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ABSTRACT: A 2*! fractional factorial design was used to evaluate the effect of some parameters, such as the acrylic acid (AA)/chitosan
(CTS) molar ratio, crosslinker concentration, initiator concentration, and filler concentration, in the swelling capacity of superabsorbent
hydrogel composites based on CTS-graft-poly(acrylic acid) and nontronite clay. The data from wide-angle X-ray scattering and Fourier
transform infrared spectroscopy confirmed the syntheses of the hydrogel composites. Main and interaction effects were analyzed by anal-
ysis of variance, F tests, and p values. We found that the AA/CTS and crosslinker were the most influential effects in the evaluated
response. The proposed statistical model presented a high coefficient of determination (R* = 0.985). In addition to the swelling kinetics,
the effects of pH and salt for the both compositions (with and without filler), which presented the best water uptake, were evaluated.
Both hydrogels showed responsive behavior in relation to the pH and the salt solution, presenting good potential for application as devi-

ces in the controlled release of solutes. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 128: 3480-3489, 2013
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INTRODUCTION

Superabsorbent hydrogels are loosely crosslinked polymers that
can absorb and retain an outstanding volume of aqueous fluids,
amounts as high as 100-1000 times their weight, even under
pressure due to the presence of large amounts of hydrophilic
groups.! Because of their characteristics, such materials have
been applied in many fields, including agricultural,’ biomedi-
cal,” and hygienic products.’ Although superabsorbent hydrogels
made of synthetic polymers (mainly based on acrylate and ac-
rylamide monomers) present excellent water uptake capability
and mechanical properties, the lack of degradation under envi-
ronmental conditions and their possible toxicity raise great eco-
logical and health concerns. In light of this, many researchers
have focused on the introduction of natural polymers [e.g.,
starch,” chitosan (CTS),” and arabic gum® by grafting synthetic
polymers to the biopolymer backbone rendering biodegradable,
biocompatible, and/or superabsorbent hydrogels.”®

It is well know that many biopolymers do not present satisfactory
mechanical and/or thermal properties.”'® However, it has been
shown that the swelling capability, strength, and thermal behavior
can be tuned through the addition of organic fillers (e.g., cellu-
lose,'' starch,'” and chitin'? nanocrystals) and inorganic fillers
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(e.g., magnetic nanoparticles,'* ash,'” and clays such as montmo-
. . 1 . . 17 1 . .
rillonite,’®  vermiculite,’” and bentonite'®) with nanometric

dimensions due to the formation of nanocomposite materials.

In this study, we discovered that the swelling properties of CTS-
graft-poly(acrylic acid) (PAA) hydrogels could be tuned through
the addition of nontronite clay (NONT), an iron-rich smectite
with a dioctahedral structure.'™*® CTS, a well-known polymer,
was chosen because of its interesting physical and biological
properties (i.e., biocompatibility, biodegradability, low toxicity,
antibacterial and hemostatic activities, and chelating poten-
tial).?"** CTS acted as a desirable backbone for grafting PAA to
form a superabsorbent material. In addition, to the best of our
knowledge, hydrogel composites containing NONT have not
been reported in the literature until now.

EXPERIMENTAL

Materials

Acrylic acid (AA) and potassium persulfate (K,S,0g) were pur-
chased from Sigma-Aldrich, St. Louis, MO. N, N'-Methylene bisa-
crylamide (MBA) was purchased from Pharmacia Biotech (GE
Healthcare, Sao Paulo, Brazil). CTS (85% deacetyled) was pur-
chased from Golden-Shell Biochemical (Zhejiang, China) and
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Table I. Design of the Experiments

ARTICLE -

Two-level factors

Water uptake
(g of water/g of

Sample A (mol %) B (wt %) C (wt %) D (wt %) absorbent)
1 (=) 5 (1)1 (-1)1 (~1) none 204
2 (+1)10 (-11 (1)1 (+1) 10 433
3 (=) 5 (+1) 3 (-1)1 (+1) 10 121
4 (+1)10 (+1)3 (1)1 (=1) none 127
5 (-1)5 (1)1 (+1) 3 (+1) 10 262
6 (+1)10 -11 (+1) 3 (=1) none 381
7 (-1) 5 (+1) 3 (+1) 3 (~1) none 72
8 (+1)10 (+1) 3 (+1) 3 (+1) 10 225
9 (0)7.5 (0) 2 (0) 2 (=1) none 188
10 (0)7.5 (0) 2 (0) 2 (+1) 10 281

