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In this study, a series of pH- and saline-responsive composite hydrogels were prepared by a facile free-
radical graft copolymerization amongst hydroxyethyl cellulose (HEC), sodium acrylate (NaA) and medic-
inal stone (MS). Fourier transform infrared spectroscopy (FTIR) and Thermogravimetric/Differential
thermal analysis (TG/DTA) confirmed NaA was grafted onto HEC and MS participate in polymerization,
and presented the improved thermal stability. Field emission scanning electron micro-scope (FESEM),
Energy dispersive spectroscopy (EDS), Elemental map (EM) and Transmission electron microscopy
(TEM) analyses revealed a better distribution of MS in the HEC-g-PNaA matrix. Introducing 10 wt% MS
greatly enhanced the swelling capacity by 400% (from 162 to 810 g/g), and also enhanced by 117% (from
162 to 352 g/g) even MS content reached 50 wt%. Also, the initial swelling rate was improved by incor-
porating MS, but decreased with enhancing the ion strength. The highly reversible On–Off switching pH-
and saline-responsive region of the hydrogel was clearly extended after forming composite. In addition,
the intriguing ‘‘overflowing’’ swelling behaviour was observed in aqueous solution of dimethyl sulfoxide
(DMSO).

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction guar gum [27,28], carrageenan [29] and gelatin [30], etc. have been
Organic–inorganic composite materials based on natural poly-
mers and inorganic clay minerals have recently received consider-
able attentions in both academic research and industrial
application due to their excellent hybrid properties superior to
each individual component as well as environmentally friendly
characteristics [1–3]. Hydrogels are slightly crosslinked hydro-
philic functional polymer materials with unique 3D network struc-
ture and water-swellable properties. Owing to the advantages of
hydrogel as a soft material over other materials, it has been exten-
sively applied in many fields such as hygienic products [4], agricul-
ture [5,6], wastewater treatment [7–10], carrier of catalyst [11,12],
drug-delivery systems [13,14] and bioengineering material [15].

With the increasing environmental topics and the expanding
application of hydrogels, the responsive properties of such materi-
als are attractive and desirable apart from their swelling character-
istics [16]. Many kinds of raw materials were taken as the matrix
for the fabrication of functional hydrogels [17–20], and the renew-
able, biodegradable, non-toxic and biocompatible natural polysac-
charides are preferred, effective and potential due to their
excellent performance and environmentally friendly characteris-
tics [21]. Thus far, various polysaccharides including starch
[19,22], cellulose [20,23], sodium alginate [24,25], chitosan [26],
ll rights reserved.

: +86 931 8277088.
focused and used for the preparation of environmentally friendly
responsive hydrogels. Amongst them, cellulose and its derivatives
showed unique advantages because they are the most abundant
natural polysaccharide with low cost, better biodegradability and
biocompatibility. Hydroxyethyl cellulose (HEC) is a representative
derivative of cellulose with excellent water solubility and biocom-
patibility. The excellent properties of HEC allow it to be used in
many biotechnological, biophysical and industrial fields. Because
of the existence of abundant reactive �OH groups on the HEC
chains, HEC is liable to be modified by grafting polymerization
with hydrophilic vinyl monomers to derive new materials with im-
proved properties [31]. Medicinal Stone (MS) is a special igneous
rock composed of silicic acid, alumina oxide and more than 50
kinds of constant and trace elements. The main chemical composi-
tion of MS is aluminum metasilicate including KAlSi3O8, NaAlSi3O8,
CaAl2Si2O8, MgAl2Si2O8 and FeAl2Si2O8, etc. In such a structure, sil-
ica (SiO2) presents regular tetrahedron with a [SiO4] configuration,
and shows a three-dimensional stereo-structure in which alumi-
num coordinates through oxo-bridging in a moiety of its struc-
tures. By virtue of the better porousness, multicomponent
characteristic, biological activity and safety, MS has been exten-
sively applied in food science, medicine, daily chemical industry,
environmental sanitation and wastewater treatment, etc. [32].
However, little attention focuses on the application of MS as an
inorganic additive of a composite hydrogel. So, the chemical com-
posite of HEC and MS was expected to derive new kind of hydrogel
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materials with improved network structure and comprehensive
performance.

