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Hydrogels based on polyacrylamide, carboxymethylcellulose and silica are composites with 
good absorption and release properties over time, and this behavior allow their application in several 
areas. Thus, the aim of study was to analyze the absorption kinetic, spectroscopic, morphological, and 
structural properties of hydrogels prepared using different silica concentrations (0, 0.5, and 2.5%). 
The results showed that the swelling degree reduces with increasing silica, i.e., there was increase in 
crosslinking density, which was confirmed by SEM images. The reductions in the swelling degrees at 
equilibrium were 26.19% (0.50% silica) and 22.02% (2.5% silica) when compared to PAAm+CMC 
hydrogel. FTIR spectra showed characteristic spectroscopic bands of silica between 1384 and 1120 
cm-1 indicating that its incorporation into the hydrogel matrix has occurred, which was also observed
in the XRD diffractograms. Thus, the study of biodegradable hybrid hydrogels is relevant because they
can potentially be applied in areas such as agriculture, tissue engineering and even civil construction.
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1. Introdução
Polyacrylamide (PAAm) and carboxymethylcellulose

(CMC) hydrogels containing silica are considered to be
three-dimensional hybrid crosslinked, hydrophilic composites 
with high absorption capacity and release characteristics
over time1,2. Dragan and Apopei3 reports that these types
of polymers to increase mechanical strength and swelling
response, should be designed as multicomponent networks, 
i.e., as interpenetrating polymer networks (IPNs) or semi-IPN.

The IPNs are combinations of cross-linked polymers,
at least one of them being synthesized and/or cross-linked
within the immediate presence of the other4, without any
covalent bonds between them, wich cannot be separated
unluss chemical bonds are broken3. Myung et  al.4 report
that are created for the purpose of coferring keys attributes
of onde of the components while maintaining the critical
atributes of another, sometimes the properties are exhibited 
by the IPN that are not observed in either of the two single
networks alone.

IPN hydrogels can be classified as simultaneous IPN,
when the precursors of both networks are mixed and
the two networks are synthesized at the same time by
independent, non interfering routs such as chain and stepwise 
polymerization3 and sequential IPN, typically performed
by swelling of a single-network hydrogel into a solution
containing the mixture of monomer, initiator and activator,
with or without a cross-linker5. If a cross-linker is present,

fully-IPN result, while in the absence of a cross-linker, a 
network having linear polymers embedded within the first 
network is formed (semi-IPN)3.

Semi-IPNs, on the other hand, are compositions in which 
one or more polymers are crosslinked and one or more 
polymers are linear or ramified5. Dragan and Apopei3 affirm 
that semi-IPNs also are a type of interpenetrating polymer 
network (IPN) hydrogel in which one component has a 
linear instead of a network structure. Semi-IPNs have been 
shown to offer advantages such as improved mechanical 
properties when compared to single-network hydrogels, 
and these type of hydrogel can be formed by combining 
two different polymers, one in the cross-linked form and 
one in the linear form6.

These polymers can be synthesized from synthetic, semi-
synthetic, or natural raw materials, whose main function is 
to absorb large amounts of water or other organic fluids for 
later release2. Others authors define hydrogels as polymeric 
systems that show the capability of swelling in water and 
retaining a significant fraction (>20%) of water inside their 
three-dimensional structure, without dissolving in water7,8.

Thus, polyacrylamide (PAAm) and carboxymethylcellulose 
(CMC) hydrogels containing silica can be considered as
multicomponent systems, i.e., as semi-IPNs systems, since
only the PAAm is crosslinked and entangled with the non-
crosslinked CMC polysaccharide in the polymer network.
Importantly, the network properties can be tailored by the type 
of polymer and its concentration, by the applied crosslinking 
method as well as by the overall procedure used for their*e-mail: watanuki@ifsp.edu.br
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preparation. In many cases, polysaccharides are selected for 
the formation of IPN hydrogel networks, which are either 
chemically or physically crosslinked. Sometimes both 
entangled macromolecules are based on polysaccharides, 
but often also combinations of synthetic polymers together 
and polysaccharides chains are used to create (semi)-IPNs9.

