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The objective of this work was to examine the effect of inorganic additives on thermal behavior of homo- and hetero-polymeric hydrogel.
Nano SiO2 and TiO2 doped acrylic acid (AA) based homo-polymeric and acrylic acid/vinyl pyrrolidone (AA/VP) based hetero-polymeric
hydrogels were synthesized by using in-situ free radical polymerization technique. Additives were used in the ratio of 0.005, 0.5 and 1
(wt %) on AA based homo-polymeric hydrogels. Hetero-polymeric hydrogels were prepared in ratios of 1:3, 2:2 and 3:1 (AA/VP).
Additives were used in only AA/VP (3:1) and they were added 0.5 and 1 (wt %). Thermal behaviour of hydrogels, were investigated by
TGA-DTA analysis. The effect of doping on pore structure of hydrogels was demonstrated by SEM analysis. SEM/EDX measurements
confirmed the presence of additives in the hydrogels. The dispersions of SiO2 and TiO2 on hydrogel were indicated by elemental mapping
and their amounts were compared with EDX analysis.
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with the crosslinking agent and initiator, cross-linked diskshaped nanocomposite hydrogels were obtained. The nanoSiO2 and TiO2 are used as inorganic reinforcement materials
and they are supplied by commercially. In the preparation of
nanocomposite hydrogels, AA and AA-co-VP monomers
were preferred because of their biocompatibility properties.
Both homopolymeric and heteropolymeric nanocomposite
hydrogels were synthesized by using free radical in-situ
polymerization method.

INTRODUCTION
Polymeric materials are chosen of due to the ease of
fabrication, flexibility and biocompatible nature as well as
their wide range of mechanical, electrical, chemical and
thermal behaviors when combined with different materials
as composites.1-3 Hydrogels are a class of wet and soft
structures, composed by weakly cross-linked polymer
matrixes that are hydrophilic three dimensional (3D)
network.4,5 Hydrogels provide high physical, chemical and
mechanical stability in their swollen state.6 Hydrogels have
been defined which can be modified in order to achieve the
unique properties. This special soft-wet structure of
hydrogels makes possible them to be applied as
biocompatible materials for a variety of biomedical
applications including controlled drug delivery systems,7
wound dressing,8 coating for biosensors,9 membranes for bio
separation10 and tissue scaffold engineering.11 Poly(acrylic
acid)(PAA) and poly(vinylpyrrolidinone)(PVP) re water
soluble synthetic polymers widely used in medical
applications. They have low toxicity and are used in medical,
food, cosmetics and as a film forming agent.12-14 There are
many techniques reported for preparation of composites
such as sol–gel, in situ dispersion polymerization processing,
focused pulsed laser ablation, spin coating, blend process
and in situ polymerization, etc.15-17 Among these, in situ
polymerization is a facile approach that involves less time
consumption, easy preparation, low cost of production and
is also easily scalable.Titanium dioxide (TiO2) and nanoSiO2 are considered to best choices of proficient inorganic
material due to their outstanding biocompatibility and
biomechanical properties (Mohanaprina).
In this study, acrylic acid (AA) and acrylic acid-co-vinyl
pyrrolidone (VP) were used as a monomer. Nano SiO2 and
TiO2 were added to the solution of AA and AA-co-VP (3:1)
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EXPERIMENTAL
Materials used throughout this study; nano-SiO2 (20-30
nm), TiO2, acrylic acid, vinyl pyrrolidone, ammonium
persulfate, N,N’-methylenebisacrylamide (N,N’-MBAAm)
were purchased from Sigma-Aldrich. The cross-linked
homo-polymeric and hetero-polymeric hydrogels were
prepared by using AA and AA-co-VP monomers in PVC
straws. The hydrogel solution containing monomer, initiator,
crosslinking agent, solvent, and also nanoparticles was
heated in a temperature-controlled water bath (at 80°C) for 2
h. The experimental part was used similar to that described
in our previous publication.18
Measurements

FT-IR analysis were recorded by Perkin Elmer, Spectrum
100 model FT-IR in the range of 400-4000 cm-1. ATR mode
was selected and each spectrum was scanned 4 times and
worked at a resolution of 4 cm-1. FESEM analyses were
performed with Carl Zeiss, Supra 40VP model SEM. Prior
to analysis, samples were swollen to equilibrium and then
lyophilized. Lyophilized hydrogel discs were sputter coated
with Au/Pd alloy. Inorganic particle distributions in
nanocomposite hydrogels were determined by applying the
mapping technique with the Bruker EDX detector. TGA
analyses were performed with the SETARAM simultaneous
TG / DTA instrument. The heating was carried out at a
temperature range of 30°C-650 °C with a heating rate of
10 °C min-1 in N2 atmosphere. All analyses were performed
with approximately 10 mg of sample in Al2O3 pans.
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RESULTS AND DISCUSSION
In this study, both synthetic homo-polymeric and two
monomers (AA, VP) including hetero-polymeric
nanocomposite hydrogels were produced using two separate
reinforcing materials (SiO2, TiO2). Thermal behavior,
chemical interaction and surface morphology of the obtained
hydrogels have been examined and the results are discussed.
Thermal analysis

TGA curves of nano-SiO2-free AA hydrogel and AA
based homo-polymeric nanocomposite hydrogels with SiO2
doped in the ratio of 0.05, 0.5 and 1 (wt %) are given in
Figure 1. Mass of the 0.5 and 1 wt % SiO2 doped
nanocomposites were found to increase thermal strength.
The 0.05 wt % SiO2 addition had no effect as thermal
resistance as compared to that of the pure AA hydrogel.
Two-step decomposition curves were obtained at
approximately 200-300 °C and 300-400 °C. In both steps
0.5 and 1 wt% SiO2 was found to increase the heat loss mass
resistance.

