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Abstract

In this work, with the aim of improving the water uptake behavior and mechanical properties, a novel nano-composite
hydrogel system was synthesized using clinoptilolite as a semi-layered zeolite. Accordingly, the gelatin/SCMC-g-poly
(AA-co-AAm)/clinoptilolite semi-IPN nano-composite hydrogel samples were synthesized and studied. The FTIR, XRD,
SEM and EDX analysis were accomplished to confirm the successful synthesis of the nano-composite hydrogel samples.
Additionally, to investigate the effect of clinoptilolite content on water uptake properties and gel characteristics of the
synthesized nano-composite hydrogel samples, water absorption kinetics studies and rheological evaluations were
carried out. It is obtained that, there is an optimum amount for additive content which can improve the hydrogel prop-
erties. Results showed that nano-composite hydrogel sample with 5% W/W of clinoptilolite with respect to the gelatin
amount has the best efficiency from the point of view of the water absorption properties and gel characteristics. This
phenomenon is related to the creation of physical cross linking in the hydrogels’ structure which leads to the creation

of porous hydrogels.
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1 Introduction

Hydrogels are 3D cross linked polymer networks which
have water retention behavior due to the presence of
numerous hydrophilic functional groups in their structure
[1-3]. These polymeric systems have various applications
in the fields of agriculture and horticulture [4-6], wound
dressings [7, 8], hygienic and cosmetic materials [9-11],
water treatment [12] and medicine [13-15]. High hydro-
philicity and high swelling ratio are two main factors for
hydrogels which are achievable by graft polymerization of
monomers on natural polymers such as gelatin, chitosan,
alginate and cellulose [16]. According to the ineffective
energy dissipation mechanisms and also due to the intrin-
sic structural heterogeneity in hydrogels, most of the syn-
thetic hydrogels are brittle and mechanically weak [17].

To overcome this issue, scientists have designed various
types of hydrogels which are mechanically stable. Inter-
penetrating network (IPN) hydrogels, semi-IPN hydrogels,
double network (DN) hydrogels, and nano-composite (NC)
hydrogels are some examples of the structurally modified
hydrogels [18]. By combination of these methods, new
types of hydrogels are achieved which have better prop-
erties than that of hydrogels have been made by each of
the mentioned methods [19, 20]. nano-composite hydro-
gels with semi-IPN structure, are a type of hydrogels
which are more intended because of good mechanical
properties besides their proper water absorption kinet-
ics [19, 21]. In semi-IPN hydrogels, one polymer chain is
grafted and cross linked while the other polymer chain
just interpenetrates the obtained network [22]. Various
types of Nano-scaled materials such as clays, zeolites and
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carbon based materials are used for preparation of nano-
composite hydrogels [23]. Clinoptilolite which is a cheap
and available zeolite with semi-layered structure and spe-
cial properties, is mostly used for preparation of various
polymeric nano-composites as well as super absorbent
nano-composite hydrogels. This mineral additive has
some advantages such as large surface area, low cost and
high ion exchange capacity [24]. Application of layered or
semi-layered Nano-materials into the hydrogel’s structure
causes to high porosity which is due to the physical cross
linking of the polymer chains [25]. In this state, the poly-
mer chains are surrounded by the Nano-layered particles
in which the motion domain of the polymer chains is lim-
ited which leads to the stiffness [26]. The biocompatibility
of the synthesized hydrogels is an important issue which
is necessary to be considered. Accordingly, application of
natural polymers such as gelatin, is very encouraged. Due
to the weak physical and mechanical properties of the nat-
ural polymer based hydrogels, simultaneous application of
natural and synthesized polymers in hydrogels’ structure
has been developed. Simultaneous application of natural
and synthesized polymers in preparation of hydrogels,
not only resolve the mechanical issues, but also it leads
to achieve biocompatible hydrogel products [27, 28]. So,
synthesizing the hydrogels with semi-IPN structure, using
both natural and synthetic polymers and by adding proper
additives can lead to achieve a proper hydrogel system
with desired properties.

