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Abstract 
Novel sorbent hydrogels containing acrylamide/sodium vinylsulfonate, car-
boxymethyl cellulose and zeolite were synthesized with free radical solution 
polymerization by using ammonium persulfate/N,N,N’,N’-tetramethylethyle- 
nediamine as redox initiating pair in presence of poly(ethylene glycol) dia-
crylate as crosslinker. It was to investigate the water uptake properties of se-
ries of the novel hydrogels, the semi IPNs and the hybrid/biohybrid compo-
site hydrogel sorbents synthesized in this study. Water uptake studies were 
performed in water and in water-solvent (acetone, methanol and tetrahydro-
furan) binary mixtures at 25˚C, gravimetrically. Some swelling and diffusion 
parameters were calculated and discussed. It has been seen that the lower 
equilibrium swelling factor values in all solvent compositions in comparison 
with the equilibrium swelling factor values in water. 
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1. Introduction 

Highly swollen crosslinked hydrophilic copolymers called “hydrogels” are syn-
thesized by free radical crosslinking copolymerization with some multifunction-
al crosslinkers with some co-monomers including hydrophilic groups for in-
creasing of their swelling capacity. Water uptake property of hydrogels or “hun-
gry networks” accounts for a great number of biomedical and technological ap-
plications. Highly swollen polymeric gel with the ability to absorb water in high 
amounts is again under investigation, because of their potential applications in 
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bioengineering, biomedicine, and other related areas [1] [2] [3]. Hydrogels are 
three-dimensional networks of hydrophilic polymer chains with properties in 
between liquids and solids. One of the most interesting features is their capabili-
ty to swell as well as to shrink depending on their surroundings. A hydrogel can 
be defined as a polymeric material that exhibits the ability to swell in water and 
retain a significant fraction of water within its structure without dissolving [4] 
[5] [6]. 

Gels do not dissolve but swell/shrink (i.e., change their volume) in contact 
with liquid phases. Due to characteristic properties such as swell ability in water, 
hydrophilicity, biocompatibility, and lack of toxicity, hydrogels have been uti-
lized in a wide range of bioengineering, biomedicine, and food industry [7] [8] 
[9]. Novel functional materials such as composite polymers are new materials 
which have produced properties wanted through the development of specialized 
areas. Advanced novel polymers have promising potentials for development and 
application in this area, because of a variety of some physicochemical properties 
(form, size, size distribution, porosity, etc.) that can be tailored and possibility of 
their modification by inserting various functional groups, their sensitivity to 
change of the external stimuli and general reversibility of adsorption process, 
enabled by easy and complete regeneration without significant decrease in ad-
sorption capacities [1] [2] [3]. Polymer/clay or polymer/zeolite hybrid composite 
polymeric systems have received great attention because of their relatively low 
production cost and high adsorption capacity for water, some dyes and metal. 
Swelling or water sorption property of hydrogels accounts for a great number of 
biomedical and technological applications [1] [4] [9] [10]. 

Novel hydrogels have the ability to sense and response to environmental sti-
muli, such as changes of pH, temperature, or the concentration of some mod-
el-biochemical and/or industrial species and then release their load as a result of 
such a change [11] [12] [13]. One of the advantages of hydrogels consists in their 
capability of high swelling and in exhibiting a first-order phase transition (col-
lapse) caused by a small change in external conditions such as temperature, elec-
tric field, solvent composition, etc. [14]-[19]. Hydrogels that are responsive to 
specific molecules, such as some physiological fluids or biochemical species can 
be used as biosensors as well as in drug delivery systems and in aqueous solvent 
mixtures [11] [12] [13] [14] [15]. These hydrogels can be used as con-
trolled-release delivery devices for bio-active agents and agrochemicals. Hydro-
gels are usually sensitive to the solvent medium composition. When a wa-
ter-miscible non-solvent is added to water, the water-swollen hydrogel often 
shrinks or collapses. Depending on the gel chemical structure, the solvent nature 
and water-solvent composition, the gel shrinkage may be gradual (continuous) 
or abrupt (discontinuous) [14]-[19]. 

The present paper deals with a preliminary report about swelling properties of 
a series of a novel hybrid/biohybrid composite hydrogel sorbent systems con-
taining polysaccharide/zeolite (ZEO) polyelectrolyte based on acrylamide (AAm)/ 
sodium vinylsulfonate (SVS) and carboxymethyl cellulose (CMC), and a mineral 
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structure such as ZEO. In our previous paper, it has been reported swelling and dye 
sorption characterization of AAm/SVS/CMC/ZEO hybrid/biohybrid hydrogels 
[20]. Here, AAm is a highly hydrophilic monomer and SVS is an anionic mo-
nomer, CMC is a natural polymer and ZEO is a mineral structure by composed 
of hydrated alumino silicates, SiO4 and AlO4. In this respect, a series of copoly-
meric hydrogels were synthesized by changing the content of SVS, CMC and 
ZEO. CMC is anionic carboxymethyl ether of cellulose with tasteless, non-toxic 
and water-soluble characteristics. Zeolites are a large group of crystalline, hy-
drated alumino silicates, characterized by three-dimensional structure with 
pores which can accommodate water molecules, different cations, positively 
charged atomic groups and even smaller organic molecules [20]. In this present 
research, it was of interest to examine the swelling characterization and behavior 
of AAm based including of SVS, CMC and ZEO hybrid/biohybrid hydrogels in 
water and water-solvent binary mixtures of water and organic solvents (i.e., ace-
tone, methanol and tetrahydrofuran) mixtures of various compositions. 

2. Materials and Methods 
2.1. Raw Materials 

Acrylamide (AAm), the initiator-ammonium persulfate (APS), the activator 
N,N,N’,N’-tetramethylethylenediamine (TEMED) and zeolite (ZEO) were sup-
plied by Sigma, Steinheim, Germany. Anionic co-monomer such as sodium vi-
nylsulfonate (vinylsulfonic acid, sodium salt-tech. 25 wt% solution in water) 
(SVS) and a multifunctional crosslinker such as poly (ethylene glycol) diacrylate 
(PEGDA, Mn = 700) as a crosslinker were supplied from Aldrich, Steinheim, 
Germany. Sodium carboxymethyl cellulose (CMC) was purchased from Fluka, 
Steinheim, Germany [20]. The solvents that were used in swelling studies, ace-
tone (ACE), methanol (MET) and tetrahydrofuran (THF) were supplied by Rie-
del de Haën, Germany. All chemicals were used as received. 

2.2. Hydrogel Sorbent Synthesis 

The hydrogels, the semi-interpenetrating polymer networks, and the hybr-
id/biohybrid composite hydrogel systems developed in this study were prepared 
by free radical crosslinking copolymerization of AAm monomer with addition of 
SVS and a multifunctional crosslinker such as PEGDA as a crosslinker [20]. Highly 
swollen AAm/SVS hydrogels, AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO hy-
brid hydrogels, and AAm/SVS/CMC/ZEO biohybrid hydrogels were prepared 
by free radical crosslinking copolymerization of AAm monomer with addition of 
an anionic comonomer such as SVS and a multifunctional crosslinker such as 
PEGDA. The modes of purification and specifications of the sources of water, 
the monomers AAm and SVS, crosslinker; PEGDA, initiator; APS and activator; 
TEMED were given in our related study [20]. 