On the basis of the above background, in current work, the free-
radical solution polymerization amongst HEC, NaA and MS was
performed to fabricate a series of novel hydroxyethyl cellulose-
g-poly(sodium acrylate)/medicinal stone (HEC-g-PNaA/MS)
composite hydrogels. The structure, morphologies and thermal sta-
bility of the composite hydrogels were characterized by Fourier
transform infrared spectroscopy (FTIR), Field emission scanning
electron micro-scope (FESEM), Energy dispersive spectroscopy
(EDS), Elemental map (EM), Transmission electron microscopy
(TEM), Thermogravimetric/Differential thermal analysis (TG/DTA)
techniques. The capacity and rate of swelling for the hydrogels
were studied, and the enhanced pH- and saline-sensitive proper-
ties as well as the swelling behaviours of the hydrogels in the aque-
ous solutions of various salts, surfactants and hydrophilic organic
solvents were also systematically evaluated.
2. Experimental

2.1. Materials

HEC (practical grade, viscosity 4000 cP) was purchased from
Serva Feinbiochemica (Heidelberg, Germany). Acrylic acid (AA,
chemically pure, Shanghai Shanpu Chemical Factory, Shanghai,
China) was distilled under reduced pressure, and partially neutral-
ized using NaOH solution before use. MS micro-powder (Chinese
M-Stone Development Co., Ltd, NaiMan, Inner Mongolia, China)
was milled and passed through a 320-mesh screen (<46 lm) prior
to use, and the main chemical composition is SiO2, 68.89%; Al2O3,
14.06%; Fe2O3, 3.61%; K2O, 3.18%; Na2O, 4.86%; CaO, 1.33%; MgO,
2.59%. Ammonium persulfate (APS, analytical grade) was pur-
chased from Xi’an Chemical Reagent Factory (Xi’an, China) and
was recrystallized from water before use. N,N0-methylene-bis-
acrylamide (MBA, chemically pure) was purchased from Shanghai
Chemical Reagent Corp. (Shanghai, China). Sodium oleate (NaOL,
chemically pure) was from Sinopharm Chemical Reagent Co.Ltd
(Shanghai, China). Dodecyltrimethylammonium (DTAB, chemically
pure) was from Xiamen XM-Innovation Chemical Co., Ltd. (Xiamen,
China). Other reagents used were of analytical grade and all solu-
tions were prepared with distilled water.

2.2. Synthesis of HEC-g-PNaA/MS composite hydrogels

HEC (1.2 g) was dissolved in 33 mL distilled water in a 250-mL
four-necked flask equipped with a reflux condenser, a mechanical
stirrer, a nitrogen line and a thermometer. The solution was heated
to 60 �C and purged with N2 for 30 min to remove the dissolved
oxygen. Afterward, 5 mL of aqueous solution of initiator APS
(72.0 mg) was added and stirred for 10 min to generate free-
radicals. After the reactants was cooled to 50 �C, the mixed solution
containing AA (7.2 g, neutralized with 8.2 mL 8.0 mol/L NaOH solu-
tion), crosslinker MBA (14.4 mg) and MS powders (0, 0.45, 0.95,
2.05, 3.54 g, 5.60 g and 8.40 g) was added, and the temperature
was slowly risen to 70 �C and maintained for 3 h to complete poly-
merization. The obtained gels were dried to constant weight at
70 �C, and the dried gels were ground and passed through 40 to
80 mesh sieve (180–380 lm).

2.3. Measurements of equilibrium swelling capacity and swelling
kinetics

0.05 g of sample was immersed in excess of aqueous fluids
(including distilled water, 0.9 wt% NaCl solution, organic sol-
vents/water mixture solutions and the aqueous solutions of surfac-
tants in this work) at room temperature for 4 h to achieve swelling
equilibrium. The swollen gels were then separated from the solu-
tions using a 100-mesh screen. After weighing the swollen gels,
the equilibrium swelling capacities (Qeq, g/g) of the hydrogels were
derived from the mass change before and after swelling, and calcu-
lated using the following equation (Eq. (1)):

Qeq ¼ ðws �wdÞ=wd ð1Þ

where wd and ws are the weights of the dry sample and the swollen
sample, respectively. Qeq was calculated as grams of water per gram
of sample.

Swelling kinetics of the hydrogel in each media was measured
as follows: an accurately weighed sample (about 0.05 g) was fully
contacted with 300 mL aqueous solution. At certain time intervals,
the swelling capacity of the sample at a given time (Qt, g/g) was
measured by weighing the swollen gel and calculated according
to Eq. (1). In all cases three parallel samples were used and the
averages were reported in this paper.
2.4. Evaluation of pH- and saline-responsive properties

The solutions with pHs 2.0 and 7.4 were adjusted by 0.1 M HCl
and NaOH solutions. The pH values of solutions were determined
by a pH meter (DELTA-320). The pH- and saline-responsive proper-
ties of the composite hydrogel was investigated in terms of its
swelling and deswelling between pHs 7.4 and 2.0, between dis-
tilled water and 0.9 wt% NaCl solution, respectively. Typically,
0.05 g sample was placed in a 100-mesh sieve and fully contacted
with pH 2.0 solution or 0.9 wt% NaCl solution until the equilibrium
was reached. The wetted sample was then immersed in pH 7.4
solution or distilled water for a set period of time. Finally, the swol-
len composite hydrogel was filtered, weighed and its swelling
capacity at a given moment can be calculated according to Eq.
(1). The consecutive time interval is 15 min for each cycle, and
the same procedure was repeated for five cycles. After each mea-
surement, the used solution was renewed.
2.5. Measurements of the swelling capacity in organic solvents/water
mixture solutions and the concentration difference of DMSO between
gel network and external solution

