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ABSTRACT: The self-assembling anionic surfactant, sodium n-dodecyl sulfonate (SDS) micelles were used as pore-forming templating for
fabricating novel superporous hydroxyethyl cellulose-grafting-poly(sodium acrylate)/attapulgite (HEC-g-PNaA/APT) hydrogels. The net-
work characteristics, morphologies of the hydrogels and removing of SDS micelles from the final product by washing with ethanol/water
(v/v, 7 : 3) procedure were determined by Fourier transform infrared spectroscopy and scanning electron microscopy, as well as by
determination of swelling ratio, swelling rate, and stimuli response to salts and pHs. The results showed that the added-SDS concentra-
tion significantly affected the morphologies and pore structure of the hydrogel, and 2 mM SDS facilitates to form a homogeneous and
well-defined pore structure in the gel network to extremely improve the swelling ratio and swelling rate. The 2 mM SDS-added superpo-
rous HEC-based hydrogel not only had highest equilibrium swelling ratio (Qe,, 1118, 102 g g~ " in distilled water and 0.9 wt % NaCl
solution), rapid swelling rate (k, 5.2840 g g s~ '), also showed multistimulus responses to salts and pHs, which may allow its applications

in several areas such as adsorption, separation and biomedical materials. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42027.
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INTRODUCTION

Exploitation of biomaterials derived from renewable resources is
an important approach to address environmental and resource
problems in the world today. Polysaccharides-based hydrogels,
prepared by free radical graft copolymerization of one or more
vinyl functional monomers onto natural polysaccharide back-
bones in the presence of a cross-linking agent to form three-
dimensional polymer network, have been of great interest due
to their wide applications in agriculture,"” wastewater treat-
ment,” hygienic products,”® drug delivery system,”™ and tissue
engineering,'®™'* etc. These are ascribed to their superabsorbent
and their response to changing external conditions, such as
temperature, pH, salt, and solvent composition. Another,
according to the economical and environmental points of view,
polysaccharides-based hydrogels are the most viable, because the
biopolymers employed are essentially obtained from natural
resources and are biodegradable. However, most of these hydro-
gels often swell very slowly and may need several hours or days

to reach swelling equilibrium. This slow swelling has an obvious
limitation in some applications.

The swelling rate of polysaccharides-based hydrogels can be
enhanced through the creation of porosity in the network struc-
ture and the porous hydrogels have attracted much attention.'>™"
The interconnected porous structure allows the fast diffusion of
water molecules into the center of the dried polymer matrix by
reducing transport resistance, and endows the hydrogels with
additional space to hold more water to enhance swelling capacity.
Therefore, creation of porosity in polysaccharides-based hydro-
gels has been considered as an important process for expanding
their applications in many ways. Currently, in accordance with
pore-forming mechanism, available techniques for porous hydro-
gels preparation are porogenation,'® freeze-drying,'” emulsion
templating,"®'® and phase separation.’> Among all these techni-
ques, emulsion templating method can give polymers with well-
defined and controllable pore structure through the controlling
of emulsion agent concentration.’** Surfactant micelle is one
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type of templating which is based on the self-assembly of surfac-
tant molecules to form micelles. These micelles can act as a pore-
templating in the simultaneous grafting polymerization reaction
of natural polysaccharides and vinyl monomer to form porous
hydrogels. Sodium n-dodecyl sulfate (SDS) is one such surfactant
that is known to self-assemble into micelles in water, and has
been successfully used to synthesize porous alginate and
chitosan-based hydrogels.”>**