In our previous study, water sorption and dye uptake properties of highly 
swollen AAm/SVS hydrogels, AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO hy-
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brid hydrogels, and AAm/SVS/CMC/ZEO biohybrid hydrogels have been re-
ported [20]. But, it would be better than, if some details of the synthesis of the 
hydrogel systems can be given, again. To prepare highly swollen and chemically 
crosslinked AAm hydrogel systems, AAm weighing 1.0 g/14.07 mmol was dis-
solved in 1.0 mL water. Then, 60 μL (0.544 mmol) of SVS was added to aqueous 
other AAm solution (for AAm/SVS hydrogels containing 60 μL of SVS) at room 
temperature, (25˚C). Then, 120 μL (1.088 mmol), 180 μL (1.633 mmol), 240 μL 
(2.176 mmol), and 300 μL (2.72 mmol) of SVS were added to other aqueous 
AAm solutions, respectively for containing different amount of SVS in AAm/SVS 
hydrogel systems. After these additions, for the synthesis, 0.25 mL/0.004 mmol 
of 1% concentration of PEGDA and 0.2 mL/0.044 mmol aqueous solutions of 
APS (5.0 g APS/100 mL water) and 0.25 mL/0.017 mmol 1% concentration of 
TEMED were added these aqueous solutions (Table 1) [20]. 

In preparation, the solutions were placed in special cylindrical plastic molds 
(having 7.0 mm of diameter and 3.0 mm of height) (Figure 1), then, they waited 
for an hour for gelation. After gelation, the samples were washed with distilled 
water by several times. Then, they were dried in air and vacuum, and stored for 
swelling studies [20]. 

For the synthesis of AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO hybrid 
 
Table 1. Compositions of the hydrogel systems containing AAm, SVS, ZEO and CMC. 

Abbreviation 
SVS 
(μL) 

Water 
(mL) 

ZEO (mL) 
(2.0% ZEO/water 

suspension system) 

CMC (mL) 
(2.0% aqueous 
CMC solution) 

AAm/SVS 0 - 300 1.0 - - 

AAm/SVS/ZEO 0 - 300 0.50 0.50 - 

AAm/SVS/CMC 0 - 300 0.50 - 0.50 

AAm/SVS/ZEO/CMC 0 - 300 - 0.50 0.50 

AAm/SVS/ZEO 
(for ZEO changing) 

240 
0.75 - 0.50 - 
0.25 - 0.00 

0.25 - 0.50 -  
0.75 - 1.00 

- 

AAm/SVS/CMC 
(for CMC changing) 

240 
0.75 - 0.50 - 
0.25 - 0.00 

- 
0.25 - 0.50 -  
0.75 - 1.00 

 

 
Figure 1. Schematic representation of the preparation of the hydrogel systems. 

The aqueous mixture of monomer and/or 
polymer and/or ZEO

Copolymerization Dry samplesFilling
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hydrogels and AAm/SVS/CMC/ZEO biohybrid hydrogels, the modes of specifi-
cations of the sources of water, the monomers AAm and SVS, ZEO, polysaccha-
ride; CMC, crosslinker; PEGDA, initiator; APS and activator; TEMED were given 
in our related study [20]. For synthesis of all used samples in this study, the 
quantities of AAm, SVS, CMC and ZEO were presented in Table 1. Schematic 
representation of preparation of AAm/SVS hydrogels, AAm/SVS/CMC semi 
IPNs, AAm/SVS/ZEO hybrid hydrogels, and AAm/SVS/CMC/ZEO biohybrid 
hydrogels have been presented in Figure 1. 

2.3. Swelling Studies 

The dried hydrogels were immersed in water, in pure solvents such as ACE, 
MET and THF, and water-solvent (ACE, MET and THF) binary mixtures of 
various compositions. The gravimetric method was employed to study the swel-
ling characterization. Swollen gels were removed from water, pure solvents and 
binary mixtures of water-60% of solvent (ACE, MET and THF) at predeter-
mined times, blotted dry, and weighed in air. Water, pure solvents and wa-
ter-solvent binary mixtures were kept at 25˚C ± 0.1˚C to allow the hydrogels to 
reach equilibrium for examines of solvent composition effect on swelling prop-
erties of the hydrogel systems [5]. 

In the next swelling tests, for the investigation of the effect of composition of 
solvent on swelling, highly swollen AAm/SVS hydrogels, AAm/SVS/CMC semi 
IPNs, AAm/SVS/ZEO hybrid hydrogels, and AAm/SVS/CMC/ZEO biohybrid 
hydrogels containing 240 μL SVS have been swollen at water and binary mix-
tures of various compositions such as water-20%; 40%; 60% and 80% of solvent 
(ACE, MET and THF). From these measurements, some swelling and diffusion 
parameters have been determined [5]. 

3. Results and Discussion 

Novel AAm/SVS hydrogels, AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO hybrid 
hydrogels, and AAm/SVS/CMC/ZEO biohybrid hydrogels were prepared by free 
radical solution polymerization [20]. For the synthesis of AAm/SVS/CMC semi 
IPNs, AAm/SVS/ZEO hybrid hydrogels and AAm/SVS/CMC/ZEO biohybrid 
hydrogels, the modes of specifications of the sources of water, the monomers 
AAm and SVS, zeolite (ZEO), polysaccharide; sodium carboxymethyl cellulose 
(CMC), crosslinker; PEGDA, initiator; ammonium peroxydisulfate/ammonium 
persulfate (APS) and activator; N,N,N’,N’-tetramethylethylenediamine (TEMED) 
were given in our related study [20]. In this related study, chemical structures of 
monomers and the probable binding and crosslinking mechanism have been 
presented for AAm/SVS copolymer or hydrogel systems [20]. Highly swollen 
AAm based hydrogels made by the polymerization of AAm with an anionic 
monomer such as SVS, and/or ZEO and/or polysaccharide; such as CMC were 
investigated as a function of composition to find materials with swelling in bi-
nary mixtures of various compositions of water-solvent (ACE, MET and THF). 
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Chemical structures of monomers and the probable binding and crosslinking 
mechanism of AAm/SVS copolymers have been presented in Figure 2. The 
dried hydrogels are glassy and very hard, but swollen gels are soft. The hydrogel 
systems via radical chain polymerization are a well-established procedure. Upon 
swelling the hydrogels were strong enough to retain their shape. There have been 
presented the digital camera images of AAm/SVS hydrogels and AAm/SVS/CMC 
semi IPN hydrogels as dry state or swollen state in water (Figure 3) and as dry 
state or swollen state in binary mixtures of water-60% of THF as representative 
(Figure 4). The capacity of swelling of the hydrogels can be seen from Figure 3 
and Figure 4 as visual. 

3.1. Swelling Performance 

The water, some solvents such as ACE, MET and THF, or some liquids such as 
water/solvent binary mixtures intake of initially dry hydrogels was followed for 
novel AAm/SVS hydrogels, AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO hybrid 
hydrogels, and AAm/SVS/CMC/ZEO biohybrid hydrogels. The hydrogels were 
waited in water, in solvents and in binary mixtures of various compositions of 
water-solvent (ACE, MET and THF). Here it was seen that there is no swelling 
in 100% composition of the solvents such as ACE, MET and THF [5]. 
 

 
Figure 2. Chemical structures of monomers and the probable binding and crosslinking 
mechanism of AAm/SVS copolymers. 
 