presented an average viscometric molar mass (My,) of 87 kDa. My
was obtained according to methodology previously described by
Fajardo et al.>> The NONT was kindly donated by Empresa Bento-
nita do Nordeste situated at Paraiba state (Paraiba, Brazil). It was
previously ground and sieved through a 325-mesh (44 pum) sieve.
The clay had a cationic exchange capacity of 145 mequiv/100 g,
and the chemical composition obtained by X-ray fluorescence was
as follows: [Silicon] = 5.32 mequiv/g, [Iron] = 0.82 mequiv/g,
[Aluminum] = 0.60 mequiv/g, [Sodium] = 0.48 mequiv/g, [Mag-
nesium] = 0.12 mequiv/g, and [Calcium] = 0.08 mequiv/g.

Preparation of the CTS-graft-PAA/NONT Hydrogel
Composites

A series of hydrogel composites based on CTS, AA, and NONT
were prepared according to the following procedure: an appropri-
ate amount of CTS was solubilized under magnetic stirring in 30
mL of acetic acid solution (1 v/v %) in a three-necked flask
equipped with a reflux condenser, a funnel, and an N, line. The
CTS solution was purged for 30 min to remove the oxygen. After
this, the solution was heated to 70°C, and then, potassium persul-
fate was introduced to generate free radicals on the CTS chains.
Ten minutes later, another solution, which consisted of AA and
specific amounts of MBA and NONT in 5 mL of distilled water,
was added to the CTS solution. The resulting solution was heated
for 3 h to complete the formation of the CTS-graft-PAA/NONT
hydrogel composite. Therefore, the produced hydrogel, which was
present in granular form, was cooled to room temperature
(ca. 25°C) and then neutralized to pH 7.0 with the addition of
an NaOH aqueous solution. The CTS-graft-PAA/NONT hydrogel
was washed with large volumes of distilled water to remove residual
reactants and then oven-dried at 70°C. The sizes of the particles fell
within the 9-24-mesh range (0.71-2.00 mm). In addition, a blank
sample, without NONT, was prepared according to procedures
described previously. This sample was labeled CTS-graft-PAA.

Statistical Evaluation of the Parameters by a Factorial

Design Approach

To verify the influence of some of the parameters on the water
uptake capacity (in distilled water) of the CTS-graft-PAA/
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NONT hydrogel composite a fractional factorial design (FFD)
was performed. It was applied to a 2*™' FFD, in which we tested
four parameters: AA/CTS molar ratio (A; numeric), crosslinker
concentration (B; numeric), concentration (C;
numeric), and filler concentration (D; categoric). Each parame-
ter was varied in two levels, and two center points were used.
This resulted in 10 runs. The coded variables —1, 0, and +1
represent low, intermediate, and high levels (see Table I). The
FFD and the evaluation of the results based on analysis of var-
iance (ANOVA) were carried out with Design Expert (version
7.1.3) software (Minneapolis, MN).

initiator

Methods of Characterization

Fourier Transform Infrared (FTIR) Spectroscopy. All of the
dried hydrogel composites and the blank sample were character-
ized by the FTIR technique with a transform infrared spectro-
photometer (Shimadzu Scientific Instruments, model 8300, Co-
lumbia, MD) operating in the region from 4000 to 500 cm ™' at
a resolution of 4 cm™'. The dried material was blended with KBr
powder and pressed into tablets before spectrum acquisition.

Wide-Angle X-ray Scattering (WAXS). The WAXS patterns
were obtained in a diffractometer (DMAXB, Rigaku, Texas
USA) equipped with a Cu Ko radiation source (30 kV and 20
mA) with a scattering angle (20) from 5 to 70° at a resolution
of 0.02° and with a scanning speed of 2°/min.

Scanning Electron Microscopy (SEM). The hydrogel composite
morphologies were evaluated through SEM images obtained
from a scanning electron microscope (Shimadzu, model SS550
Superscan). The samples were gold-coated by a sputtering tech-
nique before the analyses.