In this study, a semi-IPN hydrogel was synthesized using
gelatin and sulfated carboxymethyl cellulose as base natu-
ral polymers and poly(acrylic acid-co-acrylamide) as the
grafting synthetic polymer. Afterwards, a neat hydrogel
with optimized system was chosen based on the maxi-
mum water uptake capacity. To prepare desired nano-
composite hydrogel samples, certain amounts of clinop-
tilolite was added to the neat hydrogel formulation and
then, the effect of clinoptilolite content on mechanical and
water absorption properties of the nano-composite hydro-
gel was investigated. The Furrier-Transform Infrared spec-
troscopy (FTIR), X-ray Diffraction analysis (XRD) and Energy
Dispersive X-ray analysis (EDX) were applied for structural
studies. Also, Scanning Electron Microscopy (SEM) tech-
nique was accomplished to evaluate the morphologi-
cal properties of the synthesized hydrogel samples. To
investigate the water absorption properties of the neat
and nano-composite hydrogel samples, water absorption
kinetic studies were accomplished. Furthermore, for evalu-
ating the effect of additive content on gel properties of the
synthesized nano-composite hydrogel samples, the rheo-
logical studies were conducted. Based on the polymeric
structure of the synthesized nano-composite hydrogel
samples, and according to the bio compatibility and bio
degradability of the used polymeric system and additives,
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the obtained polymer/zeolite nano-composite hydrogels
have the potential of being used as water reservoir mate-
rials in agriculture and also they can be used as hygienic
products.

2 Experimental
2.1 Materials

To synthesize gelatin/sulfated carboxymethyl cellulose-
graft-Poly(acrylic acid-co-acrylamide)/clinoptilolite semi-
IPN nano-composite hydrogel samples, acrylic acid (AA)
and acrylamide (AAm) monomers with the purity more
than 95% were purchased from Merck Company (Ger-
many). Also gelatin with commercial grade, was purchased
from the Merck Company (Germany). The carboxymethyl
cellulose sodium salt (NaCMC) with the purity of >99.5%
(viscosity of 1000-1500 mPa for 4% aqueous solution at
25 °C) was purchased from the Fluka BioChemika (USA).
N,N'-methylene bisacrylamide (MBA) and ammonium
persulfate (APS) were also purchased from Merck Com-
pany (Germany) as the cross linking agent and initiator,
respectively. Additionally, N,N-dimethylformamide (DMF),
chlorosulfunic acid were purchased from the Merck Com-
pany (Gremany) as active reagents for sulfating the CMC.
Ethanol (96%) were purchased from Razi Company (Iran,
Arak). All the chemicals were used as received.

2.2 Preparation of sulfated carboxymethyl cellulose

To prepare sulfated carboxymethyl cellulose (SCMC), 5 g
of CMC was added to a mixture of chlorosulfunic acid
(8 ml) and DMF (40 ml) in a one necked flask equipped
with a reflux column and then the mixture was stirred
for 4 h at 60 °C. Afterwards, the pH value of the obtained
brown colored solution was adjusted at 10-11 by an 8 M
NaOH aqueous solution then 50 ml of ethanol was added
to the mixture as the anti-solvent agent that in this state
a pale brown sediment deposited in the bottom of the
flask. Finally, the obtained solid was washed severally with
distilled water and dried at 60 °Cin an oven.

2.3 Designation and allocation of factors

Taguchi method was used for preparation of neat hydro-
gel samples for investigating their swelling capacity and
choose a sample with an optimum equilibrium water
absorption capacity. Accordingly, different values of the
main natural polymers, synthetic monomers, initiator
and cross linker were inserted as effective parameters to
the Taguchi software that a standard orthogonal array
(L25) was achieved. Table 1 shows the variables and their
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Table 1 Different levels of each

- Factor Symbol Level 1 Level 2 Level 3 Level 4 Level 5
factor and their values
Gelatin (g) Gel. 1 2 4 8 16
SCMC/gelatin (W/W %) SCMC/Gel. 1 5 10 15 20
AA (ml) AA 0.5 0.7 1 1.3 1.5
AA/AAmM (molar ratio %) AA/AAm 10 15 20 25 30
Initiator (g) APS 0.01 0.03 0.05 0.07 0.1
Cross linker (mg) MBA 1 3 5 7 10

different levels which were uploaded on Taguchi software.
According to the synthesis process achieved from Tagu-
chi software, 25 different neat hydrogel samples were
synthesized and their equilibrium swelling amounts were
calculated. Eventually, the obtained results were examined
by Minitab 18 software using the statistical method for
analysis of variance (ANOVA).