 
Figure 3. The digital camera images of AAm/SVS hydrogels and AAm/SVS/CMC semi 
IPN hydrogels (as dry state or swollen state in water). 
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Figure 4. The digital camera images of AAm/SVS hydrogels and AAm/SVS/CMC semi 
IPN hydrogels (as dry state or swollen state in binary mixtures of water-60% of THF). 
 

The water or binary mixtures of various compositions of water-solvent (ACE, 
MET and THF) intake of initially the hydrogels were followed for a period of 
time, gravimetrically. The swelling factor (S) of the hydrogels in distilled binary 
mixtures of various compositions of water-solvent (ACE, MET and THF) was 
calculated from the following relation [5] [20].  

 t o

o

m m
S

m
−

=                           (1) 

Here, mt is the mass of the swollen gel at time t and mo is the mass of the dry 
gel at time 0. The liquid intake of initially dry hydrogels was followed for novel 
AAm/SVS hydrogels, AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO hybrid hy-
drogels, and AAm/SVS/CMC/ZEO biohybrid hydrogels crosslinked by PEGDA 
in water or binary mixtures of various compositions of water-solvent (ACE, 
MET and THF), and swelling isotherms of AAm/SVS hydrogels in water-60% 
of MET have shown in Figure 5 as representative. As shown in Figure 5, 
AAm/SVS hydrogels have the lower swelling factor (S) values in water-60% of 
MET. 

Figure 5 shows that swelling, or sorption of liquid (water/or binary mixtures 
of the solvents) increases with time up to certain level, and then levels off. This 
value of swelling factor (S) may be called as the “equilibrium swelling factor” 
(Seq). Seq values of the hydrogel systems are given in Table 2. Table 2 shows that 
Seq of AAm hydrogels is 7.724, but Seq of AAm/SVS hydrogels are 9.082 - 26.069 
with the incorporation of SVS groups into chemically crosslinked AAm copoly-
mers, if AAm/SVS hydrogels have been swollen in binary mixture of water-60% 
of ACE. The other Seq values of the hydrogels have been presented in Table 2 for 
binary mixture of water-60% of MET and binary mixture of water-60% of THF, 
too. 

In Table 2, Seq of the hydrogels increased with SVS content in the hydrogel 
systems. Hydrophilicity of SVS molecules becomes greater than that of AAm, so,  

0 SVS 240 SVS/CMC0 SVS/CMC240 SVS
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Figure 5. Swelling isotherms of AAm/SVS hydrogels in binary mixtures of water-60% of 
MET. 
 
Table 2. The values of the equilibrium swelling factor (Seq) in water or binary mixture of 
water-solvent (ACE, MET and THF). 

SVS/μL 0 60 120 180 240 300 

 Equilibrium swelling factor (Seq) 

 Water 

AAm/SVS 7.724 9.082 13.095 16.779 24.607 26.069 

AAm/SVS/ZEO 6.614 7.980 11.533 15.469 21.690 24.989 

AAm/SVS/CMC 7.629 10.278 13.289 15.598 22.833 31.977 

AAm/SVS/CMC/ZEO 6.715 10.168 11.154 13.195 17.681 26.026 

 Water-60% of ACE 

AAm/SVS 0.733 0.754 0.755 0.786 0.771 0.784 

AAm/SVS/ZEO 0.741 0.752 0.760 0.773 0.782 0.792 

AAm/SVS/CMC 0.811 0.792 0.782 0.762 0.748 0.700 

AAm/SVS/CMC/ZEO 0.949 0.950 0.950 0.951 0.964 0.989 

 Water-60% of MET 

AAm/SVS 0.956 0.961 1.040 1.051 1.112 1.188 

AAm/SVS/ZEO 0.872 0.955 0.985 1.039 1.093 1.180 

AAm/SVS/CMC 0.986 0.994 1.040 1.067 1.196 1.366 

AAm/SVS/CMC/ZEO 0.984 1.032 1.051 1.067 1.209 1.509 

 Water-60% of THF 

AAm/SVS 1.309 1.314 1.349 1.420 1.443 1.453 

AAm/SVS/ZEO 1.368 1.421 1.482 1.525 1.536 1.573 

AAm/SVS/CMC 1.306 1.330 1.354 1.368 1.766 2.215 

AAm/SVS/CMC/ZEO 1.288 1.319 1.359 1.397 1.483 1.611 
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the swelling of AAm/SVS is greater than the swelling of AAm hydrogels. 
AAm/SVS hydrogels strong electrostatic interactions are present due to strongly 
dissociated charged groups of SVS units [20]. SVS contains many ionic units 
(Figure 2). The swelling increase is due to an increase in the anionic units. Here, 
the main effect is the hydrophilic character of SVS. It is well known that the 
swelling of a hydrogel is induced by the electrostatic repulsion of the ionic 
charges of its network. The ionic charge content is important. The salt group is 
almost completely ionized, and a large number of hydrophilic group occur [20]. 

Seq of AAm/SVS/ZEO hybrid hydrogels containing 1.0% of ZEO is 7.980 - 
24.989 with the incorporation of ZEO groups into AAm/SVS hydrogels, while Seq 
of AAm/ZEO hybrid hydrogels is 6.614. On the other hand, the values of Seq of 
AAm/SVS/CMC semi IPNs containing 1.0% of CMC are 10.278 - 31.977 with 
the incorporation of CMC into AAm/SVS hydrogels, while Seq of AAm/CMC 
semi IPNs is 7.629 in water [20]. When solvent and water are mixed, it was seen 
that important decreasing at swelling values. Table 2 shows that the value of Seq 
of the hydrogels is 0.733 - 0.989 for water-60% of ACE, 0.872 - 1.509 for wa-
ter-60% of MET, and 1.288 - 2.215 for water-60% of THF. 

The values of Seq of AAm/SVS/CMC/ZEO biohybrid hydrogels containing 
1.0% of CMC and 1.0% of ZEO are 10.168-26.026 with the incorporation of 
CMC and ZEO into AAm/SVS hydrogels, while Seq of AAm/ZEO/CMC biohy-
brid hydrogels is 6.715 (Table 2). In Table 2, the values of Seq of the hydrogels 
increased with the SVS content in the crosslinked copolymers. Seq of AAm/SVS 
hydrogels, AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO hybrid hydrogels, and 
AAm/SVS/CMC/ZEO biohybrid hydrogels are higher than Seq of AAm hydro-
gels. Also, this hydrophilic effect has been shown in our previous studies using 
some hydrophilic co-monomers such as sodium acrylate [21], 2-acrylamido- 
2-methyl-1-propanesulfonic acid [22], 4-styrenesulfonic acid sodium salt [23], 
and maleic acid [24]. In these studies, the swelling or water sorption increase is 
due to an increase in the anionic units [5] [20] [21] [22] [23] [24]. It is well 
known that the swelling of a hydrogel is induced by electrostatic repulsion of the 
ionic charges of its network. The salt group is almost completely ionized, and a 
large number of hydrophilic groups occur. An anionic co-monomer such as SVS 
contains ionizable groups, so more SVS groups on the copolymeric chain con-
tain many ionizable groups. The hydrophilic group numbers of AAm/SVS hy-
drogels, AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO hybrid hydrogels, and 
AAm/SVS/CMC/ZEO biohybrid hydrogels are higher than those of AAm, and 
so, the values of Seq of AAm/SVS hydrogels, AAm/SVS/CMC semi IPNs, AAm/ 
SVS/ZEO hybrid hydrogels, and AAm/SVS/CMC/ZEO biohybrid hydrogels 
were greater than that of the values of Seq of AAm [5] [20] [21] [22] [23] [24]. 

