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ABSTRACT

Acrylic acid (AA) nanocomposite hydrogels (NCH) containing different kinds of SiO, nanoparticles
were prepared by way of free radical polymerization. The polymerization conditions were opti-
mized considering the initiator and monomer concentrations in the mixture, as well as the reac-
tion temperature and time. SiO, nanoparticles were used in original (neutral), NH, modified
(hydrophilic) and perlite forms. Nanocomposite hydrogels that contain NH, modified nano-SiO,
were found to present swelling values higher than those of the original acrylic acid nanocompo-
site hydrogel and the nanocomposite hydrogel that contain original SiO,. AA-perlite nanocompo-
site hydrogels were used to achieve the best thermal stability, although the perlite-doped
hydrogels exhibit less swelling due to the large particle size of perlite and its lower SiO, content.
FESEM and mapping analyses were conducted to verify the incorporation of SiO, nanoparticles
into the hydrogel structure. Amorphous structures were determined by an XRD analysis. Thermal
stability of hydrogels was measured by TG-DTA. The thermal stabilities of NH,-modified SiO,- and
perlite-doped nanocomposite hydrogels were found to be higher than those of plain hydrogel
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Introduction

As they can mimic the chemical, physical, electrical, and
biological properties of most biological tissues, hydrogels are
one of the potential candidates among other biomateri-
als.') They have a highly hydrated, three-dimensional
(3-D) polymeric network and are capable of holding up to 20-
to 40-fold more water in comparison to their dry weight.
These networks can be shaped or cast into different sizes and
shapes thanks to their unique physical properties.*!

Hydrogels have drawn tremendous interest in the field of
biomedicine since the discovery of poly(2-hydroxyethyl
methacrylate) by Wichterle and Lim in 1960."°) Currently,
hydrogels are being investigated for their potential as a
delivery system for bioactive molecules thanks to their

similar physical properties with those of living tissues, which
is associated with their soft and rubbery consistency, high
water content, as well as low interfacial tension with water
or biological fluids. Anionic hydrogels are employed in
designing intelligent controlled release devices for site-spe-
cific drug delivery of therapeutic proteins to the large intes-
tine, which is characterized by a prolonged biological
activity of the proteins. On the other hand, cationic hydro-
gels are investigated to develop a self-regulated insulin deliv-
ery system to release insulin in response to changes in
glucose concentration.®

In recent years, interest in nanocomposite hydrogels for
has increased.
Improved surface interactions between nanoparticles and

use in various biomedical applications
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Table 1. Conversion, gelation and swelling properties of nanocomposite hydrogels.

Plain AA Neutral nano-SiO,-doped AA

Amine-modified nano-SiO,-doped AA EP-doped AA

% G% S% C% G% S%

C% G% S% C% G% S%

90+0.82 99+082 350+1.25 99+082 99+0.82 360+1.25

97+1.25
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Figure 1. Swelling ratio of AA, AA/EP, AA/nano-SiO,, AA/hf nano-SiO, hydrogels.

polymer chains provide material properties that could prove
to be useful for a variety of biomedical applications.
However, the majority of current nanocomposite techniques
lack control over key characteristics including stimulus
response and biodegradation. Alternative methodologies for
designing nanocomposite hydrogels with diverse functions
have been proposed to solve these issues.*!

Several properties can be integrated by combining several
phases inside a nanocomposite hydrogel network to replicate
the structure and behavior of real tissues. For example, inor-
ganic nanoplatelets (ceramic nanoparticles) can physically
interact with aliphatic ester dendrimers coupled with the
PEG spacer to generate physically crosslinked hydrogels.!”’
The crosslinked networks feature self-healing qualities, great
mechanical strength, and adhesive properties, which is inter-
esting. This shows how a multicomponent system can be
used to achieve diverse functionality inside a hybrid hydro-
gel network. In some studies, hydrogels meet the require-
ments for use as matrix (carriers) in controlled drug
delivery, especially electroactive ones. It has been proven
that the most basic requirement is that the matrix on which
drugs are supported is sensitive to drug dosage against
internal and/or external stimuli of different structures such
as pressure, pH, temperature, ionic strength or electricity.[s]

Researchers have been designing the next generation of
sophisticated biomaterials by mixing inorganic ceramic
nanoparticles with natural or synthetic polymers, which are
inspired by bioactive nanomaterials found in biological tis-
sues. Bioactive nanoparticles such as hydroxyapatite (nHA),
synthetic silicate nanoparticles, bioactive glasses, silica, cal-
cium phosphate, glass ceramic, and f-wollastonite have been
described for biological uses in recent decades.’