2.4 Preparation of neat and nano-composite
hydrogel samples

To synthesize neat and nano-composite hydrogel samples,
a free radical polymerization method was used in which
the poly(acrylic acid-co-acrylamide) chains were grafted
on SCMC and the obtained SCMC-graft-Poly(AA-co-AAm)
was cross linked by MBA while the gelatin was interpen-
etrating into the obtained network. For preparing neat
hydrogel samples, first of all, certain amount of gelatin
was dissolved in 30 ml of distilled water in a round bot-
tomed two necked flask at 45 °C and then proper amount
of 70% neutralized AA was added to the solution. After
10 min of stirring under nitrogen gas stream, according
to the designed orthogonal array, certain amount of AAm
was added to the solution and the solution was stirred vig-
orously to let the monomers to be dissolved completely.
Afterwards, certain amount of MBA which was given in
Taguchi design, was added to the solution and the solu-
tion was let to be mixed for half an hour under the nitro-
gen gas stream. Finally, the obtained homogeneous solu-
tion was poured into a plate and immediately the APS,
solved in 5 ml of distilled water, was added to the solution
and then the plate was left in a fixed place under nitrogen
atmosphere to let the hydrogel film to be formed. After
24 h, the obtained hydrogel film was washed thoroughly
with 96% ethanol and dried in an oven for 24 h at 60 °C.
To remove the probable unreacted chemicals, the dried
hydrogel film was immersed in fresh distilled water and
the water was changed for three or four times during the
immersion period. To synthesize nano-composite hydro-
gel samples, the synthesis process was the same with
neat hydrogel but after dissolving the gelatin in distilled
water, proper amounts of clinoptilolite were dispersed in
the solution using an ultrasonic probe with the power of

30 kW in a water—ice bath. For synthesizing nano-compos-
ite hydrogel samples, clinoptilolite was added in different
amounts of 1%, 3%, 5%, 7% and 10% W/W with respect
to the gelatin amount. The amount of the all chemicals
was chosen based on the Taguchi design which is given
inTable 2.

2.5 Characterization

To accomplish the structural analysis, Fourier-Transform
Infrared (FTIR) spectroscopy and X-ray Diffraction (XRD)
analysis were applied using Perkin EImer 65 and Philips
PW1730 instruments respectively. Also, Energy-dispersive
X-ray (EDX) spectroscopy was done to investigate the ele-
mental composition of the synthesized hydrogel samples
using a MIRA3 TESCAN instrument. For morphological
evaluation of the prepared hydrogel samples, Scanning
Electron Microscopy (SEM) technique was accomplished
using a MIRA3 TESCAN instrument. Rheological studies
were carried out to confirm the effect of clinoptilolite addi-
tion on gel properties of the synthesized nano-composite
hydrogel samples. For this aim, an Anton Paar MCR301
Rheometer equipped with a plate—plate geometry (plates
diameter of 25 mm and gap of 1 mm) was used at 25 °C.

2.6 Water absorption properties
2.6.1 Equilibrium water absorption studies

To investigate the water absorption ability of synthesized
neat and nano-composite hydrogel samples, a stand-
ard method was used in which certain amount of each
hydrogel sample was moved into a stainless steel grid
container and the whole system was immersed in 100 ml
of de-ionized water at room temperature (25 °C). The sys-
tem was moved out of the water at certain time intervals
and after removing the excess surface water by a clean
tissue paper, the swollen system was weighed. This process
was continued until a stable water uptake amount was
achieved. Knowing the weight of the grid container, the
weight of the absorbed water can be easily obtained. The
equilibrium water uptake amount at each time interval,
was calculated using the Eq. (1):
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Table 2 Design of experiments

Test number Gel. SCMC/Gel. AA AA/AAmM APS MBA
(L25 orthogonal array)
1 Level 1 Level 1 Level 1 Level 1 Level 1 Level 1
2 Level 1 Level 2 Level 2 Level 2 Level 2 Level 2
3 Level 1 Level 3 Level 3 Level 3 Level 3 Level 3
4 Level 1 Level 4 Level 4 Level 4 Level 4 Level 4
5 Level 1 Level 5 Level 5 Level 5 Level 5 Level 5
6 Level 2 Level 1 Level 2 Level 3 Level 4 Level 5
7 Level 2 Level 2 Level 3 Level 4 Level 5 Level 1
8 Level 2 Level 3 Level 4 Level 5 Level 1 Level 2
9 Level 2 Level 4 Level 5 Level 1 Level 2 Level 3
10 Level 2 Level 5 Level 1 Level 2 Level 3 Level 4
11 Level 3 Level 1 Level 3 Level 5 Level 2 Level 4
12 Level 3 Level 2 Level 4 Level 1 Level 3 Level 5
13 Level 3 Level 3 Level 5 Level 2 Level 4 Level 1
14 Level 3 Level 4 Level 1 Level 3 Level 5 Level 2
15 Level 3 Level 5 Level 2 Level 4 Level 1 Level 3
16 Level 4 Level 1 Level 4 Level 2 Level 5 Level 3
17 Level 4 Level 2 Level 5 Level 3 Level 1 Level 4
18 Level 4 Level 3 Level 1 Level 4 Level 2 Level 5
19 Level 4 Level 4 Level 2 Level 5 Level 3 Level 1
20 Level 4 Level 5 Level 3 Level 1 Level 4 Level 2
21 Level 5 Level 1 Level 5 Level 4 Level 3 Level 2
22 Level 5 Level 2 Level 1 Level 5 Level 4 Level 3
23 Level 5 Level 3 Level 2 Level 1 Level 5 Level 4
24 Level 5 Level 4 Level 3 Level 2 Level 1 Level 5
25 Level 5 Level 5 Level 4 Level 3 Level 2 Level 1
Equilibriilum Swelling Ratio (g/g) = W, — Wy ko= —1— (5)
q g 9/9) = W, M ST AW2

