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Abstract A series of poly(acrylic acid-co-acrylamide)
(PAA)/SiO2 hybrid hydrogels were prepared by in situ frontal
polymerization. It was found that the increase in the concen-
tration of SiO2 nanoparticles could lead to the increase in front
velocity (V f) and the highest front temperature (Tmax). This
may be attributed to the fact that SiO2 nanoparticles could
increase the liquid viscosity of reaction mixture. The obtained
PAA/SiO2 hybrid hydrogels were characterized by SEM and
Fourier transform infrared spectroscopy spectrum and swell-
ing measurements. The pH-sensitive swelling behaviors
showed that the prepared PAA/SiO2 hybrid hydrogel had high
pH sensitivity in different pH buffer solutions. Mechanical
property test indicated that the PAA/SiO2 hybrid hydrogels
exhibited a high compressive strength while remaining a high
swelling radio (SR). The maximum of compressive strength
and SR of the hybrid hydrogel may reach 42.6 kPa and 17.8,
respectively, which was much higher than that of pure PAA
hydrogel.
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Introduction

In recent years, environmental-sensitive hydrogels have gained
considerable attention because they can exhibit volume or
phase transition in response to external environmental stimuli

such as pH, temperature, light, electronic and magnetic field,
etc. These hydrogels mainly include pH, temperature, light,
electronic- and magnetic-sensitive hydrogels, etc. They have
great potential application in drug delivery carriers, tissue en-
gineering, artificial muscles, biosensors, adsorbents and bio-
separation, etc. [1]. The polyacrylate-based hydrogel is one of
the most important pH-sensitive hydrogels, which have many
acidic pendent groups in the hydrogel networks. Considering
the dissociation of acidic groups and the influx of counter ions,
the ionic concentration in the hydrogels is often higher than that
in the surrounding solution. Thus, it leads to a difference in
osmotic pressure between the hydrogel and solution, which
causes the solution molecules to penetrate into the hydrogel
and leads to a high degree of swelling of hydrogels. However,
this high osmotic pressure often leads to break the hydrogel
networks under the effect of internal stress. Therefore, this
inherent drawback limits the application of pH-sensitive
hydrogels. To overcome this shortcoming, it is necessary to
enhance the strength of pH-sensitive hydrogels while
remaining their good pH sensitivity [2, 3]. Up till now, some
studies have attempted to improve the mechanical strength of
pH-sensitive hydrogels by introducing interpenetrating poly-
mer network [4, 5], hydrophobic monomers [6] or inorganic
nanoparticles into hydrogels and so on [7–9].

It is well known that frontal polymerization (FP) is a
reaction model of converting monomer into polymer via a
localized and propagating reaction in a tube, which presents
obvious advantage with a fast and efficient way to produce the
polymers [10].Many polymers and polymeric hydrogels, such
as polyurethane, poly(N -methylolacrylamide)/polyhedral
oligomeric silsesquioxane, monolithic macroporous poly-
mers, poly(N-methylolacrylamide)/polymethylacryamide hy-
brids, poly(HPA-co-VeoVa10) amphiphilic gels, and poly(N-
isopropylacrylamide) hydrogels have been prepared by FP
[11–20]. In our previous research, we rapidly prepared
poly(acrylic acid-co-acrylamide) (PAA) hydrogels via FP for
dye removal [21].
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In this study, new pH-sensitive PAA/SiO2 hybrid hydrogels
were prepared by in situ FP. SiO2 nanoparticles were rapidly
embedded into PAA hydrogel matrix to enhance the mechan-
ical strength of PAA hydrogels via simple FP technique to
avoid aggregation of SiO2 nanoparticles during the polymer-
ization of monomers (see Fig. 1). The obtained pH-sensitive
PAA/SiO2 hybrid hydrogels were characterized by SEM and
Fourier transform infrared spectroscopy (FTIR). The pH sen-
sitivity and compressive strength of PAA/SiO2 hybrid
hydrogels were also investigated in details.