The organic solvents/water mixture solutions (10, 20, 30, 40, 50,
60, 70 and 80 vol%) were prepared by dissolving calculated vol-
umes of organic solvents (methanol, acetone or DMSO). A 0.05 g
of sample was immersed in 200 mL of each mixture solution at
room temperature for 4 h to achieve swelling equilibrium. The
swollen gels were then separated from the solutions using a 100-
mesh screen. After weighing the swollen gels, the equilibrium
swelling capacities (Qeq, g/g) of the hydrogels in organic solvents/
water solutions were derived from the mass change before and
after swelling and calculated using the equation (Eq. (1)).

The concentration difference of DMSO between swollen gel
network and external solution was determined according to the
following procedure. A set of standard solutions with the concen-
tration of 10, 20, 30, 40, 50, 60 and 70 vol% were prepared, and
the fluorescence intensity of S elements for each standard solution
was determined and the standard curve (the fluorescence intensity
(y) versus the concentration of S element (x)) was established
(y = 4088.33 + 0.1208x, R = 0.999). By determining the fluorescence
intensity of S elements for the swollen hydrogels and the filtrate,
the corresponding concentration of S elements can be obtained.
The concentration of DMSO for each sample can be calculated by
converting the concentration of S elements.
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2.6. Characterizations

FTIR spectra were recorded on a Nicolet NEXUS FTIR spectrom-
eter in 4000–400 cm–1 region using KBr pellets. The samples were
extracted with ethanol for 24 h before determination. The surface
morphologies, Energy dispersive spectroscopy (EDS) and Elemental
map (EM) of each sample was examined using a JSM-6701F field
emission scanning electron micro-scope (JEOL) after coating the
sample with gold film. The Transmission electron micrographs
(TEM) were obtained using a JEM-2010 high-resolution transmis-
sion electron micro-scope (JEOL, Tokyo, Japan) at an acceleration
voltage of 200 kV, the sample was ultrasonically dispersed in eth-
anol before observation. Thermogravimetric/Differential thermal
analysis (TG/DTA) were performed using a Perkin-Elmer TGA-7
thermogravimetric analyzer (Perkin–Elmer Cetus Instruments,
Norwalk, CT), with a temperature range of 30–750 �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 spectra

The FTIR spectra of HEC, HEC-g-PNaA, HEC-g-PNaA/MS and MS
were shown in Fig. 1. It can be seen from Fig. 1a that the absorption
band of HEC at 1015 cm–1 (stretching vibration of C–OH groups)
disappeared after reaction, and the bands at 1119 and 1061 cm–1

and (asymmetrical stretching vibration of C–O–C) appeared in
the spectra of HEC-g-PNaA and HEC-g-PNaA/MS. The new bands
at 1708 cm–1 for HEC-g-PNaA and 1702 cm–1 for HEC-g-PNaA/MS
(asymmetrical stretching vibration of –COOH), at 1568 cm–1 for
HEC-g-PNaA and 1563 cm–1 for HEC-g-PNaA/MS (asymmetrical
stretching vibration of –COO� groups), at 1455 and 1410 cm–1

(symmetrical stretching vibration of –COO� groups) appeared in
Fig. 1. FTIR spectra of (a) HEC, (b) HEC-g-P
the spectra of HEC-g-PNaA and HEC-g-PNaA/MS (Fig. 1b and c).
This observation reveals that PNaA and HEC chains existed in the
composite hydrogel. For proving the graft of NaA onto HEC, the
TG-DTA curves of HEC, HEC-g-PNaA and HEC-g-PNaA/MS were pre-
sented (Fig. 2). It can be noticed that the positions of endothermic
peaks and weight-loss rate have clearly changed after graft reac-
tion, indicating that NaA has been grafted onto HEC backbone.
The characteristic absorption bands of MS at 3619 cm–1 and
1633 cm–1 (stretching and bending vibration of (Si)O–H, respec-
tively) can almost not be observed after reaction (Fig. 1b–d), and
the absorption band of MS at 1034 cm–1 (stretching vibration of
Si–O groups) shifted to about 1059 cm–1 and was obviously weak-
ened in the spectrum of HEC-g-PNaA/MS (Fig. 1c and d). This indi-
cates that MS also participated in the graft copolymerization
reaction through its active silanol groups [33,34].
3.2. Thermal behaviours