In which W, and W, are the weight of swollen and dry
hydrogel samples, respectively. By comparing the values of
equilibrium swelling amount for neat and nano-composite
hydrogel samples, the effect of clinoptilolite content on
water uptake capacity was cleared.

2.6.2 Swelling kinetics studies
To investigate the swelling kinetic of the neat and nano-

composite hydrogel samples, the Schott second ordered
formula (Eqg. 2) was used:

t —
W= A+ Bt 2)
1

8= (3)
_ 1
T faw (4)

(%),
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In these formulae the W, and W, are in-time and final
water absorption amounts, respectively. B is the inverse
maximum water uptake amount and A is the inverse initial
swelling rate which are obtained from the slope and the
intercept of the t/W versus time graph, respectively. The
swelling rate constant of the hydrogels is defined by k, fac-
tor which shows the ability of a hydrogel to get swollen. For
hydrogels with more inter-linked pores, the rate of solvent
penetration into the hydrogel structure is low, so the k, fac-
tor for these kind of hydrogels is decreased.

2.6.3 Water absorption mechanism

To investigate the water absorption mechanism in hydrogel
samples, the In (t) versus In W/W_, graph was illustrated for
initial 60% of the total water uptake amount. The graph’s
equation is as the following:

W,
wo =k ©)

(9]
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In Eq. (6), W, and W_, are in-time and final water uptake
amounts, respectively. “k” is the specific relative constant
and“n”is the factor which shows the diffusion mechanism
of the absorbed water. k and n are obtained from the inter-
cept and slope of the graph, respectively. There are two
main diffusion phenomena for viscoelastic materials such
as hydrogels that include Fickian or non-Fickian diffusion
mechanisms. According to the obtained values for“n” fac-
tor, the Fickian diffusion mechanism is occurred when the
“n"factor value is less than 0.5 (n <0.5) in which the rate
of solvent diffusion is not equal to the polymer network
relaxation rate (R, < Ry Or Rie > Ryige)- On the other
hand, for “n” factor values between 0.5 and 1 (0.5 <n<1),
the diffusion mechanism is non-Fickian that in this case
the rate of solvent penetration is equal to the polymer
network relaxation rate. For non-Fickian diffusion mech-
anisms, there are two other cases with “n” factor values
equalto 1 (n=1) ormore than 1 (n> 1) that in these cases
the rate of diffusion is equal to the rate of polymer net-
work relaxation but there is an extra surface entry resist-
ance [29, 30]. For“n"factor values equal to 1, the diffusion
mechanism is called case-Il diffusion mechanism while for
“n"factor values more than 1, it is called super case-Il dif-
fusion mechanism.

2.6.4 Water absorption rate study

Another kinetic parameter which is considered in hydro-
gels is the water absorption rate constant which shows
how fast a hydrogel can absorb the water. The more a
hydrogel is porous, the more this constant is, because the
contact area between the water and hydrogel sample is
increased which leads to more interactions between water
molecules and hydrophilic functional groups in hydrogel
structure. By illustrating the -In (1-(W/W,,)) versus time
graph the water absorption rate constant (k) is obtained
from the slope of the graph. The respective equation for
this graph is as the following (Eq. 7):

W, =W, (1-e) )

where W, and W, are in-time and final water uptake
amounts, respectively. k,, is the water absorption constant.

2.7 Rheological studies

As the clinoptilolite is a semi-layered zeolite so it can
affect the gel properties of the synthesized hydrogels due
to probable creation of physical cross links between the
clinoptilolite and graft co-polymer chains. To investigate
the gel properties of the synthesized nano-composite
hydrogels, rheological assay was accomplished. Firstly,
to determine the Linear Viscoelastic (LVE) region, a strain

sweep test was applied to the hydrogel samples at a
constant frequency of w=10 Hz. Additionally, to inves-
tigate the viscoelastic behavior of the hydrogel samples
at a constant strain (y=0.5) the frequency sweep tests
were assessed over a wide range of angular frequencies
(0.1-100 Hz).