Hydrogels can be classified as hydroretentor material10 and 
the swelling process of a hydrogel is governed by physical 
factors intrinsic to the three-dimensional network and external 
factors11. Some physical factors, such as the presence of 
hydrophilic groups, (-OH-, -NH2-, -COOH-, -CONH2-, 
-SO3H-) in the polymer chain structure, lower crosslinking 
density and high flexibility of the polymer network, 
contribute satisfactorily to a swelling degree higher of the 
material12. It is emphasized that the water storage occurs 
from the polymeric chain expansion due to repulsion from 
the hydrophilic groups on the polymeric chains13,14. Thus, 
this characteristic justifies the use of these polymers in the 
fields of agriculture, medicine, construction, and others.

For the construction field, Bose et al.15 state that cement 
pastes cured internally with acrylamide-rich composite 
hydrogel particles showed higher growth of hydration 
products in hydrogel-related voids compared to conventional 
(silica-free) hydrogel pastes16. Thus, polyacrylamide-silica 
composite hydrogel particles appear to have an advantage over 
conventional superabsorbent polymers (SAPs) by promoting 
pozzolanic reactions in vicinity of the SAP-related voids 
while continuing to facilitate internal curing16.

For the agriculture, most of the hydrophilic hydroges 
are destinated as soil conditioners and nutrient carriers, and 
can be applied when seeding or coated on the seed itself17. 
Bortolin et al.18 synthetized composite hydrogels based on 
PAAm, methylcellulose (MC) and montmorillonite (MMt) 
appropriate for the controlled release of nitrogenated fertilizer. 
The results showed that the release of fertilizer was slower 
for the hydrogel samples before and after hydrolyzing of 
the hydrogel samples, as compared with the urea without 
the presence of the hydrogel18.

Stealey et al.19 found that addition of nanoparticles to 
polymeric hydrogel has been shown to improve the retention and 
delivery of biologics. The authors produced a nanocomposite 
hydrogel with nanoclay and identified simple but effective 
experimental conditions to obtain sustained protein release, 
up to 23 times slower as compared to traditional hydrogels.

The applicability of hydrogels produced with nanosilica 
in water treatment was demonstrated for adsorption of metals 
ions from aqueous solution. For Lee et al.20, the hydrogel 
showed a high adsorption capacity that was owed to the 
presence of amine groups on the nanosilica surface as well 
as the highly porous structure. Also, the effects of different 
parameters (Pb2+ concentration, adsorbent content, pH value, 
and contact time) on the adsorption capacity of the hydrogel 
were low. On the other hand, the electrostatic interaction 
between the hydrogel’s carboxylate groups and the Co2+, 
Cu2+, Pb2+, and Zn2+ ions lead to unselectivity for removal 
of these metal ions from aqueous solution21.

However, some types of hydrogels, such as natural 
hydrogels, can demonstrate some limitations in mechanical 
properties and solute sorption, and this is not interesting 
when applied in some areas. An alternative is the use of silica 

during hydrogel synthesis to obtain a hybrid composite, as 
reported in the literature15.

Thus, hydrogels synthesized from synthetic and natural 
polymer mixtures have been becoming an option to improve 
their biodegradability, mechanical properties, hydrophilicity, 
and others, to widen their technological application in 
different areas22.

Hydrogels with additions of minerals, such as clays or 
silica are interesting because they have advantages such as 
low cost and improved composite hydrogel properties such as 
increased thermal stability23, absorption capacity, and water 
absorption rate10. Krafcik et al.24 showed in their studies a 
novel method of incorporating amorphous nanosilica into 
poly(acrylic acid-acrylamide) hydrogel particles to obtain a 
composite hydrogel. They also showed satisfactory results with 
the application of the polymer in the civil construction field.

This study is based on the synthesis of composite hybrid 
hydrogels based on polyacrylamide, carboxymethylcellulose 
(CMC) polysaccharide, and silica. These polymers are 
composed of chemically, functionally, and morphologically 
distinct blocks, which can include natural, synthetic raw 
materials or nano/microstructures interconnected via 
physical or chemical means and have been developed to 
improve existing formulations and to expand their range 
of applications25.