Cellulose, the most abundant renewable polysaccharide on the
earth, has safe, biocompatible, hydrophilic, and biodegradable
natures. However, it is insoluble in water and most organic sol-
vent, which limited its application. Hydroxyethyl cellulose (HEC)
is known as one of the most important derivatives of cellulose,
exhibiting excellent water solubility. Its unique properties make it
easily grafting polymerization with hydrophilic vinyl monomers
through the abundant reactive ~OH groups on the HEC back-
bones in aqueous solution to formulate new materials. Among
the various vinyl monomers, acrylic acid (AA) is a commercially
important monomer that has been widely used in the preparation
of functional cellulose derivatives-based hydrogels. The incorpo-
ration of carboxyl groups into the natural polymer network,
which imparts cellulose derivatives-based hydrogels response to
various external stimuli, such as salts and pHs, and thus allows
their use not only in water adsorption to selective removal of
heavy metal ions or dyes, but in drug release systems. Several cel-
lulose derivative-grafting-poly(acrylic acid) hydrogels have been
reported.”>™*’ In the present work, we prepared novel superpo-
rous hydroxyethyl cellulose-grafting-poly(sodium acrylic)/atta-
pulgite (HEC-g-PNaA/APT) hydrogel using an anionic surfactant
SDS micelles as the pore-forming templating. Fourier transform
infrared (FTIR) spectra were used to confirm the successful syn-
thesis of HEC-¢g-PNaA/APT hydrogel and removal of SDS
micelles from the final products by the ethanol/water mixture
solution washing process. The effect of SDS concentration on the
morphologies and pore structure of the hydrogels was character-
ized by Scanning electron microscope, and effects of SDS concen-
tration on the equilibrium swelling ratio and swelling rate were
also investigated to optimize the synthesis condition. In addition,
the multistimulus responses of the superporous HEC-based
hydrogel to salts and pH were also evaluated systematically.

EXPERIMENTAL

Materials

Materials for the superporous hydrogel synthesis: Hydroxyethyl
cellulose (HEC), N,N'-methylenebisacrylamide (MBA, AR), and
SDS were purchased from Shanghai chemical reagents Corp.
(Shanghai, China); Acrylic acid (AA, CP) was purchased from
Shanghai Wulian Chemical Factory (Shanghai, China); Ammo-
nium persulfate (APS, AR) was purchased from Xi’an Chemical
Reagent Factory (Xi’an, China). Attapulgite clay (APT, milled
and passed through a 320-mesh screen prior to use) was sup-
plied by Gaojiawa Colloidal Co. (Jiangsu, China). All other
chemicals were of analytical grade and all solutions were pre-
pared with distilled water.

Preparation of the Superporous Hydrogel
The general procedure for the synthesis superporous HEC-g-
PNaA/APT hydrogel via anionic surfactant SDS micelles templat-

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

42027 (2 of 8)

Applied Polymer

SCIENCE

ing is follow: 1.20 g HEC powder was uniform dispersed in
30 mL distilled water in a 250 mL four-necked round bottom
flask. Then, a proper amount of SDS aqueous solution was added
to the flask. The resulting mixture was stirred with a mechanical
stirrer at 300 rpm for 15 min to obtain a homogeneous solution.
The equipment was preheated in a water bath to 65°C and
flushed with nitrogen to remove the dissolving oxygen, 5 mL
APS solution (0.100 g) was added and kept at 65°C for 15 min
to generation radicals. Afterward, the reaction system was cooled
to 40°C, to which a mixture of AA (7.20 g, 70% neutralized
degree), APT (0.928 g) as well as crosslinker MBA (0.0216 g) was
added. The reaction temperature was risen to 70°C and then
maintained for 3 h to complete the polymerization reaction. The
hydrogel was taken out and firstly immersed in ethanol/water
solution (v/v, 7 : 3) to remove SDS, and then dehydrated by
absolute ethanol. The dried product was ground and passed
through 40~80 meshes (the particle size is 180~380 pum).

The compared non-porous HEC-g-PNaA/APT hydrogel was also
prepared by the above method but without SDS.

Swelling Studies

The gravimetric method was employed to measure the swelling
ratio of the superporous hydrogels in distilled water, salt solu-
tions and different pH solutions. The swelling temperature was
set as room temperature for exploring potential environmental
applications. The buffer solutions with various pH values were
prepared by mixing KH,PO,, K,HPO,, H;PO,, and NaOH
properly, and the ionic strengths were controlled to 0.1 M using
NaCl. The pH values were determined by a pH-meter (Mettler
Toledo, +0.1). The equilibrium swelling ratio (Qeg; g g_l) was
determined according to the following equation:

Qeq:(ms_md)/md (1)

where m; was the mass of the swollen hydrogels (g) and m,; was
the mass of the hydrogels in the dry state (g). The data points
represent three repeated
experiments.

mean * standard deviation from

The swelling kinetics of the superporous hydrogels in the above
swelling media was measured gravimetrically. At predetermined
time intervals (1, 3, 5, 7, 10, 15, 20, 30, 60, and 120 min), the
swollen hydrogels were taken out from the swelling medium and
weighed after removing the excess water on the surface, Q, values
were estimated according to eq. (1), correlating the mass of the
swollen hydrogels (m,) at given time f to the dry hydrogels (m,).