The TG-DTA curves of HEC, HEC-g-PNaA and HEC-g-PNaA/MS
(10 wt%) were depicted in Fig. 2. It can be noticed that HEC shows
one-step thermal decomposition between 277 and 387 �C (weight
loss is about 75.9%) after losing its absorbed moisture (about
5.7 wt%). However, the HEC-g-PNaA and HEC-g-PNaA/MS hydro-
gels showed three-step continuous thermal decomposition, and
the weight-loss rate was obviously slowed. The weight losses of
about 14.2 wt% (30–266 �C) for HEC-g-PNaA, and about 11.3 wt%
(30–270 �C) for HEC-g-PNaA/MS correspond to the removal of the
absorbed and bonded water. The weight loss of about 20.8 wt%
(266–426 �C) for HEC-g-PNaA and about 19.1 wt% (270–430 �C)
for HEC-g-PNaA/MS can be attributed to the dehydration of saccha-
ride rings, the breaking of C–O–C bonds in the chain of HEC and the
formation of anhydride with elimination of the water molecule
from the two neighboring carboxylic groups of the grafted chains.
The weight losses of about 22.9 wt% (426–507 �C) for HEC-g-PNaA
NaA, (c) HEC-g-PNaA/MS and (d) MS.



Fig. 2. TG-DTA curves of (a, TG; a0 , DTA) HEC-g-PNaA, (b, TG; b0 , DTA) HEC-g-PNaA/
MS (10 wt%), and (c, TG; c0 , DTA) HEC.

Fig. 3. FESEM micrographs of (a) HEC-g-PNaA, (b) MS and (c) HEC-g-PNaA/MS
(10 wt%).
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and about 19.8 wt% (430–509 �C) for HEC-g-PNaA/MS derive from
the breakage of PNaA chains and the destruction of crosslinked
network structure. DTA curves confirmed the TG results, and the
HEC-g-PNaA/MS composite hydrogel is more thermal resistant
than HEC and HEC-g-PNaA hydrogel. HEC shows an obvious endo-
thermic peak at 342 �C, and HEC-g-PNaA hydrogel shows charac-
teristic endothermic peaks at 414 �C and 483 �C, respectively.
After introducing MS, these peaks were weakened and shifted to
427 �C and 500 �C, respectively, which indicates that the thermal
decomposition process in these regions was relieved. Compared
with the HEC-g-PNaA hydrogel, the shift of endothermic peaks to
high temperature region in the DTA curves reveals that the thermal
decomposition of the hydrogel was delayed after incorporating MS.
As described above, HEC-g-PNaA/MS composite exhibited slower
weight-loss and thermal decomposition rate, which indicated the
incorporation of MS improved the thermal stability of the
hydrogel.

3.3. FESEM, EDS, EM and TEM analyses

The FESEM micrographs of the HEC-g-PNaA hydrogel, MS and
HEC-g-PNaA/MS (10 wt%) composite hydrogel were observed
(Fig. 3). It is obvious that the MS-free hydrogel only shows a dense,
smooth and non-porous surface. After introducing MS, the surface
becomes coarse and loose, and many creases can be observed. The
coarse and porous surface contributes the aqueous fluid to diffuse
into the polymeric network and affords the final hydrogel with
higher swelling capacity [35]. This observation also gives a direct
revelation that the MS filler are almost embedded within HEC-
g-PNaA polymeric matrix and equably dispersed in the matrix
without aggregation, which facilitates the resulting superabsor-
bent to form a homogeneous composition.

Fig. 4 shows the EDS spectrograms of HEC-g-PNaA, MS and HEC-
g-PNaA/MS (10 wt%). It can be seen that only the characteristic
peaks of C, O and Na elements appeared in the EDS spectrogram
of HEC-g-PNaA. After forming HEC-g-PNaA/MS composite, the
characteristic peaks of Na, Mg, Al, Si, K, Ca and Fe elements
(ascribed to MS) can also be observed (Fig. 4b and c). This indicates
that MS is existed in the composite hydrogel. For proving the dis-
tribution of MS, the elemental maps (EM) for each sample (Fig. 5)
were examined and the TEM image (Fig. 6) was observed. It is obvi-
ous that the characteristic O, Na, Mg, Al, Si, K, Ca and Fe elements of
MS can be clearly observed in the elemental map of the composite
hydrogel with an equal distribution. In addition, the TEM image of
the HEC-g-PNaA/MS composite hydrogel (Fig. 6) shows MS plate-
lets were clearly observed in the polymeric matrix with a better
dispersion, which indicates that MS was existed and distributed
in the HEC-g-PNaA matrix.

3.4. Effect of MS content on swelling capacity

The structure and composition of the composite hydrogel can
be changed by the addition of various amounts of MS, and so its
swelling capacity was certainly affected. As shown in Fig. 7, the
swelling capacity sharply increased by 400% with the content of
MS reaching 10 wt%, and then decreased with the further addition
of MS. The encouraging improvement of swelling capacity can be
attributed to the following reasons: (1) MS may participate in poly-
merization reaction through its active silanol groups, which con-
tributes to the formation of regular polymer network, prevents
intertwining of grafted polymeric chains and weakens the hydro-
gen-bonding interaction amongst hydrophilic groups. As a result,
the physical crosslinking degree was decreased and the swelling



Fig. 4. EDS curves of (a) HEC-g-PNaA, (b) MS, (c) HEC-g-PNaA/MS (10 wt%).
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capacity was notably improved; (2) MS can easily be ionized as
contacting with water to release lots of metal cations and generate
[–SiO]� groups [32]. For one thing, the concentration of electrolyte
in gel network was increased and the osmotic pressure difference
between gel network and swelling media was enhanced; For an-
other, the negatively charged [–SiO]� can repulse with the nega-
tively charged graft polymer chains, and so the expansion degree
of gel network was enhanced. This factor is responsible for the
improvement of swelling capacity.