Thus, hydrogels based on polyacrylamide (PAAm) 
have been applied frequently in several areas (agricultural, 
biomedical, pharmaceutical area)26 due to their properties, 
such as high hydrophilicity and good mechanical behavior. 
It is made from acrylamide (AAm) monomers, consisting 
of the -CONH2

- groups which has high chemical activity. 
Thus, PAAm hydrogels have been extensively studied for 
biomedical applications such as drug delivery systems27.

Polyacrylamide hydrogels consist of a covalent 
polymer network and water; under ordinary conditions, 
the polyacrylamide network is stable, and water is mobile 
into the polymer network28. Because of their mechanical 
properties and hydrophilicity, this type-hydrogel has been 
widely used as the main base in developing new types of 
absorbent polymers29.

The application of a polysaccharide, such as CMC, has 
been demonstrated to be a good option for the preparation 
of hydrogels because it has carboxylic groups in its chemical 
structure that can be ionized, and these groups have higher 
hydrophilicity than hydroxyl groups18. The choice for silica 
is justified because these are additions that can potentially 
contribute to composite elaboration, as they can provide 
high thermal stability, good mechanical strength, high 
swelling degree, adsorption capacity and good gas barrier 
properties18,30, just like mineral clays. Noteworthy that the 
gas barrier improvement is associated with the homogeneous 
dispersion of the inorganic material in the polymeric matrix, 
preferably observed in layers (intercalation) or in individual 
particles (exfoliation), which will promote the multiplication 
of the obstacles to the permeant passage, making a tortuous 
path, delaying permeation31.

Silica particles as inorganic fillers in a hydrogel network 
are widely used because of their tunable size, uniform structure, 
hydrophilic nature, and stability in aqueous solutions. Like 
most other inorganic fillers, the high surface to volume ratio 
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facilitates strong physical interactions, and efficient stress 
transfer. Silica particles acting like initiators can also be 
used to graft hydrophilic monomers and then grow chains32. 
Sometimes, excellent biocompatibility is a leading factor 
when considering the type of inorganic filler33.

In this way, our study investigated the effect of hydrogels 
prepared from different concentrations of silica, 0, 0.5, and 
2.5% weight (wt) / acrylamide weight (wt), on water absorption 
properties by swelling degree measurements, morphological, 
kinetic, and structural characteristics of the hydrogels, using 
distilled water as a swelling medium. Thus, the development 
of hybrid biodegradable hydrogels is relevant because the 
improvement of the properties of these composites expands 
their potential applications in areas such as agriculture, tissue 
engineering, and even in civil construction.

2. Experimental Procedures

2.1. Hydrogel synthesis
Three types of hybrid composite hydrogels composed 

of polyacrylamide (PAAm), biodegradable polysaccharide 
carboxymethylcellulose (CMC), and silica were obtained 
through free radical polymerization as showed in Figure 1, 
following the procedures described by Nascimento et al.10 and 
Aouada34. These hybrid nanocomposite hydrogels were 
synthesized using 6.0% (wt/v) acrylamide (AAm) monomer 
(Sigma-Aldrich 99%, C3H5NO, MW = 71.08 g/mol) in an 
aqueous solution containing 1.0% (wt/v) of polysaccharide 
carboxymethylcellulose (CMC) (Synth P.A, Mv = 114.000 g/
mol), different silica (Tecnosil Industria e Comércio de 
Produtos Químicos Ltda.) contents: 0% (reference), 0.5% 
and 2.5% (mass% concerning to AAm + CMC mass).

It was used 2.0% (mol relative to AAm monomer) of 
N’-N’-methylenebisacrylamide (MBAAm) as a crosslinkg 
agent (Sigma-Aldrich 99%, C7H10N2O2, MW = 154.17 g/mol), 
6.67 mmol/L of N, N, N’, N’- tetramethylethylenediamine 
(TEMED) (Sigma-Aldrich 99%, (CH3)2NCH2CH2N(CH3)2, 
MW = 116.20 g/mol) as reaction catalyst, and 3.50 mmol/L 
of sodium persulfate (Sigma-Aldrich > 98%, Na2S2O8, 
MW = 238.10 g/mol) as reaction initiator.