Instrumental Analysis

FTIR spectra of samples were taken in KBr pellets using Nicolet
NEXUS FTIR spectrometer within the frequency range of 400—
4000 cm~'. The surface morphologies of the xerogels were
investigated using S—4800 scanning electron microscope instru-
ment (Japan) after sputter coating the samples with gold film.

RESULTS AND DISCUSSION

Mechanism for the Formation of Superporous HEC-g-PNaA/
APT Hydrogel

A proposed mechanism for the formation of superporous HEC-
g-PNaA/APT hydrogel by anionic surfactant SDS micelle tem-
plating is shown in Scheme 1. Firstly, an aqueous SDS solution
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Scheme 1. A proposed mechanism for the preparation of superporous HEC-g-PNaA/APT hydrogel. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

was added in the dispersed HEC mixture to form SDS micelles
by the self-assembling of SDS molecules. Then, sulfate anion rad-
icals generated from heating decomposed APS extract hydrogen
from —OH groups of the HEC backbones to form alkoxy radicals.
The monomer molecules, AA/NaA, which closed to this active
centers on the HEC backbones, became acceptor of HEC radicals
resulting in chain initiation to grafting and polymerization. At
the present of crosslinker MBA, the end vinyl groups of MBA
may react synchronously with polymer chains to form a chemical
crosslinked 3D-structure. At the same time, the inorganic nano-
clay APT also acted and chemically combined in this network
through its active Si-OH. In the above grafting copolymerization
and crosslinking process, the self-assembled SDS micelles may be
physically enclosed in the polymeric network. After removed SDS
micelles by ethanol/water washing procedure, the superporous
structure was generated in the hydrogel network.

Characterization of Superporous HEC-g-PNaA/APT Hydrogel
by FTIR

FTIR spectroscopy was utilized to confirm the chemical struc-
ture of HEC-g-PNaA/APT hydrogel. Figure 1 shows the FTIR
spectra of (a) HEC, (b) APT, and (c) ethanol/water washed
HEC-g-PNaA/APT hydrogel in the spectral range of 4000
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500 cm™'. In spectrum (a), the characteristic absorption bands
at 1465, 1372, 1169, 1124, 1051 cm ' are related to the C-H
and C-O bond stretching frequencies of the HEC backbones,
which were obviously shifted and weakened after reaction. In
spectrum (c), new bands at 1725, 1577, 1455, and 1411 cm !
are related to the stretching vibration of C=O, asymmetric
stretching vibration, and symmetric stretching vibration of —
COOQ™ groups, respectively. The position of these bands is close
to that of PNaA, which revealed that NaA was grafted onto HEC
backbone.” In addition, in spectrum (b), the (A)O-H stretch-
ing vibration at 3615 cm ™', (Si)O-H stretching vibration at
3545 cm” ' and the ~OH bending vibration at 1647 cm ™" disap-
peared in the spectrum of (c). However, the =Si-O stretching
vibration of APT at 1031 cm™ " still appeared in the spectrum of
HEC-g-PNaA/APT hydrogel with a weakened intensity [Figure
1(c)]. The above information indicated that APT participated in
the graft copolymerization reaction through its active silanol
groups and chemically bond with the polymer chains.*®

FTIR spectroscopy also was employed to confirm that SDS
micelles only acted as pore-forming templating, which could be
removed from the hydrogel network (Figure 2). The synthesized
hydrogels were dried by two methods: one is directly oven-dried

4000 3000 2000 1000
Wavenumbers (cm-1)