However, the excess MS is physically stacked in the gel network
when the addition amount of MS exceeding 10 wt%. The network
voids for holding water was obstructed and the hydrophilicity of
the hydrogel was decreased, which directly induced the decrease
of swelling capacity. In addition, it is worth pointing out that the
swelling capacity of the composite hydrogel incorporating with
50 wt% of MS is still higher 117% than the MS-free sample, which
is favorable to reduce the production cost.
3.5. Swelling kinetics

Fig. 8a–c depicted the effects of MS content, particle sizes and
saline solutions on the swelling kinetics of the hydrogels. It was
noticed that the swelling rate is faster at initial 600 s. With pro-
longing the swelling time, the swelling rate was slowed down until
a plateau was reached. In this section, Schott’s second-order swell-
ing kinetics model (Eq. (2)) [36] was introduced for evaluating the
kinetic swelling behaviours of the hydrogels.

t=Q t ¼ 1=K is þ 1=Q1t ð2Þ

Here, Qt (g/g) is the swelling capacity of the hydrogel at time t (s);
Q1 (g/g) is the theoretical equilibrium swelling capacity, and Kis (g/
g s) is the initial swelling rate constant. Based on the swelling data
in distilled water and saline solutions, the plots of t/Qt versus t give
perfect straight lines with good linear correlation coefficient (>0.99;
Fig. 8a’–c’), indicating that the Schott’s swelling theoretical model is
suitable for evaluating the kinetic swelling behaviours of the com-
posite hydrogels. Also, by the slope and intercept of each straight
plot, the swelling kinetic parameters including Q1 and Kis can be
calculated (Table 1). It can be concluded from Table 1 that the initial
swelling rate in distilled water for each sample is as following
orders: HEC-g-PNaA/MS (10 wt%) > HEC-g-PNaA/MS (5 wt%) > HEC-
g-PNaA > HEC-g-PNaA/MS (50 wt%), indicating that the introduction
of moderate amount of MS is favorable to improve the swelling rate
of the hydrogel.

It was also noticed that the initial swelling rate constant (Kis) of
the HEC-g-PNaA/MS (10 wt%) composite hydrogel in distilled
water is clearly larger than that in saline solution, and the Kis rap-
idly decreased from 8.1887 to 0.7852 with enhancing the external
saline concentration from 0 to 20 mmol/L. This is because the in-
crease of external ionic strength directly decreased the osmotic
pressure difference between gel network and external solution.
As described previously [37], the net osmotic pressure (pion) can
be determined by Donnan equilibrium theory:

pion ¼ RT
X

i

ðCg
i � Cs

i Þ ð3Þ

where Ci is the mobile ion concentration of species i; ‘‘g’’ and ‘‘s’’ de-
notes the gel and solution phase, respectively. Because the ion con-
centration in the gel network (Cg

i ) is changeless for a hydrogel, the
increase of the concentration of saline solution (Cs

i ) certainly leads
to the decrease of net osmotic pressure (pion). At the initial stage
of swelling, the diffusion of water into polymeric network is the
rate-limiting process, and the osmotic pressure difference act as a
driving force for this process. So, increasing the external saline con-
centration certainly induces the decrease of diffusion rate of water
molecules.

Apart from saline solution, the particle sizes of the composite
hydrogel have greater influence on the swelling rate. As shown
in Table 1, the initial swelling rate constant for the HEC-g-PNaA/
MS (10 wt%) composite hydrogel with different particle sizes
follows the orders: 160–200 mesh > 120–160 mesh > 80–120 >
40–80 mesh. This indicates that decreasing the particle size contrib-
utes to enhance the swelling rate of the composite hydrogel.