For the synthesis of hydrogels, several approaches have
been documented. The first method uses a multifunctional

monomer as a crosslinking agent to polymerize/crosslink
monomers. The polymerization process begins chemically.
This reaction might take place in bulk, solution, or suspen-
sion form. Irradiation or chemical substances are used to
crosslink linear polymers in the second approach.!'®~**!

Thakur et. al." reported the fabrication of SA-g-PAA/
TiO, and SA-g-PAA nanocomposite by a free radical graft
copolymerization method to use the nanocomposite hydro-
gels, which presented a high adsorption capacity as an
adsorbent, removing methylene blue from water. Makhado
et. al."® reported a graft copolymerization of acrylic acid
(AA) onto xanthan gum (XG), inducted by the method of
microwave radiation, to determine the kinetic model of
removing dye from wastewater.

The use of silica nanoparticles in drug delivery systems is
increasingly being investigated. Although there are many rea-
sons, the main reason is that the cytotoxicity of silica nanopar-
ticles has been discovered to be closely linked to many factors
such as their size, dose, cell type in the study, duration of treat-
ment, surface area and structural separation.!"”) In recent years,
silica nanoparticles have been developed for use in versatile
drug delivery systems due to their inherent properties such as
stability, tunable porosity, mesoporous nature, biocompatibility,
ease of functionalization, and non-degradation. Moreover, the
chemical modification technique is suitable for obtaining tar-
geted internalization, stimuli-responsive release, increased cir-
culation time, and contrast imaging agents.!"*!

In the present study, nanocomposite hydrogels based on
acrylic acid (AA) including different kinds of SiO, nanopar-
ticles (as reinforcing agents) were prepared by way of free
radical polymerization. Their physical, structural, morpho-
logical and thermal properties were investigated in order to
assess their applicability to controlled drug delivery systems.

Results and discussion

In the present study, the acrylic acid nanocomposite hydro-
gels were obtained with three kinds of SiO, by way of free
radical polymerization. Percentage conversion (C%), gel per-
centage (G%) and swelling percentage (S%) of nanocompo-
site hydrogels are presented in Table 1. As can be seen from
the table, while the C% obtained for pure AA hydrogel was
90, C% values higher than 95 were achieved for the nano-
composite hydrogels that were obtained with the inclusion
of SiO, nanoparticles. This increase could likely be explained
by the fact that the H-bonds formed between -OH groups,
found abundantly in the SiO, structure, and the ~-COOH
groups of acrylic acid facilitate polymerization. The G% for
all hydrogels were found to be 99 except the EP-doped AA
nanocomposite hydrogels. Compared with others, the lower
value found here could also be associated with EP’s particle
size, which is larger. Figure 1 shows the S%-time curves for
plain AA hydrogel and its nanocomposites.



100
95
90
85
80
75
70 .
65 2930
60
55 4
50 -
45 —AA
40 ] = AA/nano Si02
35 —— AA/hfnano SiO,|
30
25 4

4000

% Transmittance

T T T
3500 3000 2500

Wavenumber cm-1

Figure 2. FT-IR spectra of AA, AA/nano SiO, and AA/hf nano SiO, hydrogels.
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Figure 3. FT-IR spectra of AA and AA/EP hydrogels.
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Figure 4. XRD patterns of AA, AA/nano SiO, and AA/hf nano SiO, hydrogels.

S$% values of nanocomposite hydrogels, except for neutral
SiO,-doped AA nanocomposite hydrogels, were lower than
plain AA hydrogels. In polyacrylic acid, regularly repeated
and crosslinked acrylic acid units shift to an irregular struc-
ture with the addition of inorganic material, and the struc-
ture itself partly loses cohesion as well. Therefore, the
interaction of water with the acrylic acid groups by diffusing
into the hydrogel is prevented by SiO, nanoparticles. This is
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Figure 5. XRD patterns of EP and AA/EP hydrogel.

why swelling rates are found to be low. However, the case is
different with neutral SiO, nanoparticles. The -OH groups
(in neutral SiO,), which are abundant within the structure,
also have a capacity of interaction with water. For this reason,
albeit not much, it may have slightly increased the swelling
effect.!”! The reason for this can be explained as the fact that
the porous structure of the hydrogel was filled with H,O-
bound SiO, nanoparticles which lead to enlargement of
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Figure 6. FESEM images of (A) plain AA hydrogel; (B) nano SiO, doped AA hydrogel; (C) amine-modified nano SiO, doped AA hydrogel and (D) EP doped

AA hydrogel.