It was shown that a partially decrease of the values of Seq of AAm/SVS/CMC 
semi IPNs, AAm/SVS/ZEO hybrid hydrogels, and AAm/SVS/CMC/ZEO biohy-
brid hydrogels when CMC and ZEO have been added to the hydrogel systems. 
Incorporation of CMC and ZEO into the copolymer network leads to lower de-
grees of swelling in water [20]. The reason of this may be the polymeric structure 
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of CMC and structure of ZEO. Here, it could be said that a lot of number of 
group of CMC and/or ZEO chains were placed in the crosslinked polymeric sys-
tems, instead of crosslinked AAm and SVS monomers. So, it was seen that de-
creasing of the value of Seq, because of decreasing of partially hydrophilic cha-
racter at crosslinked polymeric systems. But, on the other hand, it can be said 
that there is no good relationship between the values of Seq of the hydrogels, 
when CMC and/or ZEO have been added to the polymeric systems [20]. The 
same characteristic swelling behavior and results could have been followed, if 
there have been investigated that the results of swelling studies of the hydrogels 
in binary mixtures of various compositions of water-solvent (ACE, MET and 
THF). Again here, it can be said that there was no good relationship between the 
values of Seq of the hydrogels, when CMC and/or ZEO have been added to the 
polymeric systems. 

For understanding the effect of SVS content on the swelling behavior in water, 
in water-60% of ACE, in water-60% of MET and in water-60% of THF, the val-
ues of Seq of the hydrogels versus the content of SVS is plotted in Figures 6-9. In 
Figures 6-9, the values of Seq of the hydrogels gradually increased with increas-
ing of SVS content in the hydrogels. 

3.2. Equilibrium Water/Liquid Capacity 

The water or liquid absorbed by AAm/SVS hydrogels, AAm/SVS/CMC semi 
IPNs, AAm/SVS/ZEO hybrid hydrogels and AAm/SVS/CMC/ZEO biohybrid 
hydrogels quantitatively represented by equilibrium water/liquid capacity 
(EWLC) also, and they can be calculated by below equation [25] [26] [27]. 

EWLC eq o

eq

m m
m
−

=                          (2) 

Here, meq is the mass of the swollen gel at time t (equilibrium), and mo is the 
mass of the dry gel at time 0. The values of EWLC of the hydrogel systems were  
 

 
Figure 6. Effect of the content of SVS onto swelling of AAm/SVS hydrogels in water, in 
binary mixtures of water-60% of ACE, in water-60% of MET and in water-60% of THF. 
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Figure 7. Effect of the content of SVS onto swelling of AAm/SVS/ZEO hybrid hydrogels 
(containing of 1.0% ZEO) in water, in binary mixtures of water-60% of ACE, in wa-
ter-60% of MET and in water-60% of THF. 
 

 
Figure 8. Effect of the content of SVS onto swelling of AAm/SVS/CMC semi IPN hydro-
gels (containing of 1.0% CMC) in water, in binary mixtures of water-60% of ACE, in wa-
ter-60% of MET and in water-60% of THF. 
 

 
Figure 9. Effect of the content of SVS onto swelling of AAm/SVS/CMC/ZEO biohybrid 
hydrogels (containing of 1.0% CMC and 1.0% ZEO) in water, in binary mixtures of wa-
ter-60% of ACE, in water-60% of MET and in water-60% of THF. 
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calculated. These values of EWLC of the hydrogels are tabulated in Table 3. 
They are changed between 0.4118 - 0.9697. It is seen that an increasing of the 
values of EWLC, if SVS has been added to the hydrogel systems. Here, the main 
effect is the hydrophilic character of SVS groups. But, it has been seen that in-
creasing of the values of EWLC, if CMC and/or ZEO have been added to the hy-
drogel systems if there have been investigated that the values of EWLC of the 
hydrogels in binary mixtures of various compositions of water-solvent (ACE, 
MET and THF). Again here, it can be said that there was no good relationship 
between the values of EWLC of the hydrogels, when CMC and/or ZEO have 
been added to the polymeric systems. 

Here, the main effect is the hydrophilic character of SVS monomer and 
non-hydrophilic character of the solvents as mentioned before then. 

3.3. Diffusion of Water or Water-Solvent Binary Mixtures 

Diffusion involves migration of water or water-solvent binary mixtures into 
pre-existing or dynamically formed spaces between hydrogel chains. Swelling of  
 
Table 3. The values of the equilibrium water/liquid capacity (EWLC) of the hydrogel 
systems in water or binary mixture of water-solvent (ACE, MET and THF). 

SVS/μL 0 60 120 180 240 300 

 Equilibrium water/liquid capacity (EWLC) 

 Water 

AAm/SVS 0.8854 0.9008 0.9291 0.9438 0.9609 0.9631 

AAm/SVS/ZEO 0.8687 0.8886 0.9202 0.9393 0.9559 0.9615 

AAm/SVS/CMC 0.8841 0.9113 0.9300 0.9398 0.9580 0.9697 

AAm/SVS/CMC/ZEO 0.8704 0.9105 0.9177 0.9296 0.9465 0.9630 

 Water-60% of ACE 

AAm/SVS 0.4230 0.4298 0.4302 0.4399 0.4352 0.4396 

AAm/SVS/ZEO 0.4257 0.4291 0.4319 0.4359 0.4387 0.4419 

AAm/SVS/CMC 0.4477 0.4419 0.4389 0.4323 0.4279 0.4118 

AAm/SVS/CMC/ZEO 0.4868 0.4871 0.4871 0.4874 0.4908 0.4973 

 Water-60% of MET 

AAm/SVS 0.4887 0.4902 0.5098 0.5125 0.5266 0.5429 

AAm/SVS/ZEO 0.4659 0.4884 0.4962 0.5095 0.5222 0.5414 

AAm/SVS/CMC 0.4966 0.4985 0.5099 0.5162 0.5447 0.5773 

AAm/SVS/CMC/ZEO 0.4959 0.5079 0.5124 0.5163 0.5472 0.6014 

 Water-60% of THF 

AAm/SVS 0.5668 0.5679 0.5742 0.5869 0.5907 0.5924 

AAm/SVS/ZEO 0.5777 0.5870 0.5972 0.6040 0.6057 0.6114 

AAm/SVS/CMC 0.5663 0.5708 0.5753 0.5776 0.6385 0.6889 

AAm/SVS/CMC/ZEO 0.5630 0.5689 0.5762 0.5828 0.5973 0.6171 
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the hydrogel involves larger segmental motion resulting, ultimately, in increased 
separation between hydrogel chains. When a glassy hydrogel is brought into 
contact with water or water-solvent mixtures, water or water-solvent mixtures 
diffuses into the hydrogel and the network expands resulting in swelling of the 
hydrogel. 