3 Results and discussion
3.1 Morphological studies

To investigate the effect of the addition of clinoptilolite on
morphology of the synthesized nano-composite hydrogels
and also to compare the porosity of the nano-composite
hydrogel samples with the neat hydrogel sample, SEM
technique was assessed. The images for neat and nano-
composite hydrogel samples in dry state were achieved
after lyophilization of the samples. As it is seen in Fig. 1a,
the neat hydrogel sample has a complete uniform and
smooth surface with no efficient porosity which leads
to low water uptake capacity. In contrast, as it is seen in
Fig. 1b, the lyophilized nano-composite hydrogel sample
with an optimum amount of clinoptilolite, has a wrinkled
surface with uniform dispersion of clinoptilolite on it. Also,
at the points in which the graft co-polymer chains have
been physically cross linked by clinoptilolite, deep gaps
and pores are observed. These gaps and holes leads to
high water uptake capacity which is due to the increase
of the contact area between water and nano-composite
hydrogel sample. Also, for completely swollen nano-
composite hydrogel sample (Fig. 1¢), it is observed that
the pores are inter-linked which leads to good water
uptake properties and slow release behavior. Accord-
ing to the obtained images using the SEM technique, it
is concluded that the addition of clinoptilolite can affect
the water uptake capacity by increasing the porosity of the
nano-composite hydrogels compared to the neat hydrogel
sample.

3.2 EDX analysis

To investigate the elemental composition of the syn-
thesized nano-composite hydrogel samples, and also to
confirm the incorporation of clinoptilolite in the nano-
composite hydrogels structure, EDX analysis was accom-
plished. As it is seen in Fig. 2, there are some peaks which
are belonged to various elements. C, O and N peaks are
attributed to the polymeric network which is made of
AA, AAm, SCMC and gelatin. The height of the peaks
shows the quantity of each element in hydrogel samples.
Additionally, presence of S peaks in this pattern confirms
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Fig. 1 SEM images of a neat hydrogel, b lyophilized nano-composite hydrogel and ¢ swollen nano-composite hydrogel in equilibrium state

at a same magnification

4000

st

Fig.2 EDX pattern for Gelatin/SCMC-graft-poly (AA-co-AAm)/
clinoptilolite nano-composite hydrogel sample

the incorporation of SCMC in hydrogels structure. Fur-
thermore, presence of Al, Na and Si peaks in this pattern
confirms the successful synthesis of nano-composite
hydrogels with clinoptilolite as an additive.
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3.3 FTIR studies

To evaluate the structure of the synthesized neat and
nano-composite hydrogel samples, FTIR analysis was
done. In Fig. 3, the FTIR spectra of gelatin, clinoptilolite,
CMC, SCMC, neat hydrogel and nano-composite hydrogel
have been illustrated. As it is seen in gelatin FTIR spectrum,
there is a wide sharp peak at 3435 cm™' which is attrib-
uted to the stretching vibration of O-H bonds which has
overlapped with the stretching vibrations of N-H bonds
in amide A groups at this region. There is also a shoulder
at about 3070 cm™' which is attributed to the stretching
vibrations of amide B groups in gelatin structure. The
peak at 2947 cm™' is related to the stretching vibrations
of amide B C-H bonds. There are also amide | and amide ||
in gelatin structure that their belonged peaks are observed
at 1636 cm™" and 1540 cm™' which are due to the stretch-
ing vibrations of —-C=0 bonds in amide | and N-H defor-
mation in amide I, respectively [31]. Furthermore, a
small peak at 1450 cm™' with a shoulder at 1400 cm™' is
observed in FTIR spectrum of gelatin which is related to
the deformation vibrations of -C-H groups and the sym-
metrical stretching vibrations of -C=0 groups in gelatin
[32]. Asitis seen in Fig. 3, the FTIR spectrum of CMC has a
broad absorption band at 3440 cm™' which is attributed
to the stretching vibrations of O-H bonds. Also, peaks at
2917 cm™, 1635 cm™" and 1037 cm™ are related to the
stretching vibrations of C-H bonds in methylene groups,
—-C=0 bonds of carboxyl groups and B-1,4-glycosidic
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Fig.3 FTIR spectra of the natural polymer, additive, neat hydrogel
and nano-composite hydrogel