To improve the efficiency of hydrogel polymerization was 
necessary to apply nitrogen gas (N2), after TEMED addition, 

for 10 minutes. After this stage, sodium persulfate solution was 
added under stirring into the polymeric solution to initiate the 
polymerization process. The hydrogel-forming solution was 
stored for 24 hours at a temperature of 25°C until complete 
polymerization. Hybrid nanocomposite hydrogels were subjected 
to the dialysis process, i.e., changing the storage water daily 
for 7 days to eliminate the reagents that were not consumed.

Subsequently, hydrogels were ground into microparticles 
and subjected to the drying process in an oven at 40°C±1 °C 
for approximately 48 hours or until achieving constant 
(variation < 0.50%). With the material completely dry, it was 
again ground and stored until its application. All concentrations 
of the required reagents were pre-established by our research 
group GCNH (Grupo de Compósitos e Nanocompósitos 
Híbridos)35.

2.2. Swelling degree (SD)
The hydrophilic properties of nanocomposite hydrogels 

were determined by measuring their swelling degree (SD). 
The determinations were measured at room temperature 
(25°C+1°C) by gravimetric analysis on an analytical balance 
(Shimadzu AUY-220-I). After the dialysis procedures, the 
swollen hydrogels were cut into a cylindrical shape (circles 
of 22 mm diameter) and dried in an oven at 40°C± 1°C 
until their constant mass (Md). After, the dried hydrogels 
were placed into a vessel containing 20 mL of distilled 
water. Noteworthy is that the swelling measurements were 
performed in triplicate for each hydrogel type analyzed.

For each predetermined time (measurements every 1 hour 
up to 8 hours, then at 24h, 32h, 48, and 72 hours), the samples 
were withdrawn from swelling media, and the excess of the 
water surface was removed with soft paper. Then, their weights 
were measured using (Mt) an analytical balance (Shimadzu 
AUY-220-I). Immediately, the samples were again placed on 
the vessel. The swelling degree was determined by the ratio 
between the mass of swollen hydrogel at the determined time 
and the dry hydrogel mass, according to Equation 1.

( )2       
t

d
MSD M g H Oor solution per g hydrogel= 	 (1)

The measures were performed in triplicate (n = 3), and the 
error bars in the graph correspond to the standard deviation.

Figure 1. Schematic representation of synthesis of PAAm+CMC_Silica hydrogels.
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2.3. Kinect parameters
Kinect parameters are obtained through swelling degree 

measures as the function of time in different solutions. 
For each curve, the diffusion exponent (n) and diffusion 
constant (k) were calculated using Equation 236.

nt
eq

M ktM = 	 (2)

where Meq is the hydrogel mass at equilibrium time, t is the 
time, k is a diffusion constant (dependent on hydrogel type and 
swelling medium), and n is known as the diffusion exponent 
that supplies the kind of water absorption mechanism.

Equation 2 was applied from the initial stage until 60% 
of the kinetic curve, thus ensuring that the curve plotted 
between ln[(Mt)/(Meq)] versus ln t is linear37.The kinetic 
parameters involved in the mechanism of diffusion of water 
towards hydrogel were determined by the slope and linear 
coefficients of the ln (Mt/Meq) versus ln(t) curve, respectively.

2.4. Fourier transform infrared spectroscopy 
(FTIR)

After realizing the swelling degree test, the hydrogels 
were macerated and dried in an oven (40 + 2°C) for 48h or 
until constancy mass was verified. These dry hydrogels were 
comminuted manually until the powdered samples were obtained.

FTIR spectra of the nanocomposite hydrogels were recorded 
using a Nicolet–NEXUS 670 FTIR spectrophotometer with 
2 cm-1 resolution. KBr pellet technique (0.5 mg of sample 
in 100 mg of KBr) was applied for monitoring changes in 
the IR spectra of the samples in the range of 4000-400 cm-1. 
All measurements were recorded by the accumulation of 128 scans, 
and the vibrational energies are reported in wavenumber (cm-1).