Figure 1. FTIR spectra of (a) HEC, (b) APT, and (c) ethanol/water (v/v, 7
: 3) washed HEC-g-PNaA/APT hydrogel.
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Figure 2. FTIR spectra of (a) non-SDS-added hydrogel, (b) nonwashed-
SDS hydrogel, and (c) washed-SDS hydrogel
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Figure 3. SEM photographs of the HEC-g-PNaA/APT hydrogels prepared with (a) 0 mM, (b) 1 mM, (c¢) 2 mM, (d) 3 mM, and (e) 4 mM SDS. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

at 70°C; the other is completely soaked in ethanol/water (v/v, 7
: 3) solution for 24 h and then dehydrated by absolutely alco-
hol. In the oven-dried sample spectra [Figure 2(b)], the typical
peaks appearing around 2852, 1179, and 1322 cm ', were
assigned to C-H stretching vibration of —-CH,-,*> O=$=0
symmetrical and asymmetrical stretching vibration of the sulfo-
nate groups, respectively, of SDS molecules.” These peaks dis-
appeared or weakened after the hydrogel was washed with
ethanol/water solution [Figure 2(c)]. In addition, the profiles of
the characteristic absorption peaks for SDS-free [Figure 2(a)]
and washed-SDS hydrogels are almost identical, implying that
all residual SDS have been removed from the hydrogel network.

Surface Morphology Analysis

Scanning electron microscopy (SEM) was used to assess the
influence of SDS micelles on the surface morphology and
microstructure of the HEC-g-PNAa/APT hydrogel. As presented
in Figure 3(a), no porosity was observed on the surface of SDS-
free sample, although it is not completely smooth. The porosity
structure was occurred in the SDS-added samples and displayed
a gradual change in the pore density [Figure 3(b-d)]. It is
obvious that the pores of 1 mM SDS-added sample were scat-
tered and 2 mM SDS-added sample developed a continuous
skin enveloped the skeleton of a macroporous interior. Thick-
ness of the skin decreased with increasing SDS concentration,
which lead to the porous skeletons of the hydrogels were more
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fragile and easy to collapse [Figure 3(d,e)]. The related proce-
dural reasons can be explained as follows. The pores of the
hydrogel is mainly due to the self-assembling of SDS molecules
in aqueous environment and the non-spherical micelles act as
pore-forming templating.”' At lower concentration (1 mM
SDS), it mostly existed as dissociative ions and not enough
micelles used as pore-forming templating, and the pore network
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Figure 4. Influence of SDS concentrations on Q.q of the superporous
HEC-g-PNaA/APT hydrogels. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Time-dependent swelling behaviors of the superporous HEC-g-
PNaA/APT hydrogels generated by different concentration of SDS in dis-
tilled water (a) and their ¢ vs. #/Q, graphs according to eq. (2) (b). [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

appeared to scatter. With increasing SDS concentration (2 mM),
micelles can be formed more easily, and act as pore-templating
in the gelling process to generate regular porous structure [Fig-
ure 3(c)]. However, when the SDS concentration was higher
than 4 mM, the hydrogel display a collapsed network and is too
fragile to be handled. It may be a high concentration of surfac-
tant possibly interfered with the gelling mechanism and restricts
the formation of the 3D network.”

Influence of SDS Concentration on the Swelling Ratio and
Swelling Rate

The direct information about the structure and morphology of
the hydrogels can be provided by swelling studies.”® Figure 4
demonstrates the influence of SDS concentration on Qq of the
HEC-g-PNaA/APT hydrogels in distilled water and 0.9 wt %
NaCl solution. It was observed that Q.4 is firstly increased with
increasing SDS concentration from 0 to 2 mM, reached a maxi-
mum Qgq (1118, 102 g g_1 in distilled water and 0.9 wt % NaCl
solution, respectively) at 2 mM SDS and then decreased with the
further increase in SDS concentration. It is supposed that the
pores are the regions of water permeation and interaction sites
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of external stimuli with the hydrophilic groups of the hydrogels.
Proper concentration of SDS is reasoned to produce homogene-
ous pore structure and increase the spaces for water storage [see
Figure 3(c)], and consequently resulting Q.q is improved. How-
ever, a much looser network is easily collapsed when the hydro-
gels are subjected to swelling and, thus, shows decreasing Q.
This well agrees with the results obtained from SEM.