bonds in CMC structure, respectively [1]. As it is seen in
FTIR spectrum of SCMC, absorbing bands at 1250 cm™
and 620 cm™' are attributed to the asymmetric stretching
vibrations of S=O functional groups. Additionally, there is
a small peak at about 1000 cm™' which is belonged to the
symmetric stretching vibrations of S=0 groups. A strong
absorbing band at 1120 cm™ is attributed to the sym-
metric stretching vibrations of the C-O-S groups in SCMC
structure [1]. As shown in Fig. 3, for clinoptilolite, a broad
absorbing band is observed at 3445 cm™" which is related
to the stretching vibration of hydroxyl functional groups
in AI-OH-Al and Si—-OH-Si groups. Additionally, the peaks
at 1634 cm™' and 1049 cm™ are attributed to H-O-H bend-
ing and Si-O (Si), (Al) stretching vibrations, respectively.
There are also two small absorbing bands at 798 cm™
and 608 cm™! which are related to the stretching vibra-
tions of the bridges of Si-O (Si) and Si-O (Al) groups [24].
In neat hydrogel’s FTIR spectrum, it is observed that all

peaks belonged to gelatin and SCMC are present but two
peaks at 1250 cm™' and 620 cm™' which were sharp peaks
in SCMCFTIR spectrum, have been weakened severely that
confirms the successful graft co-polymerization process. By
comparing the FTIR spectra of neat and nano-composite
hydrogel samples, it is observed that there are three main
peaks in nano-composite hydrogel’s FTIR spectrum which
are not present in neat hydrogel’s FTIR spectrum. These
absorbing bands are observed at 1032 cm™', 798 cm™ and
605 cm™" which are characteristic peaks of the clinoptilo-
lite and confirm the successful incorporation of clinoptilo-
lite in nano-composite hydrogel’s structure. Also, appear-
ance of the characteristic peaks of gelatin and SCMC in
both neat and nano-composite hydrogels’ FTIR spectra
confirms the successful synthesis process.

3.4 XRD analysis

For more structural evaluation of the synthesized nano-
composite hydrogels and also to confirm the successful
incorporation of clinoptilolite in nano-composite hydrogel
structure, XRD analysis was done. As it is seen in Fig. 4, after
sulfating the CMC, its amorphous structure was changed
into a complete crystalline structure which is due to the
fact that SCMC is an ionic crystalline solid while CMC is a
natural amorphous polysaccharide. The significant differ-
ence between XRD patterns of CMC and SCMC, confirms
the successful synthesis of the SCMC. Additionally, the
XRD pattern of clinoptilolite confirms that it is a crystalline
solid and incorporation of it in a hydrogel may affect the
hydrogel’s structure and may increase its crystallinity. By
comparing the XRD patterns of neat and nano-composite
hydrogel samples, it is concluded that the incorporation
of clinoptilolite has no significant effect on the structure
of the synthesized hydrogel samples. This phenomenon is
due to the complete dispersion of the clinoptilolite Nano-
particles in the polymeric matrix. As it is seen in Fig. 4, the
XRD patterns of the both neat and nano-composite hydro-
gels are similar but the nano-composite hydrogel sample
has sharper peaks which can be due to the presence of
clinoptilolite. Furthermore, the intensity of the peak at
20=22.63° is the same with its intensity at XRD pattern
of clinoptilolite which can confirm the incorporation of
clinoptilolite in nano-composite hydrogel’s structure.
Also, at 26 =3.18°, the intensity of the peak has decreased
in comparison to the neat hydrogel that confirms the
presence of clinoptilolite in nano-composite hydrogel’s
structure. Finally, it should be mentioned that by graft co-
polymerization of the SCMC with poly (AA-co-AAm) in the
presence of gelatin a hydrogel sample with an amorphous
structure is obtained in which the crystallinity of the SCMC
and clinoptilolite has no significant effect.
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3.5 Studying the effect of clinoptilolite addition
on water absorption kinetics

3.5.1 Equilibrium water absorption

Figure 5a shows the equilibrium water absorption graphs
for neat hydrogel and nano-composite hydrogel samples
with 1%, 3%, 5%, 7% and 10% W/W of clinoptilolite with
respect to the gelatin quantity. As it is seen in this figure,
the equilibrium water absorption amount is the lowest for
neat hydrogel which is due to its non-porous structure.
For hydrogels with 1% W/W and 10% W/W of clinoptilo-
lite, the water uptake amount is less than the other nano-
composite hydrogel samples which may be related to the
lack of effective porosity. For nano-composite hydrogel
sample with 1% W/W of clinoptilolite content, the porosity
is not as much for a high water absorption amount. Also,
for the nano-composite hydrogel sample with 10% W/W
of clinoptilolite content, the high amounts of additive
leads to high physical cross linking density and the water
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uptake amount is decreased which is due to the creation
of a compact structure. The equilibrium water absorption
amount for rest of the nano-composite hydrogel samples
(with 3% W/W and 7%W/W of clinoptilolite content) are
almost equal but for the sample with 5% W/W of clinop-
tilolite content its amount is the mean which shows that
this sample can be a good candidate as a nano-composite
water reservoir material. The optimum water absorption
amount for this sample is due to the optimum porosity
and cross linking density in its structure.