2.5. X-ray diffraction (XRD)
X-ray diffraction (XRD) patterns of the clay, hydrogel and 

their nanocomposites were obtained by (Shimadzu – XDR – 
6000) diffractometer using Cu-Kα radiation (λ = 0.154 nm) 
under a voltage of 30kV and current of 40 mA. All specimens 
were analyzed in continuous scan mode with 2θ ranging from 
5° to 50° at a scanning rate of 1°/min. Additionally, the basal 
spacing or the distance of two adjacent silica platelets was 
determined from the position of d (001) reflection, which is 
calculated by Bragg’s equation (n λ = 2.d.sin θ).

2.6. Scanning electron microscopy (SEM)
Hydrogel and nanocomposite morphologies were observed 

by using a ZEISS EVO LS15 electronic microscope operating 
at an accelerating voltage of 10 kV. The samples were swollen, 
until the equilibrium stage (48h) at 25°+1°C, in distilled 
water medium. After this step, they were frozen in liquid 
nitrogen and freeze-dried at -55 ºC for 24h in a lyophilizer 
(model Enterprise II Terroni). Finally, the fractured nitrogen 
samples were gold-sputtered before SEM observation.

2.7. Statistical analysis
The experimental results for each treatment set were 

available by analysis of variance (ANOVA) from the Tukey 
test, with a 5% significance level, using SISVAR® software.

3. Results and Discussion

3.1. Swelling degree (SD)
The swelling curves of the silica-hydrogel composite in 

distilled water are shown in Figure 2. It was found that silica 
hydrogels reach a swollen equilibrium state after 32h. At the 
same time, the same equilibrium stage of hydrogel without silica 
was reached after 48h. All hydrogels showed water absorption 
in the range of 24–34 (g/g). In addition, the silica interferes 
directly with this hydrophilic property because the higher its 
concentration minor the swelling degree. This behavior can 
be related to the hydroxyl groups on silica particles forming 
a hydrogen bond with the PAAm chains, which leads to a 
higher crosslink density38. Thus, in a dense three-dimensional 
network, the space capable of accommodating water molecules 
becomes smaller, resulting in a decrease in the swelling degree 
of composite silica-hydrogels39,40.

In the first eight hours of testing, it was possible to 
observe accelerated water absorption, independently of the 
concentration of silica, reaching the equilibrium conditions 
after 48 hours. The results showed that the pure hydrogel had 
SDequilibrium equal to 33.6+0.3 g/g. For hybrid hydrogels with 
0.5% and 2.5% silica concentration, the average SDequilibrium 
values were 24.8+1.0 g/g and 26.2+1.7 g/g respectively.

The relationship between SDeq and the amount of silica 
in the composites was shown in Figure 3.

The reduction of SDeq for hybrid hydrogels (0.5 and 
2.5% silica) was 26.19% and 22.02%, respectively, when 
compared with PAAm+CMC hydrogel. This behavior can be 
attributed to the presence of silica as a physical crosslinker 
in the polymeric matrix, which can cause a reduction in 
the expansion capacity of the chain and the water storage 
capacity in its pores38.

These behaviors also can be attributed to their 
molecular structure and morphology7, because the pores 
among the polymer network decreased, and the number of 
pores increased when the silica concentration used in the 
hydrogel preparation increased. However, it is important 
to highlight that with increasing silica concentration in the 

Figure 2. Swelling curves as a function of time for hydrogels with 
different Silica concentrations in distilled water.



5Physicochemical Properties of Hybrid Biodegradable Silica-Hydrogel Composites

polymer matrix, there is an increase in the swelling degree. 
According to Jia et al.38, this behavior is related to the fact 
that the silica particles agglomerate resulting in a decrease 
in the crosslinking density and consequently increasing the 
SDeq as the silica content increases. Bose et al.15 explain that 
it occurs because the silica particles are physically confined 
in the polymer network, such surface adsorption would 
manifest as an increase in absorption capacity.

Thus, hydrogels with large pores have more significant 
interaction with water molecules, resulting in large water uptake.