Study of the Swelling Properties

Swelling Assays. Initially, swelling assays were used to deter-
mine the water absorption capacities of the materials (CTS-
graft-PAA and CTS-graft-PAA/NONT). In this way, 15 mg of
each sample tested was placed in a 30-mL filter crucible (poros-
ity number = 0) premoistened with a dry outer wall. This set
was inserted in water in such a way that the gel was completely
submerged. The crucible/composite hydrogel samples sets were
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Table II. ANOVA of Swelling: Effects of A, B, and D

Source Sum of squares DF Mean square F plo>F
Mode! 1.164 x 10° 4 29,093.59 113.84 0.0014°
A 32,131.12 1 32,131.12 123.52 0.0016
B 67,528.13 1 67,528.13 250.60 0.0005
D 8256.12 1 8256.12 31.74 0.0111
AB 4465.13 1 4465.13 17.17 0.0255
Residual 780.38 3 260.13

Cor total 1176 x 10° 9

aModel significant (R® = 0.9933, adjusted R = 0.9845).
DF = Degrees of Freedom.

removed at specific time intervals, the external wall of the set
was dried, and the system was weighed. For each sample, three
assays were performed. The swelling capacity of the hydrogel
composites was determined from eq. (1):

where Wis the gained water mass [g/g of composite hydrogel (ab-
sorbent)], m is the mass of the swollen absorbent, and m is the
mass of the dry material.** It was possible to follow the kinetics of
swelling in each studied medium. The size distribution of the
hydrogel composites remained in the 9-24 mesh range

Effect of the Salt Solution on the Water Absorbency. The
hydrogel composites were immersed in distinct aqueous salt sol-
utions (concentration = 0.15 mol/L) and their swelling capabil-
ities were determined according to the procedures described
previously. To study the effect of the type of ions as counterions
of salt, solutions of NaCl and NaHCO; were used to verify the
anion effect, and solutions of NaCl, KCl, NH,CIl, CaCl,, and
AICl; were used to evaluate the cation effect, with all solutions
having a fixed ionic strength (I = 0.1 M).

Evaluation of the pH Effect on the Swelling Capability of the
Hydrogel Composites. The effect of the pH on swelling was
also verified in buffer solutions (pH 2-12). The ionic strength
was kept constant at 0.1 M.

RESULTS AND DISCUSSION

2*' FFD

The swelling properties of hydrogels can be tailored through
changes in the experimental conditions applied to their forma-
tion. Several variables in the hydrogel formation (e.g., polymer
concentration, contents of crosslinking agents and gelling initia-
tors, and addition of filler) have been discussed extensively as
intrinsic factors that affect its swelling performance.”>*° Because
the swelling is dependent on many factors, the use of a factorial
design of experiments seems to be very suitable for understand-
ing how such factors are related to each other and to the swel-
ling capacity. In this study, a factorial design was used to evalu-
ate the influence of some factors on the water uptake capacity
of a CTS-graft-PAA based hydrogel. Table I presents the level of
all of the factors we evaluated for each run with the respective
response (the water uptake capacity).
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From the FFD of experiments, it was possible to evaluate the
main effect and the interaction effects by ANOVA. ANOVA is a
statistical tool that allows the evaluation of different sources of
variation that contribute to the observed variance for a specific
factor.”” Through ANOVA, we determined that the main effects,
A, B, and D, and the interaction (AB) were significant because
such effects presented p values (F test) smaller than 0.05; this
indicated that the probability of the null hypothesis was false
with 95% confidence. In light of this, the variations observed
on the response were due to the input of the studied effects
instead of random errors associated with the measures.

Table II presents the ANOVA data obtained for the 2*" factorial
design. The mathematic model, in terms of coded factors, which
gives the swelling (S) value as function of significant effects, is
represented by eq. (2):

S =228.13 +63.37A — 91.88B + 32.13D — 23.62AB  (2)

The model F value of 113.84 implied that the model was signifi-
cant. There was only a 0.14% chance that a model F value this
large could occur because of noise. Figure 1 shows the predicted

Predicted vs Actual
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Figure 1. Predicted versus actual response according to FFD. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 2. (a) Normal plot of residuals and (b) normal plot.
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versus the actual response. The model fit very well the experi-
mental data.

Considering the normal probability plot, we were able to evalu-
ate whether the data was distributed normally or not from the
graphical representation. The residual values explained the dif-
ferences between the predicted values (model) and the observed
ones (experimental). The data was distributted normally when
all of the points fell close to the straight line in the normal plot
of the residual. In Figure 2(a), it is quite evident that the exper-
imental points were aligned; this suggested a normal distribu-
tion, with the data falling in the range of +1.71 to —1.71. As
shown in Figure 2(b), the disregarded effects were normally dis-
tributted with a mean equal to zero, and the points followed
the straight line in the graph, whereas the significant effects did
not follow the line.