To test the swelling rate we measured the time-dependent swel-
ling behaviors of the superporous hydrogels in distilled water.
The results shown in Figure 5(a) indicated that the swelling rate
of the hydrogels was significantly influenced by SDS concentra-
tion. Schott had proposed a theoretical second-order swelling
kinetics model to investigate the controlling mechanism of the
hydrogel swelling process, which was described in the form of
the following equation:”'
t 1 1

= 4 -
Q kQL Q

where Q.. was the theory equilibrium swelling ratio, k; was the
swelling rate constant, which depended on the initial swelling
rate ki (=k5Q§C) and Q... To test this kinetics model, the recip-
rocal of the average swelling rate (#Q,) and the swelling time
(1) shows a good straight linear regression [Figure 5(b)], indi-
cating that the swelling process of the study hydrogels followed
Schott’s second-order swelling model. The kinetic parameters
Q. and kg could be calculated from the slopes and intercepts

t (2)
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Figure 6. Swelling behaviors of the superporous HEC-g-PNaA/APT hydro-

gels generated by different SDS concentration in various concentrations of

NaCl solution. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 7. Time-dependent swelling behaviors of 2 mM SDS-added super-
porous hydrogel in 15 mM NaCl, CaCl,, and FeCl; solutions. [Color fig-
ure can be viewed in which is available at

the online issue,

wileyonlinelibrary.com.]

of the above lines and tabulated in Table I. It was shown that
the values of k;, increased with increasing SDS concentration
from 0 to 2 mM, but decreased with its further increasing. Gen-
erally, the initial swelling rate was related to a solvent diffusion
rate and relaxation rate of polymer chains.”> The homogeneous
pore structure of the polymer network not only contribute to
enlarge specific surface area to speed up the diffusion rate but
also provide the open channel essential for faster water absorp-
tion. The obviously improved ki value for 2 mM SDS-added
sample further confirmed that the proper concentration of SDS
micelles attributed to act as pore-forming templating to produce
superporous HEC-based hydrogel with fast swelling.

Salt-Responsive Behaviors

It is important for hydrogels to have high swelling ratio in salt
solution for expanding their applications in the environmental
field. The swelling behaviors of superporous HEC-based hydro-
gels generated by different SDS concentration in various con-
centrations of NaCl solution are shown in Figure 6. As
expected, the Q. of the hydrogels firstly increased with an
increase in SDS concentration and the maximum swelling ratio
was obtained when the concentration of SDS is 2 mM. This

CoOO COOr

COONaCOONa

Swelling

Dry hydrogel

H,0 absorhed in hydrogel

2 3 4 5 6 7 8 9 10 11 12 13
pH value of solution

Figure 8. Q. of the superporous HEC-g-PNaA/APT hydrogels generated by

different concentration of SDS in pH 2-13 solutions. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

confirmed further that 2 mM is the best concentration for pro-
ducing regular pore structure to accommodate more water
either in distilled water or NaCl solution. Moreover, the Q.q of
all hydrogel samples decreased with increasing of salt concentra-
tion. The swelling and shrinking behaviors of the hydrogels in
salt solution can be determined by the ionic interactions
between mobile ions and the fixed charges which make great
contribution to the Donnan osmotic pressure between the inte-
rior network of the hydrogel and the exterior solution.” With
the increasing of Na™ concentration, the shrinking of hydrogels
is mainly due to the decreasing of Donnan osmotic pressure.

Furthermore, the swelling kinetics of 2 mM SDS-added sample
in 15 mM NaCl, CaCl, and FeCl; are shown in Figure 7. It is
observed that the swelling kinetic behaviors strongly depended
on the “type” of salt added to the swelling medium. The water
absorption of the hydrogel in NaCl solution increased with pro-
longing swelling time until reached the equilibrium, which is
similar to the swelling kinetics curve in distilled water. However,
in CaCl, and FeCl; solutions, the water absorption firstly
increased within 7 min and reached a maximum swelling ratio
(35, 30 g g~ ' in CaCl, and FeCl; solutions, respectively), and
then gradually decreased to a constant value. This time-