3.2. Kinect parameters
The mechanism of water absorption is associated with 

the diffusional exponent (n) and the diffusion speed of the 
solvent (k)41. The mechanism can occur in four different 
ways: where n < 0.45, the mechanism occurs by Fickian 
diffusion; when n = 0.89, the diffusion occurs by case II-
transport; in other words, this mechanism is governed by 
polymer swelling (chains relaxation); for 0.45 < n < 0.89, 
the diffusion mechanism is classified as anomalous transport 
(non-Fickian diffusion), that is, the combination of the two 
previous; and when n > 0.89 corresponds to super case II-
transport42,43. Changes in kinetic parameters as a function 
of silica concentration are shown in Table 1.

All composites presented values of n around 0.45. The water 
absorption mechanism of all hydrogels has anomalous behavior, 
that is when the diffusion times and relaxation rates of the 
chains are comparable. Thus, both the sorption and transport 
of molecules are affected by the presence of pre-existing 
microcavities in the polymeric matrix44,45. However, the 
increase in the silica concentration in the composite matrices 
modifies the water absorption, tending to Fickian transport, 
where the diffusion rate is much slower than the relaxation 
time of the polymer chain. This relaxation time is the time 
it takes for the chain to settle, that is, to come into balance 
with the presence of the solute or solvent.

3.3. Fourier transform infrared spectroscopy 
(FTIR)

Figure  4 shows the FTIR characterization of silica 
samples and composite hydrogels containing different 
proportions of silica.

As for the (a) silica spectra, a peak was observed 
around 3443 cm-1, which is attributed to the groups –OH, 
the stretching vibrations belonging to the Si-O-Si groups 
are related to the peaks 1384 and 1120 cm-1. The bands at 
874 and 479 cm-1 are related to Si-OH stretching vibrations 
and Si-O-Si angular deformations, respectively46-48.

In the hydrogel spectra (b) it is possible to observe 
bands at 3188 and 2924 cm-1, referring to the stretching 
vibrations of the –NH and -CH3 groups, respectively. 
The bands at 1670 and 1353 cm-1 can be assigned to the 

Table 1. Values of k and n obtained for different concentrations of silica in the hydrogels swelled in distilled water.

Silica concentration (% w/w)
Distilled Water

SDeq (g.g-1) n k (h-1) R2

0 33.6 +0.3a 0.43 + 0.02 a 0.30 + 0.03 a 0.98

0.5 26.2 +1.7b 0.42 + 0.10 a 0.27 + 0.02 a 0.94

2.5 24.8 +1.0b 0.44 + 0.10 a 0.26 + 0.02 a 0.95
Average with their respective standard deviation values, followed by equal letters do not differ statistically from each other following the Tukey test with 
a 95% confidence level

Figure 3. Effect of the amount of silica on the equilibrium swelling 
degree. Average with their respective standard deviation values, 
followed by equal letters do not differ statistically from each other 
following the Tukey test with a 95% confidence level.

Figure 4. FTIR spectra of silica, pure hydrogel (0%), and composite 
hydrogel containing 0.5 and 2.5% of silica.
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stretching vibration of the carbonyl group (C=O) and C-N. 
The bands at 1606 and 1420 cm-1 belong to the stretching 
strain of the COO- groups, and at 1325 cm-1 to the axial 
strain of the –OH groups.

In the region near 1456 cm-1, the presence of a band 
associated with the vibration of secondary amines12,49-51 was 
observed. Thus, in the hydrogel spectra, it is possible to 
observe groupings of the presence of AAm, CMC, and 
MBAAm, indicating the formation of the PAAm-CMC 
polymeric matrix.

Regarding the spectra of the hydrogel compounds at 
different concentrations of 0.5% (c) and 2.5% (d) of silica, 
it was possible to observe the formation and intensification 

of characteristic bands of silica in regions approximating 
1384,1120 and 479 cm-1, thus evidencing the formation of the 
composite as expected. Similar behavior was also observed 
by Zareie et al.52 on the FTIR spectra of composite hydrogel 
containing polyacrylamide and silica.

3.4. X-ray diffraction (XRD)
The XRD was used to analyze the structure and crystallinity 

of the composite hydrogel. As shown in Figure 5, the diffraction 
patterns da silica indicate an amorphous SiO2 structure at 
approximately 2θ = 22°46,47,53,54.