Analysis of the mechanisms of water or water-solvent binary mixtures diffu-
sion into swellable polymeric systems has received considerable attention in re-
cent years, because of important applications of swellable polymers in biomedi-
cal, pharmaceutical, environmental, and agricultural processing. The following 
equation is used to determine the nature of diffusion of water or water-solvent 
mixtures into hydrogels [27] [28] [29]. 

  nt

s

M
F kt

M
= =                           (3) 

Here, F is the fractional uptake at time t; Mt and Ms are the mass uptake of the 
water or water-solvent mixtures at time t and the equilibrium, respectively. Equ-
ation (3) is valid for the first 60% of the fractional uptake. Fickian diffusion and 
Case II transport are defined by n values of 0.5 and 1.0, respectively. Anomalous 
transport behavior (non-Fickian diffusion) is intermediate between Fickian and 
Case II. That is reflected by n between (0.5) and (1.0) [28] [29]. The values of n 
and k were calculated from the slope and the intercept of the plot of lnF against 
lnt, respectively. 

For chemically crosslinked highly swollen AAm/SVS hydrogels, AAm/SVS/CMC 
semi IPNs, AAm/SVS/ZEO hybrid hydrogels, and AAm/SVS/CMC/ZEO biohy-
brid hydrogels, the plots of lnF vs. lnt where F is equal to (Mt/Ms) are shown in 
Figure 10 for AAm/SVS/ZEO hybrid hydrogels in water-60% of ACE, as repre-
sentative. Diffusional exponents (n) and diffusion constant (k) are calculated from 
the slopes and intercepts of the lines, respectively, and are listed in Tables 4-6. 

 

 
Figure 10. Plots of lnF versus lnt for AAm/SVS/ZEO biohybrid hydrogels in binary mix-
ture water-60% of ACE. 
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Table 4. Some diffusion parameters of the hydrogels in water-60% of ACE. 

SVS/μL 0 60 120 180 240 300 

 Water-60% of ACE 

 Diffusion exponent (n) 

AAm/SVS 0.5294 0.5874 0.5439 0.5288 0.5884 0.5802 

AAm/SVS/ZEO 0.5862 0.6076 0.5804 0.6044 0.5992 0.5881 

AAm/SVS/CMC 0.5003 0.5780 0.5579 0.5881 0.5698 0.5764 

AAm/SVS/CMC/ZEO 0.5717 0.5511 0.5836 0.5817 0.6226 0.5517 

 Diffusion constant (k × 102) 

AAm/SVS 4.408 2.638 3.414 3.367 2.780 2.762 

AAm/SVS/ZEO 3.869 3.169 2.957 2.518 2.500 2.332 

AAm/SVS/CMC 5.508 3.258 3.472 2.970 2.953 2.956 

AAm/SVS/CMC/ZEO 2.640 2.497 2.620 2.165 1.919 2.677 

 Diffusion coefficient (D × 105) 

AAm/SVS 5.333 5.794 6.134 5.129 9.726 9.628 

AAm/SVS/ZEO 8.821 13.870 9.276 11.155 10.276 8.002 

AAm/SVS/CMC 5.442 8.515 7.745 9.269 7.634 5.747 

AAm/SVS/CMC/ZEO 4.134 4.205 8.458 6.783 7.998 5.140 

 Water/liquid sorption rate constant (Ksr × 103) 

AAm/SVS 5.717 3.983 4.550 3.932 4.432 4.064 

AAm/SVS/ZEO 7.310 6.516 4.595 4.327 4.082 3.327 

AAm/SVS/CMC 6.813 5.029 5.001 5.115 4.161 4.386 

AAm/SVS/CMC/ZEO 3.089 2.954 4.005 3.053 3.235 3.030 

 
Table 5. Some diffusion parameters of the hydrogels in water-60% of MET. 

SVS/μL 0 60 120 180 240 300 

 Water-60% of MET 

 Diffusion exponent (n) 

AAm/SVS 0.5741 0.6236 0.5805 0.6264 0.6564 0.6525 

AAm/SVS/ZEO 0.6360 0.6217 0.6602 0.5966 0.6095 0.6359 

AAm/SVS/CMC 0.5796 0.6758 0.6461 0.6407 0.6386 0.6629 

AAm/SVS/CMC/ZEO 0.6133 0.6526 0.6668 0.6676 0.6579 0.7241 

 Diffusion constant (k × 102) 

AAm/SVS 2.134 1.733 2.001 1.509 1.416 1.311 

AAm/SVS/ZEO 2.262 2.188 1.567 2.080 1.712 1.503 

AAm/SVS/CMC 3.369 1.377 1.484 1.359 1.346 1.158 

AAm/SVS/CMC/ZEO 2.050 1.326 1.230 1.096 1.110 0.752 

 Diffusion coefficient (D × 105) 
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Continued 

AAm/SVS 5.159 7.677 5.468 7.044 9.955 9.647 

AAm/SVS/ZEO 10.714 8.949 9.334 6.249 5.786 6.096 

AAm/SVS/CMC 7.447 9.021 9.476 7.693 7.684 8.433 

AAm/SVS/CMC/ZEO 7.198 7.125 8.375 8.146 7.592 10.947 

 Water/liquid sorption rate constant (Ksr × 103) 

AAm/SVS 2.487 2.824 2.553 2.279 2.583 2.390 

AAm/SVS/ZEO 4.332 3.909 2.873 2.923 2.319 2.512 

AAm/SVS/CMC 6.188 3.035 2.570 2.168 2.115 2.034 

AAm/SVS/CMC/ZEO 3.318 2.354 2.302 2.062 1.985 1.887 

 
Table 6. Some diffusion parameters of the hydrogels in water-60% of THF. 

SVS/μL 0 60 120 180 240 300 

 Water-60% of THF 

 Diffusion exponent (n) 

AAm/SVS 0.5691 0.5626 0.5680 0.5342 0.5569 0.5666 

AAm/SVS/ZEO 0.5909 0.5507 0.5642 0.5658 0.5746 0.5851 

AAm/SVS/CMC 0.5765 0.5741 0.5447 0.5550 0.5405 0.5294 

AAm/SVS/CMC/ZEO 0.5090 0.5265 0.5141 0.5372 0.5164 0.5215 

 Diffusion constant (k × 102) 

AAm/SVS 4.743 4.793 3.411 3.795 3.653 3.092 

AAm/SVS/ZEO 3.182 3.222 3.157 2.718 2.719 2.811 

AAm/SVS/CMC 5.753 4.026 3.984 3.750 2.660 2.182 

AAm/SVS/CMC/ZEO 5.498 4.235 4.293 3.983 3.694 3.610 

 Diffusion coefficient (D × 105) 

AAm/SVS 16.616 18.083 11.899 10.652 14.477 12.592 

AAm/SVS/ZEO 11.725 8.102 10.586 9.216 11.033 15.497 

AAm/SVS/CMC 20.131 11.986 10.098 12.232 5.976 3.962 

AAm/SVS/CMC/ZEO 10.291 9.867 8.820 11.889 7.487 8.296 

 Water/liquid sorption rate constant (Ksr × 103) 

AAm/SVS 9.458 9.213 4.905 4.621 5.361 4.344 

AAm/SVS/ZEO 5.557 4.071 4.555 3.388 3.786 4.372 

AAm/SVS/CMC 13.789 7.372 5.613 5.653 2.766 1.424 

AAm/SVS/CMC/ZEO 7.461 5.257 4.779 5.256 3.853 3.647 

 
Tables 4-6 show that the values of the number determining the type of diffu-

sion (n) are between 0.5003 - 0.6758. Hence the diffusion of binary mixtures of 
water-solvent (60% of solvent (ACE, MET and THF) of various compositions 
into the hydrogel systems is generally found to have a non-Fickian character. 
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When the diffusion type is anomalous behavior, the relaxation and diffusion 
time are of the same order of magnitude [28] [29]. Tables 4-6 show that the 
number determining the type of diffusion, n is over 0.50. Hence the diffusion of 
water or water-solvent mixtures into the hydrogels is generally found to have a 
non-Fickian character [28] [29]. When the diffusion type is anomalous behavior, 
the relaxation and diffusion time are of the same order of magnitude [28] [29]. 