3.6. pH-responsive characteristic

As shown in Fig. 9, the HEC-g-PNaA hydrogel and HEC-g-PNaA/
MS composite hydrogel almost does not swell at pH 2.0, but they
rapidly absorb water when it was contacted with pH 7.4 solution.
When the swollen gel was immersed in pH 2.0 solution again, the
gels were rapidly deswelled and shrinked, and an intriguing pulsa-
tile and on-off switching pH-sensitive behaviours were observed.
This is because that the hydrogels contain numerous –COO� and
–COOH groups in its network structure. In pH 2.0 solution, –
COO– groups can convert to –COOH groups, which increased the
hydrogen-bonding interaction amongst hydrophilic groups and en-
hanced the physical crosslinking degree, and so the swelling capac-
ities of the hydrogels are low. When the pH value was changed as
7.4, the opposite process occurred, and the hydrogen-bonding
interaction amongst hydrophilic groups was broken, and the



Fig. 5. Element area profiles of (a) HEC-g-PNaA, (b) MS, and (c) HEC-g-PNaA/MS (10 wt%) at the magnification of 20,000�. The small plots denote the distribution of each
element in the polymeric matrix.
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electrostatic repulsion amongst polymer chains was increased. As a
result, the hydrogels can swell more. It is obvious that the compos-
ite hydrogel can recover to relatively higher swelling capacity at
pH 7.4 than HEC-g-PNaA hydrogel, and more wide responsive re-
gion was realized. This indicates that the introduction of MS
greatly expanded the responsive region and improved the respon-
sive properties of the hydrogel. After five swelling–deswelling (on–
off) cycles between pH 7.4 and 2.0, the composite hydrogel still
showed better responsivity, indicating that the pH-sensitivity is
highly reversible.
3.7. Saline-responsive characteristic

The swelling–deswelling switching cycle of the optimized com-
posite hydrogel was examined by alternately contacting it with
0.9 wt% NaCl solution and distilled water for a set interval
(Fig. 10). In 0.9 wt% NaCl solution, the composite hydrogel shows
low swelling capacity (about 80 g/g), and the composite gel keeps
smaller volume. However, when the above gel was immersed in
distilled water, the gel rapidly expands and absorbs large amounts
of water with prolonging time. After the swollen composite was



Fig. 6. TEM image of the HEC-g-PNaA/MS (10 wt%) composite hydrogel.

Fig. 7. Effects of MS content on the swelling capacity in distilled water and 0.9 wt%
NaCl solution.

Fig. 8. (a) swelling kinetic curves of the hydrogels (MS dosage, 0, 5, 10 and 50 wt%) in dist
swelling behaviours of the composite hydrogel (MS dosage, 10 wt%), and (c) effect of par
10 wt%); a0–c’ are the corresponding plots of t/Qt against t for a–c.

Table 1
Swelling kinetic parameters for the hydrogels in distilled water and saline solutions
with various concentrations.

Samples Particle sizes
(mesh)

Swelling
media

Q1
(g/g)

Kis (g/
g s)

Ra

HEC-g-PNaA 40–80 Distilled
water

158 1.5261 0.9998

HEC-g-PNaA/MS
(5 wt%)

40–80 Distilled
water

568 3.1989 0.9993

HEC-g-PNaA/MS
(10 wt%)

40–80 Distilled
water

830 8.1887 0.9998

HEC-g-PNaA/MS
(50 wt%)

40–80 Distilled
water

345 1.5234 0.9999

HEC-g-PNaA/MS
(10 wt%)

40–80 2 mmol/L
NaCl

474 3.1411 0.9999

HEC-g-PNaA/MS
(10 wt%)

40–80 5 mmol/L
NaCl

308 2.2773 0.9999

HEC-g-PNaA/MS
(10 wt%)

40–80 10 mmol/L
NaCl

258 1.4717 0.9998

HEC-g-PNaA/MS
(10 wt%)

40–80 20 mmol/L
NaCl

201 0.7852 0.9993

HEC-g-PNaA/MS
(10 wt%)

80–120 Distilled
water

788 8.6244 0.9998

HEC-g-PNaA/MS
(10 wt%)

120–160 Distilled
water

746 9.7809 0.9999

HEC-g-PNaA/MS
(10 wt%)

160–200 Distilled
water

730 11.0266 0.9999

a The regression equation for each sample is Y = A + Bx (Y = t/Qt, A = 1/Kis, B = 1/
Q1, x = t).
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transferred into 0.9 wt% NaCl solution again, it rapidly de-swells
and shrinks to a smaller volume. This is because the addition of
Na+ cations decreased the osmotic pressure difference between
gel network and external solution, which decreased the driving
force for the penetration of water molecules, and so the composite
show low swelling capacity in 0.9 wt% NaCl solution. As the shrun-
ken composite was immersed in fresh distilled water again, some
of Na+ cations was washed out and the osmotic pressure was
recovered, and so the swelling capacity reached relatively higher
value. It can also be observed that the swelling capacity only lost
illed water, (b) effect of the saline solution with various concentration on the kinetic
ticle size on the kinetic swelling behaviours of the composite hydrogel (MS dosage,



Fig. 9. The On–Off switching swelling behaviour as reversible pulsatile swelling
(pH 7.4) and deswelling (pH 2.0) of the HEC-g-PNaA hydrogel and the HEC-g-PNaA/
MS (10 wt%) composite hydrogel. The area between two dashed lines denotes the
extended responsive region.