Tonic crosslinkling

H, 0 expelled from hydrogel

Scheme 2. A schematic diagram of the swelling process with “overshooting effect” in 15 mM CaCl, and FeCl; solutions. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. The reversible pH-controlled on—off switching for 0 and 2 mM
SDS-added hydrogels in pH 2.2 and 7.4 buffer solutions. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

dependent swelling-shrinking phenomenon is known as
“overshoot effect,”® which could be depicted in Scheme 2.
Upon contact with swelling medium, hydrogen-bonding interac-
tion forces are established between the hydrogel and swelling
medium, introducing the water molecules into the hydrogel net-
work voids to expand the hydrogel network. As a result, the
expanded hydrogel network accelerates the diffusion of Ca**
and Fe’™ into gel network, and then complex with —COO™
groups. The stronger ionic complexing increased the crosslink-
ing point in the hydrogel network interior, and caused the
shrinkage of swollen hydrogel. When the expansion and con-
traction of the hydrogel network are equal, the hydrogel reached
a swelling equilibrium state. In view of the above results, the
lower swelling ratio of the hydrogel in multivalence salt solution
than in NaCl solution is mainly due to ionic complexing.

pH-Responsive Behaviors

The pH-responsive behavior of the hydrogel is based on the
chargeable groups present in the network.’ Figure 8 shows the
Qeq of hydrogels with different SDS concentration as a func-
tion of pH values. The observed swelling behavior similar with
most of the ones reported in the literatures.*®*” The Qeq Vvalues
of the hydrogels were lower than 16.0 g g~ ' at pH 2.0 and
then rapidly increased to pH 6.0. One possible explanation for
the shrinking/swelling state of the hydrogels in different pH
solutions is the conversion of -COO™~ and —COOH groups in
the gel structure. The pK, value of the carboxylic group is 4.6,
—COO " groups are gradually protonated and transformed into
—COOH groups at pH < 4.6 solutions. The protonation of —
COO™ groups, on the one hand, results in a decrease in the
repulsion among negatively charged —-COO
groups, on the other hand, strengthen the hydrogen-bonding
crosslinking interaction among —COOH groups and, thus, the
shrinking of the gel network. However, when the solution of
pH is higher than 4.6, the deprotonation of -COOH groups
occurs, which leads to strong electrostatic repulsion to expand
gel network and improve the Q.q Again, a charge screening
effect of the counter ions (Na*) limits the swelling at pH >10
and the ESR decreased.

electrostatic
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The modulation of the pH values in which hydrogels present
shrinking/swelling state is an outstanding feature being useful in
many biological applications. Figure 9 shows the reversible pH-
controlled on—off switching when the hydrogels were exposed to
buffer solutions of pH 2.2 (off) and 7.4 (on). It can be noticed
that the swollen hydrogels in pH 7.4 solution rapidly shrinks in
pH 2.2 solution and a prominent reversible on-off switch can
be achieved within 30 min. After five swelling-shrinking cycles,
this intriguing on—off switching is still observed. Additional, the
above pH-controlled switch for 2 mM SDS-added sample is
more prominent as compared with non-SDS-added sample,
which is reflected by the higher and lower swelling ratios with
the switch on and off, respectively.

CONCLUSIONS

In this work, novel superporous HEC-g-PNaA/APT hydrogel was
developed using the simultaneous SDS micelles templating and
internal grafting polymerization. The grafting polymerization of
HEC, NaA, and APT was confirmed by FTIR spectra and the
mechanistic pathway for the formation of superporous HEC-g-
PNaA/APT hydrogel by anionic surfactant SDS micelles templat-
ing was proposed. The added SDS concentration significantly
affected the morphologies and pore structure of the hydrogels,
which characterized by SEM. The 2 mM SDS facilitates to form a
homogeneous and well-defined pore structure in gel network to
extremely improve the swelling ratio and swelling rate. The pre-
pared superporous HEC-based hydrogel exhibited smart salt and
pH responsive behaviors. Their swelling ratio decreased with an
increase in the salt concentration on the whole, and was more
sensitive to multivalence ions (e.g., Ca®" and Fe’"), which is due
to stronger ionic complexing and a more prominent charge
screen effect. In addition, the superporous structure of the hydro-
gel became easily expanded in the solutions at pH 5~9, whereas
shrinkage occurred when the hydrogel was exposed to low pH
(<4) solutions, and the hydrogel showed reversible on—oft switch-
ing behavior in pH 2.2 and 7.4 buffer solutions. This superporous
HEC-based hydrogel with higher swelling ratio, faster swelling
rate, and multistimulus response properties could be useful for
wide applications, including agriculture, foods, biomedical, and
other industrial fields.
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