The study of diffusion phenomena of water or water-solvent binary mixtures 
in hydrogels is of value in that it clarifies polymer behavior. For hydrogel cha-
racterization, the diffusion coefficients can be calculated by various methods. 
The diffusion coefficient, D of the water or water-solvent mixtures was calcu-
lated using the following equation [30] [31]. 

  
1

2

4

nkrD π  
 
 

=                            (4) 

Here D is in cm2∙s−1, r is the radius of a cylindrical polymer sample, n is the 
diffusional exponent and k is a constant incorporating characteristic of the ma-
cromolecular network system and the penetrant. The values of diffusion coeffi-
cient determined for the hydrogels are listed in Tables 4-6. Tables 4-6 show that 
the values of the diffusion coefficient of AAm/SVS hydrogels, AAm/SVS/CMC 
semi IPNs, AAm/SVS/ZEO hybrid hydrogels, and AAm/SVS/CMC/ZEO biohy-
brid hydrogels vary from 1.59 × 10−4 cm2∙s−1 to 8.34 × 10−4 cm2∙s−1 for water [20], 
but the values of the diffusion coefficient of AAm/SVS hydrogels, AAm/SVS/CMC 
semi IPNs, AAm/SVS/ZEO hybrid hydrogels, and AAm/SVS/CMC/ZEO biohy-
brid hydrogels vary from 3.962 × 10−5 cm2∙s−1 to 20.131 × 10−5 cm2∙s−1 for binary 
mixtures of water-solvent (60% of ACE, 60% of MET and 60% of THF). It can be 
said that there is no good relationship between the values of the diffusion coeffi-
cient of AAm/SVS hydrogels, AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO hy-
brid hydrogels, and AAm/SVS/CMC/ZEO biohybrid hydrogels for binary mix-
tures of water-solvent (60% of ACE, 60% of MET and 60% of THF). 

3.4. Water/Liquid Sorption Rate 

Other important diffusion parameters can be “water/liquid sorption rate con-
stant” (Ksr). This parameter can be calculated by the presented at below equation 
[5] [20] [32]. 

( )ln 1 srF K t E− − = +                        (5) 

where t is sorption time, “Ksr” is water/liquid sorption rate constant. F was de-
scribed before, and E is a constant. For chemically crosslinked highly swollen 
AAm/SVS hydrogels, AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO hybrid hy-
drogels, and AAm/SVS/CMC/ZEO biohybrid hydrogels, the plots of [–ln(1 − F)] 
vs [t] where F is equal to (Mt/Ms) are shown in Figure 11 for AAm/SVS/ZEO 
hybrid hydrogels in water-60% of ACE, as representative. 

The water sorption rate constants of AAm/SVS hydrogels, AAm/SVS/CMC 
semi IPNs, AAm/SVS/ZEO hybrid hydrogels, and AAm/SVS/CMC/ZEO biohybrid  
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Figure 11. Plots of –ln(1 − F) versus lnt for AAm/SVS/ZEO biohybrid hydrogels in bi-
nary mixture water-60% of ACE. 
 
hydrogels calculated from the slope of the plots, and they are tabulated at Tables 
4-6. They are changed among range vary from 1.424 × 10−3 min−1 to 13.7890 × 
10−3 min−1. Tables 4-6 showed that water/liquid sorption rate constants of AAm/ 
SVS hydrogels, AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO hybrid hydrogels, 
and AAm/SVS/CMC/ZEO biohybrid hydrogels are generally lower than that of 
AAm hydrogels, AAm/CMC semi IPNs, AAm/ZEO hybrid hydrogels, and 
AAm/CMC/ZEO biohybrid hydrogels. The reason of this may be the hydrophil-
ic and ionic characteristics of SVS. Every SVS molecule has got an anionic group 
such as vinylsulfonate group having negative charge. Because of the more 
charged structure, water sorption into the hydrogel systems may be irregular. On 
the other hand, it can be said that more irregular forms could be occurred in 
cross-linked structure by adding of CMC and/or ZEO. 

3.5. CMC and ZEO Effect on Swelling and Diffusion 

For investigation of the effect of mass/content of CMC and ZEO on the swelling 
and diffusional properties of AAm/SVS hydrogels, AAm/SVS/CMC semi IPNs, 
AAm/SVS/ZEO hybrid hydrogels, and AAm/SVS/CMC/ZEO biohybrid hydro-
gels, the related swelling isotherms and related swelling kinetic curves of hydro-
gel systems were constructed and, plots of lnF versus lnt for AAm/SVS/CMC 
semi IPN hydrogels containing 240 μL of SVS and different contents of CMC 
was shown in Figure 12 as representative. Effect of CMC and ZEO on some 
swelling, kinetics and diffusion parameters of AAm/SVS/CMC semi IPNs and 
AAm/SVS/ZEO hybrid hydrogels having of 240 μL SVS with different volume 
(as mL) of 2.0% of ZEO-water suspension or 2.0% of aqueous CMC solutions 
were tabulated in Table 7 and Table 8. 

It was shown that an increasing of the values of Seq of AAm/SVS/CMC semi  
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Figure 12. Plots of lnF versus lnt for AAm/SVS/CMC semi IPN hydrogels containing 240 
μL of SVS and different contents of CMC in the binary mixture of water-60% of ACE. 
 
Table 7. Some swelling and diffusion parameters of AAm/SVS/ZEO hydrogels having of 
240 μL of SVS with different ZEO content. 

2.0% of ZEO-water suspension (mL) 0.25 0.50 0.75 1.00 

 Water 

Seq 18.062 21.690 22.940 25.132 

EWLC 0.9475 0.9559 0.9582 0.9617 

n 0.7229 0.7280 0.7042 0.7148 

k × 102 1.292 1.215 1.184 1.009 

D × 105 66.238 83.868 64.116 70.197 

(Ksr × 103) 4.303 4.061 3.085 2.805 

 Water-60% of ACE 

Seq 0.780 0.782 0.818 0.831 

EWLC 0.4381 0.4387 0.4499 0.4539 

n 0.5710 0.5992 0.5573 0.5763 

k × 102 2.942 2.500 3.130 2.848 

D × 105 6.394 10.276 7.451 10.433 

(Ksr × 103) 4.151 4.082 4.388 4.143 

 Water-60% of MET 

Seq 1.083 1.093 1.151 1.122 

EWLC 0.5199 0.5222 0.5350 0.5287 

n 0.6190 0.6095 0.6062 0.6453 

k × 102 1.575 1.712 2.086 1.548 

D × 105 5.177 5.786 7.280 7.961 

(Ksr × 103) 2.121 2.319 3.062 2.736 

 Water-60% of THF 
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Continued 

Seq 1.398 1.536 1.582 1.627 

EWLC 0.5830 0.6057 0.6128 0.6193 

n 0.5828 0.5746 0.5654 0.5250 

k × 102 3.505 2.719 3.137 3.820 

D × 105 15.466 11.033 11.093 9.095 

(Ksr × 103) 6.329 3.786 4.445 4.289 

 
Table 8. Some swelling and diffusion parameters of AAm/SVS/CMC hydrogels having of 
240 μL of SVS with different CMC content. 