Experimental

Materials

Acrylic acid (AAc) was purchased from Tianjin Chemical
Reagent Co. (Tianjin, China) and was distilled before use.
Acrylamide (AM), potassium persulfate (KPS), N ,N ′-
methylenebisacrylamide (MBA), and N ,N′-dimethylformamide
(DMF) was purchased from Shanghai Reagent Co. (Shanghai,
China). SiO2 nanoparticles were purchased from Haitai
Nano-materials Co. (Nanjing, China). The Brunauer–Emmett–
Teller surface area is 220 m2 g−1. The average diameter of
nanoparticles is about 500 nm. All the reagents were of analyt-
ical grade and used as received without any further purification.

Preparation of hybrid hydrogels by in situ FP

First, the appropriate amount of SiO2 nanoparticles was son-
icated in DMF and mixed with AAc, AM, MBA, and KPS.
Then the mixture was placed for 5 min and was poured into a
glass test tube (20 mL; 12.8 mm diameter). To monitor the
temperature change, a K-type thermocouple connected to a
digital thermometer was immersed into the mixture at about
3 cm from the bottom of the tube. The filled tube was clamped
into a holder 1 cm from the top of the tube and kept at ambient
temperature. The upper side of the mixture composed of
monomers and SiO2 nanoparticles was heated by a soldering
iron until the hot propagating front commenced. After the

completion of the reaction, the sample was removed from
the tube, cut into small pieces, and immersed in deionized
water over 3 days to dissolve soluble materials. The obtained
hybrid hydrogel products were dried in vacuum at 50 °C to a
constant weight and stored for further use. The feed compo-
sition of samples during in situ FP was listed and designed as
FPn in Table 1.

Velocity and temperature measurements

The front velocities were confirmed by measuring the front
position as a function of time. Temperature profiles were
determined by measuring the temperature at a fixed point as
a function of time, using a K-type thermocouple and converted
to spatial ones using front velocities. After the completion of
the reaction, the samples were cooled to room temperature and
removed from the tube for further investigation.

Fig. 1 Schematic representation of the preparation of PAA/SiO2 hybrid
hydrogels by in situ FP

Table 1 Feed composition of samples during the in situ frontal
polymerization

Samples AAc/AM
(wt/wt)

MBA (wt.%) KPS (wt.%) SiO2 (g mL−1)

FP0 3:7 1 0.1 0

FP1 3:7 1 0.1 0.010

FP2 3:7 1 0.1 0.016

FP3 3:7 1 0.1 0.022

FP4 3:7 1 0.1 0.025

Fig. 2 The visual images of propagating front of PAA/SiO2 hybrid
hydrogel (the height of the tube is 10 cm and inner diameter of the tube
is 12.8 mm)
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Characterization and mechanical properties of hybrid
hydrogels

Morphology of dry hydrogels was observed by SEM (JSM-
5610LV) with an acceleration voltage of 10 kV. The
equilibrium-swollen gels were frozen by liquid nitrogen for
6 h, freeze dried, and fractured. The fractured specimens were
covered with gold vapor, and then the morphology of the
fractured surface of the dry hydrogel was observed by SEM.
FTIR spectroscopy was used to confirm the structure of com-
posite hydrogels. The composite hydrogel samples were ana-
lyzed on a Bruker EQUNINOX FTIR spectrophotometer in the
region of 400–4,000 cm−1. Before the measurements, the dried
composite hydrogel samples were crushed down (KBr, pellet).
Compressive strength of the swollen hydrogels was tested using
a self-prepared equipment described earlier [6]. Compressive
strength (Ss) was calculated as follows:

Ss ¼ F=S ð1Þ
Where, F is force applied and S is the surface area of the

swollen hydrogel.