Figure 7. FESEM image of lyophilized AA hydrogel (3000x).

hydrogel’s structure. Upon a visual evaluation of the hydro-
gel's dimensional stability, the best reinforcement-matrix
compatibility was observed in the NH,-modified nano-SiO,-
added nanocomposite hydrogel, despite it’s the lowest swel-
ling rate. Due to a possible H-bond between acrylic acid
groups and NH, groups, the interaction of water with a less
acrylic acid group may account for the lower swelling rate

compared with that of others. In the later parts of the study,
perlite was chosen based on its affordability.

Perlite was used in its expanded form because of its high
surface area. The trace elements in the expanded perlite also
caused the possible interaction with the matrix to be lower,
leading to a slightly decreased swelling rate.!*"!

Although the swelling value is lower than the others,
NH,-modified SiO, nanoparticles have two important
advantages in this study: First, SiO, nanoparticles can be
homogeneously dispersed into the AA matrix due to pos-
sible interactions between the NH, groups and the -COOH
groups of acrylic acid. Secondly, the presence of NH, groups
in addition to the -COOH groups increases the adsorption
ability of the nanocomposite hydrogel. The validity of this
statement was demonstrated by the results obtained in
another study and our study was sent for publication.

The structures of pure AA and its nanocomposite hydro-
gels were illuminated using the FT-IR method. When the
FT-IR spectra of the original AA and nano SiO,-doped AA
nanocomposite hydrogels were examined, shown in Figure
2, the bands at 1710cm™" (vc_o) and 1560 cm™* (Vasymc=0)
are characteristics of acrylic acid units. Additionally, the vcy
and vcy, vibrations were observed at 2944cm ' and
2860cm™', and Joy vibrations of adsorbed water at
3150 cm ™. It is noteworthy after the addition of nano SiO,
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Figure 8. FESEM images of lyophilized (A) plain AA hydrogel; (B) nano SiO, doped AA hydrogel; (C) amine modified nano SiO, doped AA hydrogel; (D) EP doped

AA hydrogel.

Table 2. Average pore size of AA hydrogel and SiO,-based nanocompo-
site hydrogels.

Neutral Amine-modified
nano-Sio, nano-Sio, EP-doped
Plain AA doped AA doped AA AA
Pore size (um) 4.691 7.588 8.694 6.464

into AA, vcy vibrations were apparent and the intensity of
don vibrations of adsorbed water increased at 3150 cm ™.
The vibrations at 850 cm™" (vsi.0.s) and 470cm ™" (5si.0.51)
are also the most important evidence that nano SiO, is
incorporated into the AA structure.®!’ On the other hand,
the sharpening of the vc_o vibrations at 1710 cm Y, vap
vibrations at 3500cm™' and Jny vibrations at 1560 cm ™
are attributed to the NH, groups of hf nano SiO, particles
added to the AA structure.”’! Compared with 3 kinds of
reinforcement materials on the AA matrix, the best struc-
tural harmony was seen between AA and hf nano-SiO,. The
strong interaction between the reinforcement and matrix is
clearly shown in Figure 2. H-bonds firmly increased the
peak intensities at 1710cm ™' and 3150 cm ™.

When the FT-IR spectrum of the EP-doped AA nano-
composite hydrogel was examined, which is presented in
Figure 3, the most significant change is the vibrations at
3150cm ™' (don). Moreover, while the source of the

vibrations at 850 cm™! was vg;. 0.5, the Vo vibrations in

the heat-treated EP were also observed at 1010 cm™".??)

Figure 4 shows the XRD patterns of the AA nanocompo-
site hydrogels and pure AA hydrogel. The structure of
acrylic acid is naturally amorphous. It has been observed in
the literature that AA gives an intensity of 100% peak at
23.5".[23] At the 2Theta (20) 23.5 peak found in the litera-
ture, acrylic acid was shifted to 19.5 when synthesized in
the hydrogel form. Nano SiO,-added hydrogels caused an
increased intensity at XRD peaks and also increased at full-
width at half-maximum (FWHM).

The effect of EP on AA hydrogel is presented in the XRD
patterns given in Figure 5. The angle of AA at 20=235
shifted to the lower region as a result of the addition of EP to
the hydrogel structure. These shifts presented in both XRD
patterns may also be due to the presence of water and cross-
linked regions included in hydrogel structure.”*!