As the amount of TiO2 increased, the thermal resistance of
AA hydrogel decreased. The TiO2 addition did not alter the
2-step chemical degradation process of the pure AA
hydrogel.
Figure 3 shows the TGA curve of homo-polymeric AA
hydrogel and with optimized AA/VP at a ratio of 1:3, 2:2
and 1:3. The thermal strength of the hetero-polymeric
hydrogel obtained with the optimized AA/VP ratios was
higher than the homo-polymeric hydrogel. With the increase
of VP ratio, not only the thermal strength of the composite
was increased, but also the 2-step thermal degradation
behavior of acrylic acid was realized in one step. AA and
AA/VP obtained in a 3:1 ratio showed similar thermal
behavior. For this reason, nano-SiO2 and TiO2 additions
were compared by applying to both hydrogels.

Figure 3. TGA curve of homo-polymeric AA and heteropolymeric AA/VP in the ratio of 1:3, 2:2 and 3:1 hydrogels.

Figure 1. TGA curve of AA hydrogel and 0.05, 0.5, 1 wt % nanoSiO2 doped AA based nanocomposite hydrogels

Figure 2 shows the TG curves of 0.05, 0.5 and 1 wt %
TiO2 doped AA hydrogels. According to this curve, the
contribution of TiO2 in the ratio of 0.05 wt % increased the
thermal degradation resistance of AA based hydrogel.

Figure 2. TGA curve of AA hydrogel and 0.05, 0.5, 1 wt% TiO2
doped AA based composite hydrogels.
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Figure 4 shows the differential thermal analysis curves of
AA/VP (3:1) hetero-polymeric hydrogels with nano-SiO2
and TiO2 doping at 0.5 and 1% by mass. Although 0.5 wt %
doped SiO2 did not change the maximum decomposition
temperature, it showed the highest thermal resistance
behavior compared to other doped and undoped AA/VP
(3:1) nanocomposite hydrogels. The maximum thermal
decomposition temperature in the second step was most
reduced in 1 wt % TiO2 doped AA/VP (3:1) hydrogel.

Figure 4. Differential thermal analysis of nano-SiO2 and TiO2 (0.5
and 1 wt %) doped and undoped hetero-polymeric AA/VP (3:1)
hydrogels.
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Table 1. Thermogravimetricdata of the SiO2and TiO2additive AA-homopolymericand AA/VP-heteropolymeric nanocomposite hydrogels.
AA, %

100
100
100
100
100
100
100
25
50
75
75
75
75
75

VP, %

0
0
0
0
0
0
0
75
50
25
25
25
25
25

SiO2,
wt. %

0.005
0.5
1
0.5
1
-

TiO2,
wt. %

0.05
0.5
1
0.5
1

degradation step, °C
1st

2nd

30-249
30-225
30-275
30-227
30-240
30-268
30-252
30-293
30-222
30-265
30-215
30-252
30-268
30-273

249-343
225-345
275-342
227-307
240-297
268-342
252-345
293-497
222-308
265-340
215-290
252-315
268-487
273-336

In Table 1, the thermal decomposition steps of AA homopolymeric hydrogel with nano-SiO2 and TiO2 added in mass
ratios of 0.005, 0.5, 1%; AA/VP hetero-polymeric hydrogels
which were prepared in different ratios (1:3, 2:2, 3:1) as
well as AA/VP (3:1) hydrogel with nano-SiO2 and TiO2
added at a ratio of 0.5 and 1 wt%, the maximum
decomposition temperatures in these steps of all samples
and the percent mass losses in the thermal decomposition
intervals are given. According to this table, water separation
in the hydrogel structure and thermal decomposition of the
hydrogel structures occurred in the first step (30-250 °C).
Chemical degradation in AA and AA/VP based hydrogels
occurred in 2-steps due to thermal behavior of acrylic acid.19
Thermal degradation in the second step occurred between
about 250-350 °C. As a result of the addition to homopolymeric hydrogels, the maximum thermal decomposition
was observed in the AA-TiO2 composite hydrogel with 0.5
and 1 wt % TiO2. There was a low increase in the 1 % TiO2
addition at the maximum thermal decomposition
temperature in the second step. Other additions did not
cause a change in the maximum decomposition temperature.
AA:VP hetero-polymers were prepared using AA and VP
monomers in a 1:3, 2:2 and 3:1 ratio. Accordingly, as the
VP amount increased, the thermal behavior changed and the
maximum decomposition temperature increased by
approximately 100 °C (at 384 °C).