2.0% of aq. CMC sol. (mL) 0.25 0.50 0.75 1.00 

 Water 

Seq 20.831 22.833 25.625 31.276 

EWC 0.9542 0.9580 0.9624 0.9690 

n 0.7472 0.6908 0.7678 0.7043 

k × 102 1.336 0.932 1.105 0.965 

D × 105 94.190 40.954 131.580 58.336 

(Ksr × 103) 5.289 2.051 4.717 2.444 

 Water-60% of ACE 

Seq 0.738 0.748 0.765 0.788 

EWLC 0.4245 0.4279 0.4334 0.4407 

n 0.6137 0.5698 0.6022 0.5666 

k × 102 4.048 2.953 3.084 3.300 

D × 105 23.702 7.634 14.434 9.996 

(Ksr × 103) 10.224 4.161 5.817 5.001 

 Water-60% of MET 

Seq 1.283 1.196 1.216 1.255 

EWLC 0.5621 0.5447 0.5487 0.5565 

n 0.6542 0.6386 0.6915 0.6125 

k × 102 1.335 1.346 1.072 1.498 

D × 105 6.500 7.684 8.103 4.762 

(Ksr × 103) 2.512 2.115 2.330 1.194 

 Water-60% of THF 

Seq 1.680 1.766 2.174 2.323 

EWLC 0.6268 0.6385 0.6850 0.6991 

n 0.5525 0.5405 0.5281 0.5100 

k × 102 3.424 2.660 2.573 2.440 

D × 105 7.496 5.976 3.195 3.549 

(Ksr × 103) 4.743 2.766 2.078 1.306 
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IPNs and AAm/SVS/ZEO hybrid hydrogels having of 240 μL SVS with different 
CMC and different ZEO contents, when CMC and ZEO have been added to the 
hydrogel systems. Incorporation of CMC and ZEO into the copolymer network 
leads to higher values of Seq. The reason of this increase may be the polymeric 
structure and partially hydrophilic character of CMC and ZEO. So, it was seen 
that increasing of the value of the Seq, because of increasing of hydrophilic cha-
racter at cross-linked polymeric systems. On the other hand, again it can be seen 
that similar characteristic behavior on the some swelling, kinetics and diffusion 
parameters, if Tables 4-6 have been investigated. 

3.6. Effect of Solvent on Swelling and Diffusion 

Swelling of AAm/SVS hydrogels, AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO 
hybrid hydrogels, and AAm/SVS/CMC/ZEO biohybrid hydrogel may be eva-
luated by the composition of solvent. Variations of the swelling factor (S) of the 
hydrogels as a function of the solvent contents/concentration in the binary mix-
tures of water-solvent have been plotted in Figures 13-16. The values of some 
swelling and diffusion parameters of AAm/SVS hydrogels, AAm/SVS/CMC semi 
IPNs, AAm/SVS/ZEO hybrid hydrogels, and AAm/SVS/CMC/ZEO biohybrid 
hydrogel systems in water or binary mixture of water-solvent (ACE, MET and 
THF) were tabulated in Tables 9-12. 

In Tables 9-12, the values of Seq of the hydrogels in binary mixture of wa-
ter-solvent (ACE, MET and THF) are lower than the value of the hydrogels 
swollen in water. MET has got one alkyl group, but ACE and THF have got more 
than alkyl group from MET. With the increasing of alkyl group in the solvent, 
water diffusion can be affected by the depending on organic molecular structure 
and pores of AAm/SVS hydrogels, AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO 
hybrid hydrogels, and AAm/SVS/CMC/ZEO biohybrid hydrogels. 

 

 
Figure 13. Variation of the equilibrium swelling factor (Seq) of AAm/SVS hydrogels as a 
function of the solvent composition in the binary mixtures of water-solvent. 
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Figure 14. Variation of the equilibrium swelling factor (Seq) of AAm/SVS/ZEO hybrid 
hydrogels as a function of the solvent composition in the binary mixtures of water-solvent. 
 

 
Figure 15. Variation of the equilibrium swelling factor (Seq) of AAm/SVS/CMC semi IPN 
hydrogels as a function of the solvent composition in the binary mixtures of water-solvent. 
 

 
Figure 16. Variation of the equilibrium swelling factor (Seq) of AAm/SVS/CMC/ZEO 
biohybrid hydrogels as a function of the solvent composition in the binary mixtures of 
water-solvent. 
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Table 9. The values of some swelling and diffusion parameters of AAm/SVS hydrogels in 
water or binary mixture of water-solvent (ACE, MET and THF). 

Percentage of solvent. water 20% 40% 60% 80% 

 ACE 

Seq 24.607 21.038 14.039 0.771 0.378 

EWLC 0.9609 0.9546 0.9335 0.4352 0.2744 

n 0.7270 0.8210 0.9146 0.5884 0.6775 

k × 102 1.117 0.555 0.162 2.780 0.831 

D × 105 68.065 70.185 29.270 9.726 3.391 

(Ksr × 103) 3.541 2.952 1.209 4.432 1.851 

 MET 

Seq 24.607 21.289 19.325 1.112 0.613 

EWLC 0.9609 0.9551 0.9508 0.5266 0.3802 

n 0.7270 0.7768 0.8706 0.6564 0.8081 

k × 102 1.117 0.436 0.152 1.416 0.024 

D × 105 68.065 21.661 21.047 9.955 0.136 

(Ksr × 103) 3.541 1.599 0.911 2.583 0.077 

 THF 

Seq 24.607 18.398 10.306 1.443 0.860 

EWLC 0.9609 0.9484 0.9116 0.5907 0.4623 

n 0.7270 0.7872 0.7310 0.5569 0.5683 

k × 102 1.117 0.552 0.447 3.653 2.832 

D × 105 68.065 4.999 12.964 14.477 5.791 

(Ksr × 103) 3.541 2.559 1.219 5.361 4.096 

 
Table 10. The values of some swelling and diffusion parameters of AAm/SVS/ZEO bio-
hybride hydrogels in water or binary mixture of water-solvent (ACE, MET and THF). 

Percentage of solvent. water 20% 40% 60% 80% 

 ACE 

Seq 21.690 19.227 4.550 0.782 0.369 

EWLC 0.9559 0.9506 0.8198 0.4387 0.2697 

n 0.7280 0.8436 0.7663 0.5992 1.0628 

k × 102 1.215 0.528 1.052 2.500 0.081 

D × 105 83.868 80.339 35.530 10.276 10.344 

(Ksr × 103) 4.061 3.205 4.734 4.082 1.657 

 MET 

Seq 21.690 19.713 16.465 1.093 0.950 

EWLC 0.9559 0.9517 0.9427 0.5222 0.4873 

n 0.7280 0.7809 0.7896 0.6095 0.6269 

k × 102 1.215 0.486 0.251 1.712 0.065 

D × 105 83.868 23.635 11.117 5.786 0.145 

(Ksr × 103) 4.061 1.946 0.922 2.319 0.066 
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Continued 

 THF 

Seq 21.690 18.784 12.648 1.536 0.855 

EWLC 0.9559 0.9495 0.9267 0.6057 0.4610 

n 0.7280 0.7731 0.7744 0.5746 0.5927 

k × 102 1.215 0.572 0.321 2.719 3.420 

D × 105 83.868 36.581 14.591 11.033 16.546 

(Ksr × 103) 4.061 2.201 1.127 3.786 6.822 

 
Table 11. The values of some swelling and diffusion parameters of AAm/SVS/CMC semi 
IPN hydrogels in water or binary mixture of water-solvent (ACE, MET and THF). 