Table III presents the individual contribution of each factor to
the evaluated response. We observed that the most influencing
factor was B in the hydrogel formation, with almost a 60% con-
tribution, followed by A, with about a 30% share.

According to Flory’s theory,”® the crosslinking density is a key fac-
tor influencing the capacity of water absorption by the hydrogel
network, where the water absorption is inversely proportional to
the crosslinking density. Hydrogels formed with a high content of
MBA (the crosslinking agent) showed an increase in their cross-
linking density due to formation of several crosslinking points
among the polymer chains. This reduced the free volume in the
hydrogel network and reduced the hydrogel hydrophilicity; this
prevented the holding of hydrophilic molecules. In addition, the
stretching of the polymer network decreased considerably; this
prevented large amounts of liquid from diffusing into the hydro-
gel matrix.?® Therefore, the hydrogels formed with high contents
of MBA showed lower values of water uptake capcity than the
hydrogel formed with low contents.

The influence of A on swelling was understood in the following
way: when the ratio was increased, there were more AA mono-
mers to be grafted onto the CTS backbone; this increased the
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[Color figure can be viewed in the online issue, which is available at

hydrophilicity of hydrogel and, consequently, improved the
water uptake. Also, the additional Na™ from the neutralization
step provided an osmotic pressure difference between the poly-
meric matrix and the swelling fluid.*® Figure 3 presents the sur-
face responses for the different factors.

It is worth mentioning that the following characterization sec-
tions were performed using the samples with and without filler
that presented the best water uptake, experiments 2 and 6,
respectively.

FTIR Spectra

The FTIR spectra of pure CTS, CTS-graft-PAA, CTS-graft-PAA/
NONT, and NONT are shown in Figure 4. The CTS spectrum
[Figure 1(a)] exhibited a broad band assigned to —OH stretch-
ing and N—H group overlap in the spectral region from 3300
to 3450 cm ™', amide bands at 1658 and 1569 cm™', and a band
at 1020 cm ' assigned to C—O—C stretching. Figure 4(b)
shows the FTIR spectrum of CTS-graft-PAA, and we observed a
characteristic shoulder at 1686 cm ', which was assigned to
C=O vibrational stretching from the —COOH groups proceed-
ings from PAA. In addition, the bands at 1573 and 1410 cm '
were assigned to the asymmetric and symmetric stretching of
C=O0. The band at 1326 cm™' contributed to the stretching
and bending vibrations of the C—N bond of the amide III
band. The characteristic absorption bands of N—H and C;—OH
of CTS were displaced and showed different intensities than the
same bands observed in the spectrum of pure CTS. The dis-
placement of the N—H band suggested that the grafting of PAA

Table III. Contribution of Each Factor to the Response

Factor Contribution (%)
A 27.33

B 57.45

D 7.07

AB 3.80

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38386

3483


http://www.materialsviews.com/
http://onlinelibrary.wiley.com/

3484

ARTICLE

S
S
552
ST,
S22
.o:.'::’:::-:-.
30 SRt

>
SR e,
SRS ITIIEICICETE

TS

S SO SIS RIS

e tatesee e
S SSESLISTSIC LS P oot e oS e s e,
SIS I S

e e
> O HCHC >

eresateteseisies e
S I TSI

Swelling (g water/g gel)

A: Molar ratio
AA/CTS

Applied Polymer

SCIENCE

Swelling (g water/g gel)

B: Crosslinker (%) e C: Initiator (%)

Figure 3. Response surfaces obtained from 2*™' FED. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

occurred on the amino groups from CTS. Some studies have
shown that this behavior suggests the grafting of PAA onto the
CTS backbone.’"** Furthermore, the appearance of bands at
1457 (C—H), 1410, 1170, and 1070 cm™ ' indicated the grafting
of PAA chains into the CTS backbone.”** The FTIR spectrum
of the CTS-graft-PAA/NONT hydrogel composite [Figure 4(c)]
showed a profile quite similar to the FTIR spectrum of the
CTS-graft-PAA hydrogel. However, we observed the appearance
of characteristics bands of NONT [see Figure 4(d)] at 1035 and
470 cm™', which represented the Si—O bonds. This suggested
that the filler NONT acted as an inert filler inside the hydrogel
matrix and that chemical and physical interactions did not
occur between the matrix and the filler.