Fig. 10. The On–Off switching swelling behaviour as reversible swelling (in distilled
water) and deswelling (in 0.9 wt% NaCl solution) of the HEC-g-PNaA hydrogel and
the HEC-g-PNaA/MS (10 wt%) composite hydrogel. The area between two dashed
lines denotes the extended responsive region.
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little even after five cycles, and the reversible swelling–deswelling
(On–Off) behaviours were realized. The evident On–Off switchable
swelling behaviour with altering the external saline media pre-
sented the excellent saline-responsive characteristic of the com-
posite hydrogel. It can especially be noticed that the composite
hydrogel can recover to relatively higher swelling capacity in dis-
tilled water than HEC-g-PNaA hydrogel, and the On–Off switching
effect is more obvious and the responsive behaviours is more
strong. This indicates that the introduction of MS greatly expanded
the saline-responsive region of the hydrogel, and which is favor-
able to its application as a stimuli-sensitive material.
Fig. 11. Effects of surfactant solutions on the swelling behaviour of the HEC-g-
PNaA/MS (10 wt%) composite hydrogel.
3.8. Effects of surfactants on the swelling behaviour

Apart from the saline solution, ionic surfactants have a consid-
erable effect on the swelling properties of the hydrogels. As shown
in Fig. 11, the swelling capacity of the composite hydrogel de-
creased with increasing the concentration of surfactant NaOL and
DTAB, but the decreasing trend in the DTAB solution is more obvi-
ous than in the NaOL solution. At the concentration of 20 mmol/L,
the swelling capacity of the composite in NaOL solution reaches
247 g/g, but it is only 33 g/g in DTAB solution. This indicates that
the swelling capacity is highly dependent on the concentration
and charge of the solution of surfactants. In DTAB solution, the –
COOH groups of the composite hydrogel may form a strong hydro-
gen bond with the quaternary ammonium cations of DTAB, and the
negatively charged –COO� groups may generate electrostatic inter-
action with positively charged DTA+ moieties. In addition, the
DTAB molecules may aggregate within or over the networks of
composites, which can markedly decrease the hydrophilicity of
the polymer network and reduce the swelling capacity [38]. How-
ever, no similar action occurred when the composite was im-
mersed in the solution of anionic surfactant NaOL. As a result,
the composite showed a comparatively faster deswelling rate in
the cationic surfactant solution than in the anionic surfactant
solution.

3.9. Effects of hydrophilic organic solvents on swelling behaviour

Effects of hydrophilic organic solvents on the swelling behav-
iours of the hydrogel have attracted great interests because of
the intriguing gel phase transition. Fig. 12 shows the swelling
curves of the hydrogel in the aqueous solution of methanol, ace-
tone and dimethyl sulfoxide (DMSO) at various concentrations. It
can be seen that the swelling capacity slowly decreased with
increasing the concentration of methanol or acetone at the low
concentration range (<50 vol% for methanol; <40 vol% for acetone),
but the gel rapidly de-swells with increasing the concentration of
methanol (>50 vol%) and acetone (>40 vol%) solution, until the
gel completely collapsed at the concentration of 70 vol% for meth-
anol and 60 vol% for acetone. However, a distinct trend was ob-
served in the aqueous solution of DMSO. The swelling capacity
initially increased with increasing the concentration of DMSO,
and a maximum absorption was achieved at 20 vol%, and a similar
trend was also observed in previous work [39]. The experiments
were repeated for several times, and the ‘‘overflowing’’ behaviour
is reproducible. The solvent-induced swelling-loss of the hydrogels
can be explained by the Hildebrand equation (Eq. (4)) [40].

DHm=ðVmU1U2Þ ¼ ðd1 � d2Þ2 ð4Þ

where DHm is the enthalpy change upon mixing of a polymer and a
solvent, Vm is the whole volume of the solution, U1 and U2 are the
volume fractions for the solvent and the polymer, d1 and d2 are
the solubility parameters for the solvent and the polymer, respec-
tively. It can be noticed from Eq. (4) that the swelling degree of
hydrogel depends on its solubility in swelling media. Because the



Fig. 12. Effects of hydrophilic organic solvents on the swelling behaviour of the
HEC-g-PNaA/MS (10 wt%) composite hydrogel.
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maximum swelling capacity of the hydrogel is often obtained in
pure water, the d value of water (23.4 (cal/cm3)1/2) can be regarded
as the solubility parameter of the hydrogel. The solubility parame-
ter for a mixing solution (dmix) can be calculated using Eq. (5) [40]:

dmix ¼ d1U1 þ d2U2 ð5Þ

where U1 and U2 are the volume fraction for the two components,
and d1 and d2 are the solubility parameters of each component.
The d values of methanol, acetone and DMSO are 14.5, 9.9 and
14.5 (cal/cm3)1/2, respectively, which is clearly smaller than 23.4
of water. Thus, the addition of methanol and acetone (poor solvent
for the hydrogel) may induce the decrease of swelling capacity. It
can also be calculated that the d value for the hydrogel beginning
to collapse is 18.95 (cal/cm3)1/2 for methanol, 18 (cal/cm3)1/2 for
acetone and 18.95 (cal/cm3)1/2 for DMSO. Apart from solubility
parameters, the dielectric constant of the solution directly affects
the ionization degree of ionic groups, and then changes the differ-
ence of ion concentrations between gel network and external solu-
tion [41]. As a result, the swelling capacity can be affected. The
dielectric constant of binary mixture solution can be calculated by
Eq. (6).