Percentage of solvent. water 20% 40% 60% 80% 

 ACE 

Seq 22.833 19.325 11.972 0.748 0.397 

EWLC 0.9580 0.9508 0.9229 0.4279 0.2840 

n 0.6908 0.8076 0.8331 0.5698 0.8571 

k × 102 0.932 0.493 0.440 2.953 0.369 

D × 105 40.954 47.611 31.159 7.634 9.519 

(Ksr × 103) 2.051 2.323 2.489 4.161 1.790 

 MET 

Seq 22.833 19.995 16.910 1.196 0.595 

EWLC 0.9580 0.9524 0.9442 0.5447 0.3731 

n 0.6908 0.7602 0.7966 0.6386 0.8344 

k × 102 0.932 0.454 0.230 1.346 0.017 

D × 105 40.954 26.343 12.763 7.684 0.205 

(Ksr × 103) 2.051 1.540 0.869 2.115 0.829 

 THF 

Seq 22.833 18.469 10.178 1.766 0.774 

EWLC 0.9580 0.9486 0.9105 0.6385 0.4362 

n 0.6908 0.7684 0.7249 0.5405 0.5548 

k × 102 0.932 0.503 0.434 2.660 3.308 

D × 105 40.954 30.617 10.020 5.976 8.000 

(Ksr × 103) 2.051 1.792 1.094 2.766 4.158 

 
Table 12. The values of some swelling and diffusion parameters of AAm/SVS/CMC/ZEO 
biohybride hydrogels in water or binary mixture of water-solvent (ACE, MET and THF). 

Percentage of solvent. water 20% 40% 60% 80% 

 ACE 

Seq 17.681 16.339 5.408 0.964 0.371 
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EWLC 0.9465 0.9423 0.8439 0.4908 0.2708 

n 0.7573 0.8068 0.7321 0.6226 1.0191 

k × 102 1.578 0.580 0.820 1.919 0.128 

D × 105 178.433 51.954 21.354 7.998 12.919 

(Ksr × 103) 7.039 2.792 2.718 3.235 1.877 

 MET 

Seq 17.681 14.899 12.504 1.209 0.499 

EWLC 0.9465 0.9371 0.9259 0.5472 0.3292 

n 0.7573 0.7472 0.8162 0.6579 0.5071 

k × 102 1.578 0.603 0.256 1.110 0.223 

D × 105 178.433 26.443 21.265 7.592 0.015 

(Ksr × 103) 7.039 2.003 1.157 1.985 0.140 

 THF 

Seq 17.681 16.522 9.045 1.483 0.855 

EWLC 0.9465 0.9429 0.9005 0.5973 0.4610 

n 0.7573 0.7448 0.7105 0.5164 0.5668 

k × 102 1.578 0.657 0.522 3.694 3.229 

D × 105 178.433 33.016 14.030 7.487 7.392 

(Ksr × 103) 7.039 2.086 1.256 3.853 4.877 

 
It was seen that decreasing of the value of Seq of the hydrogels with the in-

creasing composition of the solvents. Here, an important reason, the hydro-
phobic character of the alkyl groups in the molecular structure. The hydrophob-
ic character can be increased with the increasing of alkyl group of the organic 
molecular structure. For this reason, the more hydrophobic groups in the sol-
vents get the less the swelling of the hydrogels in binary mixtures of wa-
ter-solvent (in ACE, in MET and in THF). Again Tables 9-12 show that the 
values of Seq for binary mixtures of water-20%; 40%; 60%; and 80% of ACE are 
0.372 - 21.038, for binary mixtures of water-20%; 40%; 60%; and 80% of MET 
are 0.499 - 21.289, and for binary mixtures of water-20%; 40%; 60%; and 80% of 
THF are 0.744 - 18.784. 

For the swelling of AAm/SVS hydrogels, AAm/SVS/CMC semi IPNs, AAm/ 
SVS/ZEO hybrid hydrogels, and AAm/SVS/CMC/ZEO biohybrid hydrogels in 
binary mixtures of water-solvent (in ACE, in MET and in THF), it can be ex-
pected different behavior in water. This difference can be explained by the de-
pendence of the ionization of the charged groups of the hydrogels in various 
compositions of binary mixtures of water-solvent. Because of the lower polarisa-
bility, high hydrophobicity, and the lower hydrogen bonding occurring in swel-
ling, the swelling value of the hydrogels can be lower than the swelling in water. 
Also for good description of content of SVS on swelling characterization, col-
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umn plots of Seq versus various contents of SVS for AAm/SVS hydrogels, AAm/ 
SVS/CMC semi IPNs, AAm/SVS/ZEO hybrid hydrogels, and AAm/SVS/CMC/ 
ZEO biohybrid hydrogels including of various contents of SVS could have been 
discussed here again (Figures 6-9). It was seen that the values of Seq of the hy-
drogels increased with the SVS content in the crosslinked copolymers, again. 

4. Conclusion 

The present work has given the quantitative information on the swelling charac-
teristic of AAm/SVS hydrogels, AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO 
hybrid hydrogels, and AAm/SVS/CMC/ZEO biohybrid hydrogels in water and 
in binary mixtures of water-solvent (in ACE, in MET and in THF). Generally, it 
was seen that swelling of AAm/SVS hydrogels, AAm/SVS/CMC semi IPNs, 
AAm/SVS/ZEO hybrid hydrogels, and AAm/SVS/CMC/ZEO biohybrid hydro-
gel increased with the increasing of content of SVS. The hydrogels showed high 
water absorbency. The value of the equilibrium swelling factor of the hydrogels 
was 6.614 - 31.997 for water, 0.733 - 0.989 for water-60% of acetone, 0.872 - 
1.509 for water-60% of methanol, 1.288 - 2.215 for water-60% of tetrahydrofu-
ran. Here it was seen that there is no swelling in 100% composition of the sol-
vents such as ACE, MET and THF. The values of Seq of the hydrogels in water 
are higher than values of Seq of the hydrogels in organic solvents. It can be said 
that the more hydrophobic groups in binary mixtures of water-solvent get the 
less the swelling of the hydrogels. The main effect may be the non-hydrophilic 
character of alkyl groups in molecular structure of ACE, MET and THF. At the 
end of this study, it is seen that chemically crosslinked AAm/SVS hydrogels, 
AAm/SVS/CMC semi IPNs, AAm/SVS/ZEO hybrid hydrogels, and AAm/SVS/ 
CMC/ZEO biohybrid hydrogels may be used as a sorbent in binary mixtures of 
water-solvent such as ACE, or MET, or THF. The utilization of these types of 
hydrogels in pharmaceuticals, agriculture, biotechnology, environment, sorp-
tion, separation, purification, water treatment process and other related area 
makes hydrogel more popular. 
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