Swelling studies of hybrid hydrogels

The swelling properties of the as-prepared hybrid hydrogels
were performed by gravimetric analysis. Briefly, the dry hybrid
hydrogel was immersed in the swelling medium at 25 °C. At
regular time intervals, the gels were removed from the medium

and the weight of the swollen hybrid hydrogel was determined
after the removal of the surface water through blotting with
filter paper. Themeasurements were continued until the weight
of hydrogels reached a constant value. The swelling ratio (SR)
was calculated by the following equation:

SR ¼ Wt−W 0ð Þ=W 0 ð2Þ
Where,Wt is the mass of the swollen hydrogels at t, andW0

is the initial mass of dry hydrogel. All of the experiments were
triplicated.

Results and discussion

FP and influence of SiO2 nanoparticles

The PAA/SiO2 hybrid hydrogels were prepared by in situ FP.
To obtain PAA/SiO2 hybrid hydrogels with homogeneous dis-
persion of SiO2 nanoparticles, SiO2 nanoparticles were first
sonicated in DMF and then mixed with AAc, AM, and KPS
to carry out in situ FP experiments. Figure 2 presents the typical
images of propagating fronts of the PAA/SiO2 hybrid hydrogel.
An interface between the hybrid and mixture composed of
unreacted monomers and SiO2 nanoparticles can be obviously
seen. The upper homogeneous white layer was PAA/SiO2

hybrid, and the lower transparent layer was the mixture
consisted of unreacted monomers and SiO2 nanoparticles. Fur-
thermore, the front moved downward steadily without bubbles

Fig. 3 Front positions versus
time (a) and front temperature
profile (b) for FP2 hybrid
hydrogel

Fig. 4 Influence of SiO2

nanoparticles on V f (a) and Tmax

(b) during the preparation of the
PAA/SiO2 hybrid hydrogels
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with the increase in time. No “finger phenomenon” was
observed [10].

As we all know, it is an important features of FP without
simultaneous spontaneous polymerization (SP) that the front
velocity remains a constant [13, 14]. Figure 3a shows a typical
curve for the front position as a function of time. As it can be
seen, the experimental data was well fitted by a straight line,
meaning that the front velocity was a constant, 0.95 cm/min.
This indicated that the pure FP had occurred. Moreover, a
typical temperature profile was obtained during the FP exper-
iments as shown in Fig. 3b. The temperature remained con-
stant until the front reached its junction, indicating SP was not
occurring simultaneously [15].

The influence of concentration of SiO2 nanoparticles on V f

and Tmax is also shown in Fig. 4. It was found that V f

increased from 0.08 to 1.09 cm min−1 as the concentration
of SiO2 nanoparticles increased from 0 to 0.025 g mL−1. The
increase in the concentration of SiO2 nanoparticles also
caused the increase in Tmax from 85 to 144 °C, which was
similar to the front velocity trend. This may be attributed to the
fact that more SiO2 nanoparticles could increase the liquid
viscosity of reaction mixture and would result in a higher front
temperature. Therefore, the higher the polymerization temper-
ature was, the quicker the V f was. Similar results are reported
in a previous research [22].

Characterization of PAA/SiO2 hybrid hydrogels

Figure 5 is the SEM micrographs of the prepared FP2 hydro-
gel. It could be seen that the white circular paeticles in the
SEMmicrographs were the SiO2 inorganic nanoparticles. The
black background was the hydrogel matrix. We could not see
the porous structures in the present SEMmicrographs because
the hydrogel network was in a collapsed (impact) status. In the
preparation procedure of the hydrogel, the dry method has an
important effect on the morphology of the hydrogel. In gen-
eral, the hydrogel network is in a collapsed (impact) status
when it is dried by a thermal air-drying method. Therefore,
smooth (impact), nonporous structure is often observed in this
case. However, the hydrogel network is in a swelling (loose)
status when it is dried by a frozen dry method. The porous
structure of the hydrogel remained because of water sublimate
in the form of ice crystal. Thus, the porous structure is often
observed [23]. In our experiment, although the equilibrium-
swollen gels were frozen by liquid nitrogen for 6 h, the frozen
dried results of liquid nitrogen is not good. Thus, the
equilibrium-swollen gels were reduced in a collapsed
(impact) status because the water in the hydrogel disappeared
and dried in air. Therefore, smooth (impact), nonporous struc-
ture was observed. Similar results were seen in our previous
reports [24]. In addition, it can be seen that nanosized
SiO2 particles with an average diameter of about 500 nmwere
dispersed in the hydrogel well. The distribution of SiO2