emix ¼ 78:54w1 þ e2w2 ð6Þ

where w1 and w2 denote the volume fractions of water and organic
solvents, respectively, and e2 represent the dielectric constants of
Scheme 1. Schematic illustration of the inte
organic solvents. The dielectric constants of water, methanol, ace-
tone and DMSO are 78.54, 32.63, 20.7 and 47, respectively
[39,41]. The addition of methanol or acetone certainly decreases
the dielectric constants of the mixture solutions, and the dissocia-
tion of –COOH and –COO� groups was restrained, and so the swell-
ing capacity also exhibits a similar decreasing tendency with
increasing the concentration of methanol or acetone.

However, in the aqueous solution of DMSO, the additional hydro-
gen-bonding interaction between the gel network and DMSO
molecules makes the swelling ‘‘overflowing’’. In aqueous solution
of DMSO, the DMSO molecules may enter the gel network and form
hydrogen bonding with the hydrophilic groups [39]. Thus, numer-
ous DMSO molecules may reside in the interior of gel network. For
proving this, the concentration of DMSO in the internal gel network
and external solution was determined by X-ray fluorescence (XRF)
technique. The concentration differences (DC) between swollen
gel network and external solution are 3.79 (10 vol%), 12.35
(20 vol%), 4.67 (30 vol%), 4.34 (40 vol%), 4.08 (50 vol%) and �0.65
(60 vol%) g/l. When the initial concentration of DMSO solution is
lower than 50 vol%, the DMSO concentration in internal gel network
is higher than that in external solution (the DMSO was denoted as a
solute), and an additional osmotic pressure DGorg generated
(Scheme 1) [41]. Under this condition, the comprehensive contribu-
tion of additional osmotic pressure DGorg to enhancing the swelling
capacity is larger than the decreasing effect of the solubility param-
eter and dielectric constant on swelling capacity. As a result, the
swelling capacity was enhanced after adding moderate amount of
DMSO in aqueous solution. But the further increase of the external
concentration of DMSO leads to the disappearance of concentration
difference of DMSO, and the effect of the solubility parameter and
dielectric constant is dominant, and so the swelling gel rapidly
collapsed when DMSO concentration is higher than 50 vol%.
4. Conclusions

In efforts to reduce the consumption of petroleum products and
the environmental impact resulting from industrial polymers and
to expand the application domain of hydrogels, new types of
biopolymer-based composite hydrogels with pH- and saline-
responsive characteristics, improved swelling capacity and rate
were prepared by free-radical solution polymerization amongst
HEC, NaA, MS and MBA. FTIR, TG-DTA, FESEM, EDS, EM and TEM
analyses revealed that the NaA monomers have been grafted onto
the HEC backbone, and the surface porosity, roughness and
raction of DMSO with the gel network.
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thermal stability of the hydrogel were improved after incorporat-
ing MS. MS existed in the composite hydrogel and led to a better
dispersion in the polymer matrix. The incorporation of 10 wt%
MS greatly enhanced the swelling capacity by 400% and the initial
swelling rate constant also enhanced 7.48 fold in contrast to the
MS-free sample. Even when the content of MS reached 50 wt%,
the swelling capacity also enhanced almost by 117%. This is favor-
able to reduce the production cost because the mass ratio of cheap
inorganic MS to other organic components in the composite
reached 1:1. The swelling kinetic results showed that the swelling
rate of the composite decreased with increasing the external saline
concentration and the particle size. The composite hydrogel exhib-
ited highly reversible On–Off switchable stimuli-responsive behav-
iours between pH 7.4 and 2.0 solutions, and between distilled
water and 0.9 wt% NaCl solutions, and the responsive region of
the hydrogel was drastically expanded after introducing 10 wt%
MS. In addition, the composite showed anticipated deswelling
behaviours in various surfactant solutions, and the deswelling
trend is more clearly in the solutions of cationic surfactant DTAB
than that in the solution of anionic surfactant NaOL. In DMSO solu-
tion, the hydrogel shows intriguing ‘‘overflowing’’ swelling behav-
iour in contrast to that in methanol and acetone solution, which
may be ascribed to the generation of additional osmotic pressure.
In short, the composite hydrogels based on renewable, non-toxic
and biodegradable HEC and abundant MS showed enhanced swell-
ing capability and rate, excellent pH- and saline-responsive prop-
erties and better deswelling capability in aqueous solutions of
various surfactants, which can be used as potential water-manage-
able materials and as a candidate for petroleum-based synthetic
absorbents.
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