The diffraction pattern of pure hydrogel demonstrates an 
amorphous halo em 2θ = 21.20°, which was already expected 
due to the irregular crosslinking of a polymer matrix chain. 
The composite hydrogel containing 0.5 and 2.5% of silica 
also has an amorphous structure. However, the diffractograms 
of the composite hydrogel show a shift from the amorphous 
halo to larger (2θ) diffraction angles (22.58°) and a lower 
overall signal intensity. Such effects may be related to the 
presence of silica in the hydrogel matrix.

3.5. Scanning electron microscopy (SEM)
SEM analyses allow for the characterization of the 

morphology of the structure of the polymeric matrix and 
the evaluation of the effects of additions on the different 
concentrations of silica. From Figure 6a, it was possible 
to observe that pure hydrogel is a structure with large pore 
spaces, a well-defined format, and heterogeneous pore sizes.

Similar structures of hydrogels constituted by PAAm and 
CMC were observed by Nascimento et al.10, Chen et al.55, 
and Li et al.56. However, the SEM micrograph of composite 
hydrogels with different silica concentrations of 0.5, and 2.5% 
(Figure 6b and 6c) show that with increasing addition of silica, 

Figure 5. XRD of silica, pure hydrogel (0%), and composite hydrogel 
with 0.5 and 2.5% of silica.

Figures 6. SEM images of the composite hydrogels containing different proportions of silica 0 (a), 0.5 (b), and 2.5% (c).
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provides a decrease in pore size compared to the pure hydrogel. 
This is because silica can form intermolecular and intramolecular 
bonds with the polymeric matrix57. Therefore, the presence 
of silica probably increased the crosslinking density of the 
composite hydrogels, and decrease in free spaces to store water 
molecules, resulting in a reduction in water absorption, as can be 
observed in the swelling degree results. Thus, as described by 
Xu et al.57 and Olad et al.58, the presence of SiO2 nanoparticles 
promotes excessive crosslinking of the polymeric chain, providing 
denser polymeric structures with smaller pores.

4. Conclusions
This study investigated the effect of hydrogels prepared 

from different concentrations of silica (0, 0.5, and 2.5% wt/
wt acrylamide). The main findings are listed as follows:

- PAAm, CMC, and silica composite hydrogel were 
successfully synthesized via free-radical polymerization. 
Thus, PAAm, CMC and silica composite hydrogel can be 
considered a multicomponent system, because they were 
produced with two different polymers. Thus, these hydrogels 
can be classified as semi-IPNs systems, since only the PAAm 
is crosslinked and entangled with the non-crosslinked CMC 
polysaccharide in the polymer network.

- FTIR indicated that silica was incorporated successfully 
into the polymeric matrix, because it was possible to observe 
the formation and intensification of characteristic bands of 
silica in regions approximating 1384,1120 and 479 cm-1, thus 
evidencing the formation of the composite as expected. It is 
also emphasized that, in the hydrogel spectra, it is possible to 
identity AAm, CMC, and MBAAm specific groups, indicating 
the formation of the PAAm-CMC polymeric matrix.

- The presence of silica interferes directly with their 
water absorption because silica increased the crosslink 
density of the hybrid composites, decreasing the free spaces 
to accommodate water molecules, and this can cause a 
reduction in the expansion capacity of the chain and the 
water storage capacity in its pores. The reduction of SDeq 
for hybrid hydrogels (0.50 and 2.5% silica) was 26.19% and 
22.02%, respectively, when compared with PAAm+CMC 
hydrogel. This result was confirmed by SEM images.

- The analysis of the kinetic properties showed that there 
were no significant variations in the absorption velocity with 
the increase of the silica concentration. The values of the 
diffusion exponents were minor than 0.43, indicating that 
the release mechanism observed tends to a Fickian behavior;

- The X-ray analysis allowed us to observe that the 
samples analyzed have amorphous structures. It also observed 
a displacement of the diffraction angle (2θ) and a very broad 
halo with low intensity, evidencing the presence of silica in 
the polymer matrix.

In general, these results suggest an effective interaction 
between the silica and hydrogel matrix. Thus, the development 
of hybrid biodegradable hydrogels is relevant because the 
improvement of the properties of these composites expands 
their potential applications in different areas.
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