nanoparticles in the PAA hydrogel was highly homogeneous
without aggregation. This may be attributed to the fact that
monomers polymerized rapidly and SiO2 nanoparticles fast
locked into the hydrogel networks were formed, which was
also one of the obvious advantages of in situ FP. Figure 6
shows the FTIR spectra of PAA and PAA/SiO2 hybrid
hydrogels. It can be observed that the band with a weak
shoulder at 2,926 and a medium band at 1,459 cm−1 belonged
to the stretching of aliphatic –CH2– and –CHR– groups,
respectively. The characteristic absorption peak around

Fig. 5 SEM micrographs of the FP2 hydrogel. Magnification, a ×5,000
and b ×10,000

Fig. 6 FTIR spectra of PAA and PAA/SiO2 hybrid hydrogels prepared
by in situ FP
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3,400 cm−1 assigned to the –NH2 and –OH groups could be
observed in both PAA and PAA/SiO2 hybrid hydrogels. In
comparing the FTIR spectra of the PAA/SiO2 hybrid hydrogel
and PAA hydrogel, it was found that the intensity of the
characteristic absorption peak around 3,400 and 1,600 cm−1

dramatically decreased in PAA/ SiO2 hybrid hydrogel because
of the existence of SiO2 nanoparticles.

PH-sensitive swelling behaviors of PAA/SiO2 hybrid
hydrogels

To investigate the pH sensitivity of PAA/SiO2 hybrid hydrogels,
the swelling kinetics of the hydrogels in various pH values
ranging from 2.2 to 8.0 were studied, respectively. As shown

Fig. 7 Swelling kinetics of AA/
SiO2 hybrid hydrogels in different
pH values of buffer solutions

Fig. 8 Plot of the SR versus pH values of the buffered solutions
Fig. 9 Swelling/deswelling of hybrid hydrogels as a function of times in
pH 2.2 and 7.4 buffer solution
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in Fig. 7, for every hybrid hydrogel, the SR of hydrogel in-
creased with the increase in pH values. At the same pH values,
the SR of hybrid hydrogels first increased with the increase in
content of SiO2 nanoparticles (see FP1 and FP2 hydrogels). This
is perhaps because the SiO2 nanoparticles dispersed in FP2 was
much better than that in FP1 and was more proper for the water
absorbency. However, when the content of SiO2 nanoparticles
continued to increase, a decrease in SR can be observed (see
FP3 and FP4 hydrogels). It is probable because the hydrogel
networks became impact and thicker in these cases, which is not
suitable for water absorbency [25, 26].

The influence of pH values on the equilibrium SR of hybrid
hydrogels was determined in different pH buffer solutions
(i.e., 2.2, 4, 6, 7.4, and 8.0) at 25 °C. Figure 8 shows the
change of the equilibrium SR of hybrid hydrogels with pH.
Obviously, for all hybrid hydrogels, the equilibrium SR
showed a sharp increase when the pH value changed from
2.2 to 6.0. This is mainly attributed to the ionization of
carboxyl groups [6]. Furthermore, the ability of sharp increase
in SR is parallel to the trend of swelling kinetics stated above.