Morphological characterization of AA and nanocomposite
hydrogels was achieved by SEM. Figure 6 shows the FESEM
images of the AA and its nanocomposite hydrogels. The sur-
face of AA hydrogel was not smooth before the lyophiliza-
tion process (Figure 6A). The nanocomposite hydrogel,
which has the lowest surface roughness, is the AA nanocom-
posite hydrogel obtained by adding Af nano SiO,, as
explained just before (Figure 6C).
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Figure 10. TGA curves of AA and its nanocomposite hydrogels.

Freeze drying, also known as lyophilization, is widely
used in the manufacture of porous hydrogels for various
applications. This method involves rapidly chilling a system
to generate thermodynamic instability and phase separation.
The solvent (generally water) is then removed by sublim-
ation under vacuum, leaving voids behind in the areas it
occupies.**! The disadvantage of this approach is that pore
creation degrades the hydrogels’s mechanical properties,
restricting their applicability.

Figure 7 shows the FESEM image of AA hydrogel, which
has a completely different morphological character after

lyophilization. The 3-dimensional (3 D) network structures,
voids and their different stacks are clearly visible.

According to FESEM images of nanocomposite hydrogels
after lyophilization (Figure 8), the pore (or void) diameters
of the pure AA hydrogel were found to be 4.691 um on
average and pore distributions were not homogeneous. In
the FESEM image of nano SiO,-doped AA nanocomposite
hydrogel (Figure 8B), the number of pores increased, and
the pore diameter increased to an average of 7.588 um. In
Figure 8C, FESEM image of hf nano SiO,-doped AA nano-
composite hydrogel showed homogeneous-dispersed struc-
ture and the pore diameter was found as 8.694 um, higher
than the nano-SiO, doped AA nanocomposite hydrogel. In
the last image (Figure 8D), the pore diameters of EP-doped
AA nanocomposite hydrogel were found 6.464 um on aver-
age and pore distributions were not homogeneous.

All these numerical values are listed in Table 2. Based on
these data, the morphological evaluation can be summarized
as follows: The number and diameter of pores observed in
pure AA hydrogel increased with the effect of added par-
ticles. In addition, the compatibility of the matrix and the
reinforcing material was found to be superior to the others
in hf nano SiO,-doped AA nanocomposite hydrogel with
the highest pore diameter and homogeneity.

The distribution of the pores of pure AA and its nano-
composite hydrogels are shown in Figure 9. EDX spectra
were taken from the elemental dimension with the mapping



AAIEP

i) \ { 411

—_ AA/hfnano S10
5 1 2
E
SRS
9 |AAlnano SiO,
el

04 308 __ 403

AA
54
298 ~ N 417
T L T Y T ¥ T ¥ T ¥ T
100 200 300 400 500 600

Temperature (°C)

Figure 11. DTG curves of AA and its nanocomposite hydrogels.

method. Although very little amount of SiO, which is doped
into AA was not observed in EDX, increasing amount of
oxygen in mass is the evidence of the presence of SiO,, as
shown clearly in Figure 9B. The element distributions on
the maps show that Si and O atoms are present in the struc-
ture. In the map of hf nano SiO,-doped AA nanocomposite
hydrogel, nitrogen atom is not included in the given ele-
ments. Due to the fact that the amount of Af nano SiO,
added to the hydrogel structure is very low and the silanol
OH groups replaced with NH, groups are much lower lev-
els, no significant results have been obtained regarding the
nitrogen atoms in the map evaluation. Finally, Figure 9D
indicates that the elements in the expanded perlite were
homogeneously distributed across the pores in the hydro-
gel structure.

The thermal behavior of pure AA and its nanocomposite
hydrogels was investigated by TGA/DTG method.
According to TGA curves in Figure 10, degradation was
mainly occurred in two steps. The loss of mass was observed
to be less in nanoparticle-doped state. The EP-doped AA
nanocomposite hydrogel indicated the lowest mass loss due
to the excess of inorganic elements included. Due to the
weak chemical interaction between AA and the small
amount of neutral nano SiO, added to AA, the thermal
decomposition curves were almost observed same. The hf
nano SiO, and EP interacted with AA more intensively than
the neutral nano-SiO, taking into account mass loss value at
the same temperature. The best thermal stability was
recorded on EP-doped AA nanocomposite hydrogel.
Because EP itself includes many other minerals other than
SiO,. However, since the particle size of EP used in this
study is larger than other SiO, species, particle and hydrogel
compatibility is worse than others. In this way, it is possible
to say that the thermal stability as well as the structural sta-
bility of hf nano SiO,-doped AA nanocomposite hydrogels
are the best.