3.5.2 Effect of clinoptilolite on swelling kinetics

As it was mentioned before, the nano-composite hydro-
gels samples were synthesized by addition of 1%, 3%,
5%, 7% and 10% W/W of clinoptilolite with respect to the
gelatin weight. To investigate the effect of clinoptilolite
content on the swelling kinetics of the synthesized nano-
composite hydrogel samples, the t/W versus time graphs
for each sample were plotted. By using the obtained
graphs which are shown in Fig. 5b, and according to the
slope and intercept of the graphs, k, and theoretical W_,
were calculated and the obtained data were collected in
Table 3. According to the obtained data, it is concluded
that for neat hydrogel which has no porosity in its struc-
ture, the swelling rate is high. This phenomenon is related
to this fact that for hydrogels with non-porous structure,
the water is absorbed only on the surface of the hydrogel
so that the swelling rate is high and the hydrogel is got
swollen faster. By increasing the porosity in hydrogels, the
swelling rate is decreased which is due to the fact that in
porous hydrogels more time is needed for water molecules
to penetrate into the hydrogels structure [2]. In hydrogels
with 1%, 3% and 7% W/W of clinoptilolite content, the k;
values are very low which shows that the time period of
water penetration into the structure of these hydrogels is
too long that confirms the ineffective structural porosity of
these hydrogel samples. For the nano-composite hydrogel
sample with 10% W/W of clinoptilolite, the k, value is more
than the other nano-composite hydrogel samples which
shows that the swelling rate is high for this sample. This is
due to the high physical cross linking density in this hydro-
gel sample. Eventually, for the nano-composite hydrogel
sample with 5% W/W of clinoptilolite, the k; value is nei-
ther very low nor very high which shows that the porosity
of this sample is probably optimum.

3.5.3 Effect of clinoptilolite on water absorption rate
and diffusion mechanism

According to the further information which are obtained
from the Table 3, the water absorption rate of each
hydrogel sample and also the diffusion mechanism in
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Fig.5 Equilibrium water uptake (a), swelling rate (b) absorption mechanism (c) and water absorption rate (d) graphs of neat and nano-

composite hydrogels

Table 3 Swelling, diffusion and water uptake parameters of neat ad nano-composite hydrogels

Equation Parameter Neat hyd. 1% NC hyd. 3% NC hyd. 5% NC hyd. 7% NC hyd. 10% NC hyd.

% =A+Bt k, 3.2x1073 9x 107 48x107* 1.2x1073 56x107* 2.1x1073
7 70 270.27 357.14 333.33 334 238.1

W pgn n 0.866 0.875 0.691 0.583 0.726 0.783

Weo

W, = Ww(1 — e*kwf) k,, 0.0335 0.0264 0.0232 0.0462 0.0321 0.034

each sample can be evaluated. Figure 5¢, d show the
In (Wt/W,_,) versus In (t) and —In (1 - (W/W.,,)) versus
time graphs. It is seen that the lowest amounts of k,,
are belonged to the nano-composite hydrogel samples
with 1% and 3% W/W of clinoptilolite content. This is due

to the creation of ineffective pores in these hydrogels
structure in which the water is not able to penetrate into
the hydrogel’s structure easily. Also, as it is observed in
Fig. 5d and Table 3, for nano-composite hydrogel sam-
ples with 7% and 10% W/W of clinoptilolite content, the
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water absorption rates are more than nano-composite
hydrogels with 1% and 3% W/W of clinoptilolite content
which may be due to the better porosity in their struc-
ture. For the nano-composite hydrogel with 5% W/W of
clinoptilolite content, the k,, value is the highest which
confirms that the porosity of this sample is more effec-
tive and better than the other samples which is due to
the optimum amount of clinoptilolite. Furthermore, for
neat hydrogel, the water absorption rate is lower than
that of nano-composite hydrogel sample with 5% W/W
of clinoptiloite which is due the lack of optimum poros-
ity. It is necessary to be mentioned that, for neat hydro-
gel the k,, value is more than the other nano-composite
hydrogel samples except the nano-composite hydrogel
sample with 5% W/W of clinoptilolite content. This phe-
nomenon is due to the fact that in neat hydrogel the
water is only interacts with the hydrophilic functional
groups on the surface of the hydrogel which leads to
easy water absorption on the surface, hence it increases
the water absorption rate. But for nano-composite
hydrogels which have not optimum porosity, the avail-
able hydrophilic functional groups are lower due to the
entanglement of the polymer chains in the hydrogels’
structure, so the water absorption rate is decreased.
To investigate the water absorption mechanism in the
synthesized neat and nano-composite hydrogels, the
obtained “n” values were studied. As it is seen in Fig. 5¢c
and Table 3, for all of the hydrogel samples the “n” value
is more than 0.5 which confirms that the diffusion mech-
anism is non-Fickian. So, the rate of water diffusion into
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the hydrogel structure is equal to the relaxation rate of
the hydrogels’ polymeric network which is a common
phenomenon in hydrogels.