Figure 9 shows the reversible pH-dependent swelling
behaviors of the hybrid hydrogels in the pH 2.2 and 7.4 buffer
solutions. When the hybrid hydrogels were first placed in pH
7.4 buffer solution, they swelled to a great degree because of

the electrostatic repulsion among the ionized carboxyl groups
of hydrogels. When the hybrid hydrogels were transferred
into pH 2.2 buffer solution, the ionized carboxyl groups of
hydrogels patted to proton. The hybrid hydrogels shrunk
gradually due to the hydrogen bonding interaction between
the non-ionized carboxyl groups [6]. For all hybrid hydrogels,
the sudden and sharp swelling–deswelling behavior in differ-
ent pH buffer solutions implied that they have high pH sensi-
tivity and can be used for tailoring pulsatile (on–off swelling
behavior) drug delivery. Here, inspection of FP2, especially,
shows a continuous increase in variation (dynamic range) of
SRwith time. Themain reasonmay be that the equilibrium SR
of FP2 hydrogel was highest in all hybrid hydrogels because of
its unique structure. The macromolecular chain of FP2 hydro-
gel was easier to relax than other hybrid hydrogels when the
ionized carboxyl groups of hydrogels patted to proton [6]. In
addition, after a cycle of reversible swelling–deswelling, all
hybrid hydrogels were stable enough, which can be attributed
that the introduction of SiO2 nanoparticles can improve the
mechanical strength of the PAA hydrogel.

Mechanical properties of PAA/SiO2 hybrid hydrogels

The influence of different content of SiO2 nanoparticles on the
mechanical properties of the hybrid hydrogels were further
investigated (Table 2). As shown in Table 2, as a result, the
compressive strength of hyrogel increased with the increase in
content of SiO2 nanoparticles. The maximum of compressive
strength of hyrogel may reach 42.6 kPa (FP3 hybrid hydrogel).
In comparison, the compressive strength of a pure PAA hydro-
gel only reached 12.1 kPa. It appeared that the SiO2

nanoparticles played an important role in enhancing the com-
pressive strength of PAA hydrogels. For FP2 hybrid hydrogel,
the compressive strength was the second highest among all
hydrogels and remained a high-equilibrium SR. Figure 10

Fig. 10 Photographs of the
swollen FP2 hybrid hydrogel
a before, b during, and after
compression test c

Table 2 Compressive strength and equilibrium SR of hydrogels

Sample Compressive
strength (Ss; kPa)

Equilibrium SR
(pH=8.0)

Appearance
after test

FP0 12.6 12.1 Fractured

FP1 18.3 12.9 Fractured

FP2 35.5 17.8 Recovered

FP3 42.6 4.2 Recovered

FP4 41.9 4.1 Recovered
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shows the photographs of FP2 hybrid hydrogel before com-
pression test, during test, and after test, respectively. Interest-
ingly, during the tests, FP2 hybrid hydrogel did not break, even
under extreme high straining, and quickly recovered its original
shape after the release of its load. This phenomenon also
indicated that good hybrid hydrogels with high compressive
strength in swollen status could be obtained via simple in situ
FP technique. However, although the compressive strength of
the hybrid hydrogels was high, too high content of SiO2

nanoparticles also led to a decrease in the equilibrium SR of
the hydrogel (FP3 and FP4 hybrid hydrogels).

Conclusions

In this study, high pH-sensitive PAA/SiO2 hybrid hydrogels
with high strength were rapidly prepared by in situ FP. The data
of front velocity and front temperature implied that the pure FP
had occurred. The rapid conversion reaction of monomer into
the PAA hydrogel via the in situ FP could effectively avoid the
precipitation of SiO2 nanoparticles during FP. The increase in
the concentration of SiO2 nanoparticles led to an increase of V f

and Tmax. For all hybrid hydrogels, the equilibrium SR showed
a sharp increase when the pH value changed from 2.2 to 6.0,
which was attributed to the ionization of carboxyl groups. After
a cycle of reversible swelling–deswelling, all hybrid hydrogels
were stable enough. The compressive experiments results indi-
cated that the incorporation of SiO2 nanoparticles into the PAA
hydrogel may enhance the strength of the hydrogels.
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