Td(max),
°C

245;
225;
228;
222;
227;
275
297
384;
220;
280
212;
215;
282;
292

Weight loss (%) at degradation
steps, °C
1st

2nd

18
16
15
11
12
20
8
16
12
21
13
16
18
20

25
27
22
23
15
27
25
67
15
15
22
22
18
21

The chemical interaction of Ti-O with hydrogel was not
found in the spectrum because of large particle size
agglomeration.

Figure 5. FTIR spectrum of 1 (wt %) nano-SiO2 and TiO2 doped
and undoped AA hydrogel.

FTIR analysis

In Figure 5, the FTIR spectrum of 1 wt % nano-SiO2 and
TiO2 doped and undoped AA hydrogels are given. Since the
chemical effect of the additives on the hydrogel were not
observed in the amounts of 0.05 and 0.5 wt %, the
comparison was made in 1 wt % SiO2 and TiO2 doping
results. OH groups of the nanocomposite hydrogels gave a
broad peak at approximately 2700-3600 cm-1. The band at
1695 cm-1 is the C = O tensile vibration of the COOH group
of AA. The symmetrical stress peak of Si-O-Si was
observed in 1050 cm-1 and 441 cm-1 on 1 wt % SiO2 added
AA hydrogel.
Eur. Chem. Bull. 2019, 8(12), 399-404

Figure 6. FTIR spectrum of 1 (wt %) nano-SiO2 and TiO2 doped
and undoped AA/VP (3:1) hydrogels.
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Figure 7. SEM images and elemental map distribution of (a) SiO2 (wt %) doped AA hydrogel (b) SiO2 (wt% ) doped AA/VP (3:1)
hydrogel.

Figure 8. SEM images and elemental map distribution of (c) TiO2 (wt %) doped AA hydrogel (d) TiO2 (wt %) doped AA/VP (3:1)
hydrogel.

The FTIR spectra of a 1 wt % nano-SiO2 and TiO2 doped
and an undoped AA/VP (3:1) hetero-polymeric hydrogel’s
are given in Figure 6. According to spectrum, Si-O-Si stress
interaction of SiO2 doped at 466 cm-1 was observed. No
structural change was observed in TiO2 doped AA/VP (3:1)
composite hydrogel.

O distributions were distributed homogeneously on the
polymer matrix. The EDX analysis results of all obtained
samples are given in Table 2 in percent by atom. EDX
signals are seen low, especially in nano-SiO2 additive, since
there is low percentage mass addition. The presence of SiO2
on the hydrogel can be demonstrated by an increase in the
total oxygen content.

SEM analysis

SEM images of SiO2 doped AA (Fig. 7 (a)) and AA/VP
(3:1) (Fig. 7 (b)) hydrogels, also silica (Si) and oxygen (O)
distribution are given in Fig 7. Homogeneous pore structures
were observed in both hydrogels. Si and O distributions are
homogeneous on the hydrogels surface. SEM images of
TiO2 doped AA (Fig. 8 (c)) and AA/VP (3:1) (Fig. 8 (d))
hydrogel, and titanium (Ti), oxygen (O) distribution are
shown in Fig 8. The pore distributions of TiO2 doped
hydrogels are not homogeneous. In the structure, the Ti and
Eur. Chem. Bull. 2019, 8(12), 399-404

CONCLUSION
It was observed that low amount (0.05 wt. %) of SiO2 had
no thermal contribution to homo-polymeric AA hydrogel.
0.5 and 1 wt% nano-SiO2 increased the thermal degradation
resistance of AA hydrogel. The TiO2 additive, which was
not used in the nanoscale, decreased the thermal strength of
the AA-TiO2 composite hydrogel, as expected, due to
agglomeration as the amount of doping increased.
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Table 2. Atomic % of C, O, N, Si and Ti contents in homo- and
hetero-polymeric nanocomposite hydrogels.
Samples

C

O

N

Si

Ti

AA
AA-SiO2 (0.05%)
AA-SiO2 (0.5%)
AA-SiO2 (1%)
AA-TiO2 (0.05%)
AA-TiO2 (0.5%)
AA-TiO2 (1%)
AA:VP (1:3)
AA:VP (2:2)
AA:VP (3:1)
AA/VP (3:1)- SiO2
(0.5%)
AA/VP (3:1)- SiO2
(1%)
AA/VP (3:1)- TiO2
(0.5%)
AA/VP (3:1)- TiO2
(1%)

59.11
57.43
57.90
57.63
56.74
57.52
60.72
63.84
60.55
58.12
59.18

40.89
42.57
42.09
42.34
43.23
42.47
39.21
27.74
33.63
38.88
37.65

8.42
5.82
3.00
3.17

0.00
0.00
0.03
0.00

0.03
0.01
0.07
-

57.96

38.23

3.81

0.00

-

62.58

33.36

2.96

-

1.41

71.26

27.59

1.12

-

0.02
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and 3:1 AA:VP ratios and 3:1 AA/VP hydrogel was selected
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