3.6 Effect of clinoptilolite on gel characteristics
of the synthesized hydrogels

To evaluate the effect of addition of clinoptilolite on
gel characteristics of the synthesized nano-composite
hydrogel samples in comparison with the neat hydrogel,
the rheological analysis was accomplished by recording
mechanical responses of hydrogel samples within angu-
lar frequency range of 0.1-100 Hz. The LVE region for
hydrogel samples in which G' (storage modulus) and G”
(loss modulus) values are independent of the applied
strain, was determined by subjecting the hydrogel
samples to strain sweep tests at a constant frequency
(w=10 Hz). Figure 6a illustrates that the G’ and G" val-
ues for each hydrogel sample, are independent of the
applied strain below the 0.5% deformation, which indi-
cates the LVE region. Accordingly, the strain amplitude
was determined at 0.5%. Also, the G’ and G” values for
the synthesized neat and nano-composite hydrogel sam-
ples have been depicted in Fig. 6b, as the function of
oscillatory frequencies between 0.1 and 100 Hz. Here are
two phenomena that determine the gel characteristics of
the synthesized hydrogels. First, the position of G’ graph
and second, the loss modulus percentage. The higher a
G’ graphis placed in the G’ versus w diagram, the more a
hydrogel sample is stronger and stiffer. Additionally, the
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Fig.6 Strain dependence of the storage modulus (G) and loss modulus (G") at a constant angular frequency (w=10 Hz) (a), and frequency
dependence of storage modulus (G') and loss modulus (G") at a constant strain (0.5%) for neat and nano-composite hydrogel samples (b)
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more loss modulus percentage is, the more a hydrogel
is stronger and stiffer. As it can be seen in Fig. 6b, for all
hydrogel samples the G’ values are significantly more
than G” values at all frequencies which confirms that the
elastic response of all hydrogel samples is considerably
stronger than their viscose response. Also, as it is seen
in this figure for neat and nano-composite hydrogel
samples the loss modulus percentages were obtained
as 57.58%, 37.02%, 55.76%, 57.97%, 52.53% and 27.84%
for neat hydrogel and nano-composite hydrogels with
1%, 3%, 5%, 7%, and 10% W/W of clinoptilolite content,
respectively. Referring to the G’ graphs and loss modu-
lus percentages for synthesized hydrogel samples, it is
concluded that the nano-composite hydrogel sample
with 5% W/W of clinoptilolite has the best gel proper-
ties among all of the synthesized hydrogel samples. This
conclusion is due to the fact that the nano-composite
hydrogel sample with 5% W/W of clinoptilolite content
not only has G’ values higher than the most of the syn-
thesized hydrogel samples, but also its loss modulus per-
centage is the highest which both confirm the better gel
characteristics of this nano-composite hydrogel sample.

4 Conclusion

According to the obtained results, it is concluded that the
incorporation of clinoptilolite has a significant effect on
water absorption and gel characteristics of the synthe-
sized gelatin/SCMC-g-poly (AA-co-AAm)/clinoptilolite
nano-composite hydrogels which is due to the creation
of physical cross links which lead to the creation of porous
hydrogel structures. Additionally, the obtained results
showed that there is an optimum amount for clinoptilo-
lite (5% W/W) that tangibly affects the structural proper-
ties of the synthesized nano-composite hydrogels. Water
absorption kinetics studies and rheological evaluations
confirmed that the addition of 5% W/W of clinoptilolite
with respect to the gelatin amount has the best effect on
structural properties of the hydrogel sample. Eventually,
it is necessary to be mentioned that incorporation of 5%
W/W of clinoptilolite leads to the best porosity and also
best physical cross linking density which cause to better
water absorption properties and gel characteristics. As it
is mentioned before, according to the bio compatibility
and bio degradability of the polymeric system of the syn-
thesized nano-composite hydrogels, these materials can
potentially be used as bio materials and hygienic products.
Additionally, according to the water absorption properties
and gel characteristics of the obtained nano-composite
hydrogels, they can be used in baby diapers or as wound
dressing materials.
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