The spectrum of NONT [Figure 4(d)] showed bands at 2840-3000
cm ™', which were related to the stretching of carbon—hydrogen
bonds of alkanes, which was due to the presence of organic matter
commonly aggregating to such material (a possible contaminant).
According to the literature, these bands, proceeding from an or-
ganic material, generally appear in the 2929-2858-cm ™' range.”"””

Transmittance (a.u.)

- \ / W

Wavenumber (cm’™)

Figure 4. FTIR spectra of the (a) pure CTS, (b) CTS-graft-PAA (experi-
ment 6), and (c) CTS-graft-PAA/NONT hydrogel composite with 10 wt %
NONT (experiment 2), and NONT. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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The large absorption band between 3000 and 3750 cm ™' was
assigned to the stretching of hydroxyl groups belonging to the octa-
hedral layers and to the water molecules coordinated to cations for
ionic compensation.’”** The bands assigned to stretching of sili-
con—oxygen bonds appeared in the region from 960 to 1150 cm™"
and were influenced by the composition of atoms on the octahe-
dral layer. The band referent to the silicon—oxygen bond was
observed at 1034 cm ™', and the bands in the region from 550 to
960 cm~' were assigned to the octahedral deformations of
R—O—H groups (R = Fe’ or Mg*").>>** The strong absorption
occurring in the region below 550 cm™' was due to vibrations of
ions in the octahedral plane and to its adjacent oxygen atoms.>

WAXS

The WAXS pattern of NONT is shown in Figure 5(a) and pro-
vided information such as the main mineral constituents and
some data of the structural parameters of NONT. The reflec-
tions at 7.14° (001) and 19.78° were characteristic of clays
whose NONT, a dioctahedral smectite, is re predominant.”® In
the same way, the reflections at 21.7° (101) and 26.6° (011)

Intensity (a.u.)

20 (degree)

Figure 5. WAXS patterns of the (a) NONT, (b) CTS-graft-PAA, and (c)
CTS-graft-PAA/NONT hydrogel composite. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Proposed model for the structure of the CTS-graft-PAA/NONT hydrogel composite network. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

characterized the presence of mineral silicon dioxides of cristo-
balite and quartz, respectively, which are commonly present as
impurities in clays, because their particle sizes are very similar
to the particle sizes of clay. Thus, they can hardly ever be sepa-
rated from clay minerals. The WAXS patterns obtained here
were in accordance with the works of Mihaboub et al.*’ and
Vreysen and Maes.*®

The WAXS patterns and FTIR data evidenced the formation of
the composite hydrogel and suggested the incorporation of
NONT into the polymer matrix, as sketched in Figure 6.

SEM

The changes in the morphology of the CTS-graft-PAA hydrogel
promoted by the addition of NONT were investigated through
SEM images (Figure 7). As shown, the CTS-graft-PAA hydrogel
showed a porous and tight morphology. Despite the fact that they
were quite similar, the morphology of CTS-graft-PAA/NONT
hydrogel composite seemed to be more irregular and quite po-
rous. The main difference found between the two morphologies
was related to the pore size. Although the CTS-graft-PAA hydro-
gel had a large pore size with regular distribution, the CTS-grafi-

Figure 7. SEM images of the (a) CTS-graft-PAA and (b) CTS-graft-PAA/NONT hydrogel composite (magnification x 1000, scale 10 um).
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Figure 8. (a) Time-dependent swelling curves and (b) # W versus ¢ plot for the CTS-graft-PAA (experiment 6) and CTS-graft-PAA/NONT superabsorb-
ent with 10 wt % NONT (experiment 2) in distilled water. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

PAA/NONT hydrogel had a smaller pore size, and the pores were
distributed in an irregular way. Therefore, both kinds of surface
allowed a higher influx of water into the polymeric network,
which corresponded to superabsorbent composite behavior.

