

GG-g-PNaA/raw VMT 496 209.48 0.9901
GG-g-PNaA/Kþ-VMT 566 204.73 0.9949
GG-g-PNaA/Mg2þ-VMT 578 282.74 0.9958
GG-g-PNaA/Al3þ-VMT 586 324.72 0.9903

61a 393.39a 0.9973a

a Swelling kinetic parameter in a 0.9 wt % NaCl
solution.
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Effect of the external pH on the kinetic
swelling behavior

Figure 12 shows the swelling kinetic curves of the
GG-g-PNaA/Al3þ-VMT (concentration of Al3þ used

to modify VMT ¼ 1 mol/L, Al3þ-VMT content ¼ 5
wt %) nanocomposite in solution with various pH
values (2, 3, 7, and 12). The water absorption of the
nanocomposite rapidly increased with increasing
swelling time until equilibrium was reached under
the conditions of pH 7 and 12. However, an obvious
overshooting phenomenon was observed when the
external pH was equal to 2 or 3.37 The water absorp-
tion rapidly increased to 54 g/g (pH ¼ 2) during the
first 5 min and to 294 g/g (pH ¼ 3) during the first
30 min, reached a plateau, and then decreased. The
decreasing tendency was more obvious at pH 2 than
at pH 3. In acidic medium, the ACOO� group con-
verted to ACOOH group, and so its number in the
polymeric network decreased. This decreased the
electrostatic repulsion among the negatively charged
ACOO� groups and restricted the expansion of the
polymer network. Also, the increase in the ACOOH
amount strengthened the intramolecular and inter-
molecular hydrogen bonding interactions and
enhanced the physical crosslinking degree. As a
result, the polymer network shrank after it reached
maximum expansion under the action of the previ-
ous factors. The FTIR spectra (Fig. 11) showed the
change in the chemical environment of the ACOO�

Figure 10 Dynamic swelling curves of GG-g-PNaA/Al3þ-
VMT (Al3þ concentration ¼ 1 mol/L, Al3þ-VMT content ¼
5 wt %) in 5 mmol/L NaCl and CaCl2 solutions. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 11 FTIR spectra of (a) GG-g-PNaA/Al3þ-VMT (Al3þ concentration ¼ 1 mol/L and Al3þ-VMT content ¼ 5 wt %),
(b) the nanocomposite after swelling in a 5 mmol/L NaCl solution, (c) the nanocomposite after swelling in a 5 mmol/L
CaCl2 solution, and the nanocomposite after swelling in solutions of (d) pH 2, (e) pH 3, and (f) pH 7.
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groups of GG-g-PNaA/Al3þ-VMT after swelling in
solutions at pH 2, 3, and 7. The absorption of the
nanocomposite showed no obvious change after
swelling in a solution of pH 7 but shifted to high
wave numbers (1571–1635 cm�1 for pH 2 and 1571–
1636 cm�1 for pH 3). This indicated the conversion
of ACOO� to ACOOH and the formation of hydro-
gen bonds among the ACOOH, AOH, and ACOO�

groups.

pH-responsive properties

Figure 13 shows the swelling–deswelling behavior of
the GG-g-PNaA/Al3þ-VMT nanocomposite in a 0.1
mol/L buffer solution of phosphate at pH 2 and 7.2.

The water absorption was lower at pH 2, but it
sharply increased when the external pH increased to
7.2. When the swollen gel at pH 7.2 was immersed
in a pH 2 solution, it rapidly shrank because of the
protonation of ACOO� groups,38 and the intriguing
on–off switching behavior was observed. After four
on–off cycles, the nanocomposite still exhibited bet-
ter swelling-reversible capabilities, which suggested
excellent pH-responsive properties.

CONCLUSIONS

As a continuation of the efforts to reduce the exces-
sive consumption of petroleum-based polymers and
the environmental impact resulting from industrial
products, GG-g-PNaA/Mnþ-VMT superabsorbent
nanocomposites based on natural GG and Mnþ-VMT
were prepared. FTIR, XRD, SEM, and TEM analyses
provided evidence that VMT participated in the
polymerization reaction through active AOH groups
and that Mnþ-VMT was exfoliated and uniformly
dispersed in the GG-g-PNaA matrix. Trivalent Mnþ-
VMT enhanced the water absorption to a great
extent, and monovalent Mnþ-VMT made a greater
contribution to the swelling rate than VMT. The
optimal Al3þ concentration for the modification of
VMT was 1 mol/L, and the proper VMT content
was 5 wt %. The overshooting effects of the devel-
oped nanocomposite were observed in multivalent
saline solution and acidic pH solutions; this resulted
from the complexation of cations with ACOO�

groups (chemical action) and the enhancement of
hydrogen-bonding interactions among the ACOOH
groups on the polymer chains (physical action),
respectively. In addition, the superabsorbent nano-
composite showed on–off switching behaviors
between pH 2 and pH 7.2, and a reversible pH-re-
sponsive behavior was observed. The superabsorb-
ent nanocomposites based on renewable and biode-
gradable natural GG and inorganic Mnþ-VMT clay
exhibited improved water absorption capabilities
and rates, overshooting swelling behaviors in saline
solution and various pH solutions, and excellent
pH-responsive properties. These could be used as
potential ecofriendly agricultural water-manageable
materials.
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