Effect of NONT on the CTS-graft-PAA/NONT

Swelling Kinetics

Figure 8(a) shows the time-dependent swelling curves of the
CTS-graft-PAA/NONT and CTS-graft-PAA hydrogels. The swel-
ling curves of both hydrogels showed that they had a similar
swelling profile. For both the hydrogels, the swelling data
showed that they absorbed considerable amounts of water (ca.
90% of the equilibrium value) during the first 30 min after
immersion. A slow process followed the initial fast absorption
until equilibrium was reached at around 60 min. The CTS-
graft-PAA hydrogel exhibited a water uptake capacity at equilib-
rium (W,q) of 381 g of water/g of absorbent, whereas the CTS-
graft-PAA/NONT hydrogel exhibited a W, of 433 g of water/g
of absorbent. From these data, it was possible to infer that the
incorporation of NONT into the hydrogel increased the water
uptake capacity. The NONT, cationic clay, was easily ionized;
this increased its hydration and distention ability. Once it was
dispersed into the hydrogel matrix, the NONT increased its
hydrophilicity, and this affected the swelling capacity positively.
Similar results were observed by Spagnol et al.,'! who evaluated
the swelling properties of a CTS-graft-poly(acid acrylic) matrix

Table IV. Parameters Obtained from the Swelling Kinetics

with and without cellulose nanowhiskers. The hydrogel filled
with cellulose nanowhiskers (a hydrophilic filler) showed a
higher swelling capability than the hydrogel without one.

Some of the characteristics collected from the swelling curves through
the relations proposed by Karadag et al.*® are shown as follows:

t/W =A+ Bt (3)
Linear equation of Figure 8 (b) where ¢ is the immersion time.
Where
1
A=—H 4
T (4)
1
B=— 5
W, (5)

where the A parameter corresponds to the initial swelling rate
[(dW]dt)y] of the hydrogel, k is the rate constant for swelling,
W, is the theoretical swelling value at equilibrium, and k;; is the
initial swelling constant (k;; = kSWeqz). W, and k, were calcu-
lated by the fitting of the experimental data shown in Figure
8(b) to egs. (3), (4), and (5). The values for these parameters
are presented in Table IV.

In Table IV, it is shown that the equilibrium swelling values
were very close to the theoretical equilibrium swelling values;
this suggests that eq. (3) fit the experimental data very well. It

Sample Wee? A teq (min) kd kis® R?
CTS-g-PAA 381 + 10 389 46 + 3 2.86 x 1074 41.52 0.999
CTS-g-PAA/NONT 433 = 11 442 34 +2 401 x 1074 75.18 0.999

2Equilibrium swelling (g of water/g of absorbent), PTheoretical equilibrium swelling (g of water/g of absorbent), “Rate of swelling [(g of water/g of

absorbent)/min], ®Initial swelling constant [(g of water/g of absorbent)/min].
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Table V. W, (g of water/g of absorbent) Values of the CTS-graft-PAA and
CTS-graft-PAA/NONT Hydrogel Composites in Aqueous Solutions with
Different Salts®

CTS-graft-PAA

CTS-graft-PAA/NONT

Salt Weq f Weq f

NaCl 36.7 = 0.7 0.90 652 13 0.85
CaCly 143 =05 0.96 211 +0.7 0.95
AlCl3 7.5 = 0.5 0.98 143 0.7 0.97

2Concentration = 0.15 mol/L.

was important that the hydrogel composite presented a higher
water uptake capability, higher swelling rate, and consequently,
a faster equilibrium time (t,q) than the hydrogel without filler,
and this effect was attributed to the presence of NONT, which
provided high amounts of hydrophilic groups, which improved
the performance of the hydrogel.

Effect of the Salt Solution on the Water Absorbency. The
characteristics of an external solution, such as the charge valen-
ces and salt concentration, greatly influence the swelling behav-
ior of superabsorbent polymers. The swelling of absorbents in
saline solutions decreases appreciably compared to that in
deionized water. The well-known undesired swelling loss is of-
ten attributed to a charge screening effect of the additional cati-
ons, which causes a nonperfect anion—anion electrostatic repul-
sion. Therefore, the osmotic pressure results from the mobile
ion concentration difference between the gel and the aqueous
phases decreasing; consequently, the absorbency also dimin-
ishes.*’ In this study, the influence of some cations on the swel-
ling capability of the hydrogels was tested by the addition of
different saline solutions, including monovalent (NaCl), divalent
(CaCl,), and trivalent (AICl3) ion solutions, at 0.15 mol/L and
25.0°C, as the swelling fluids. To achieve a comparative measure
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of the salt sensitivity of the hydrogels, a dimensionless salt sen-
sitivity factor (f) was defined as follows:*!

Wsaline
=1-—= 6
f ( Wwater) ( )

where Wgiine and Wi,er are the swelling capacities in saline so-
lution and deionized water, respectively. The f values (Table V)
indicated that the CTS-graft-PAA/NONT hydrogels suffered less
influence of the presence of salt than the CTS-graft-PAA gel.
The increase in the ionic strength reduced the difference in the
concentration of movable ions between the polymer matrix and
the external solution (osmotic swelling pressure) and led to an
immediate contraction of the gel.

The decrease was more significant for Ca®* and A" ions; this
could have been caused by the complex formation ability of car-
boxamide or carboxylate groups, including intramolecular and
intermolecular complex formations, or because one multivalent
ion was able to neutralize several charges inside the gel.*>*?
Consequently, the crosslink density of the network increased,
whereas the water absorption capacity decreased.

Equilibrium Swelling in Solutions with Various pH Values

The equilibrium swelling behavior of the hydrogels formed in
this study was investigated as a function of pH at a fixed ionic
strength (I = 0.1). Figure 9(a) shows the pH-dependent swelling
curves of the CTS-graft-PAA and CTS-graft-PAA/NONT hydro-
gels, respectively. According to the data, it was possible to infer
that both hydrogels exhibited a clear pH-sensitive swelling capa-
bility. The W,q values increased as the pH increased from 2 to
12. Comparing these results with the results previously pub-
lished by Spagnol et al.,'" we realized that the incorporation of
a filler into a CTS-graft-PAA matrix did not affected the swel-
ling capability in media with different pHs. However, in both
studies, it was observed that the hydrogel composites showed
higher W., values than simple hydrogels in all of the pH
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Figure 9. (a) pH-dependent swelling curves for CTS-graft-PAA (experiment 6) and CTS-graft-PAA/NONT superabsorbent hydrogel with 10 wt %
NONT (experiment 2). (b) On-off switching behavior as reversible pulsatile swelling (pH 8.0) and deswelling (pH 2.0) of the CTS-graft-PAA/NONT
superabsorbent with 10 wt % NONT. The time interval between pH changes was 30 min. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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conditions tested. This variation in the swelling capability was
attributed to changes in the protonation of the carboxylic
groups from PAA according to pH variations. When the CTS-
graft-PAA hydrogels were swollen in a pH range of 2—4, the car-
boxylic groups from PAA (pK, =~ 4.57) were not ionized; this
prevented the hydrogel network from suffering from some
destabilization due to anion—anion repulsive forces. Therefore,
the hydrogel matrix remained entangled enough to prevent a
higher liquid content from being absorbed, and this increased
the swelling. When the pH of the media was increased to the
range of 6-8, the carboxylic groups were in their ionized form;
this increased the anion—anion repulsive forces and destabilized
the hydrogel matrix. This effect caused the hydrogel matrix to
expand, and the amount of liquid absorbed increased consider-
ably, as shown by the increase in the swelling curves.*** On
the other hand, at higher pH (pH > 8), the carboxylic groups
from PAA remained in their neutral form because of the excess
of negatively charged ions in the media. This resulted in a
decrease in the repulsion among polymeric chains and, conse-
quentially, in a decrease of the liquid absorbency.

Considering the pH-responsiveness behavior presented by the
studied hydrogels and the possibility of such materials to be used
as systems for the controlled release of solutes, we feel that an im-
portant feature is the ability of those hydrogels to perform many
cycles of swelling and deswelling without losing performance. Fig-
ure 9(b) shows the reversible swelling—deswelling characteristic of
the hydrogels at 25°C through variation of the pH values of the
immersion solution from 2.0 to 8.0. As was expected for a hydro-
gel containing carboxylate groups at pH 8.0, the hydrogel swelled
up to about 78 g of water/g of absorbent because of anion—anion
repulsive electrostatic forces, whereas at pH 2.0, it decreased
within a few minutes because of the protonation of carboxylate
groups. Similar on—off switching behavior has been reported.*>*®
It is worth mentioning that both swelling and deswelling hap-
pened in a few minutes, and the system presented a minimum
loss of performance with three cycles.

CONCLUSIONS

In this article, we have presented new biobased superabsorbent
hydrogel composites with great potential for application in sev-
eral fields because of their pH and salt solution sensitivity. Also,
this was the first time NONT clay has been introduced as a fil-
ler into the hydrogel matrix to form nanocomposite materials.
It was shown that the swelling properties could be tuned
through the control of the amount of clay. Furthermore, a com-
plete study of variables influencing the water uptake was per-
formed by the use of FFD. On the basis of the results obtained
in this study, one could tune the swelling features of hydrogel
composites made of CTS-graft-PAA/NONT according to the
needs of specific applications.
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