DTG curves for AA and its nanocomposite hydrogels
were given in Figure 11. In literature, the glass transition
temperature is recorded as 128°C for pure PAA. Polymer
chains move more conveniently over this temperature.!*”’
Acrylic acid thermal decomposition curves are divided into
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two sections. The first disruption was caused by the elimin-
ation of side groups in PAA, which led in decarboxylation
or anhydride production (approx. 30 percent mass loss at
about 300°C), while the second was caused by main chain
scission (approx. 60 percent mass loss at around 410°C). In
the DTG curve of the hf nano SiO,-doped AA nanocompo-
site hydrogel, the shift of these numerical values to a lower
temperature is again a result of the interaction between
carboxylate groups of hydrogels and NH, groups of hf nano
SiO, via H-bond, as previously mentioned.

Conclusions

During the synthesis conducted as part of the present study,
the experimental parameters for all hydrogels were obtained
in the same way. The behavior of nano-$iO,-doped hydro-
gels was established, and Perlite, a volcanic rock type plenti-
ful in nature and less expensive than nano SiO,, was doped
into acrylic acid hydrogels. Based on the data obtained by
observing the pure nano SiO, behavior of the nanocompo-
site hydrogel structure, we were able to learn about the
behavior of SiO, in perlite. Morphological and structural
characterizations were performed by FT-IR and through
detailed FESEM analyses. The results revealed that the
NH, modified nano-SiO, was in complete conformity with
the AA hydrogels, resulting in improved swelling, morpho-
logical and thermal properties. Using the NH,-modified
nano SiO, has two advantages. One of them is the electro-
static interaction between the amine groups of the nano-
SiO, and the carboxylic acid groups of AA. This interaction
results in better dispersion of the nano-sized SiO, particles
in the polymer matrix. Secondly, it has advantages over cap-
turing and adsorption of adsorbates compared to the ori-
ginal AA hydrogel.

The behavior of three different types of SiO, reinforce-
ments in composite hydrogels during the planning of a tar-
get-focused work with SiO,-doped nanocomposite hydrogels
had significance in the interpretation of the results to be
achieved in targeted applications.

Experimental section
Materials

Neutral nano-SiO, (15-20 nm, 99.5%, Skyspring nanomateri-
als), hydrophilic (hf) nano-SiO, with NH, groups via long
alkyl chains (10-20nm, 99.8%, Skyspring nanomaterials),
expanded perlite (EP) (ETI Mine Operations), acrylic acid
(Sigma-Aldrich),  N,N’-methylenebisacrylamide (N,N-
MBAAm) as crosslinker (Sigma-Aldrich) and azobisisobutyr-
onitrile (AIBN) as initiator (Merck) were utilized in the
forms they were received. Thermo Scientific, Smart2Pure
ultra-pure water was used as a solvent in all the procedures.

Most of the materials utilized as a part of the present
study have been preferred in consideration of their being
environmentally-friendly and ability to work in harmony
with the human body. The other reactants such as AIBN
and NNMBAAm were used at the lowest amounts in the
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reaction (respectively 0.015g and 0.08 g). Because of the tox-
icity of the initiator and crosslinking agents, it would be a
difficult approach to overcome. Additionally, the exceed of
the reactants was tracked by the FT-IR spectrophotometer.
All reactants were analyzed individually, and after the poly-
merization, obtained polymers showed clear spectrums apart
from the initiator and crosslinking agent. After having deter-
mined the behavior of pure SiO, nanoparticles in nanocom-
posite hydrogels, the volcanic rock type Perlite, which is
commonly found in nature and more affordable than the
cost of nano SiO,, was doped to AA hydrogels.

Preparation of hydrogels

The mixture containing monomer (5.5mol LY, initiator
(0.01mol L"), a crosslinking agent (0.05mol L"), ultra-
pure water, and nanoparticles were poured into PVC straws
and heated in a temperature-controlled water bath (at 80 °C)
for 2h. The results were optimized by selecting 4 different
silica amounts (0.0010g, 0.0025g, 0.0050g, 0.0100g) for
each hydrogel. According to these results, the amount of
nano reinforcement with the best distribution was deter-
mined as 0.0010g. All three nano-reinforcing agents were
kept constant at the same amount in all experimental
parameters. Then, the PVC straws were carefully removed
from the bath, cut into cylindrical disks (3-4 mm in length)
with a knife, and the hydrogels were dried in air before they
were kept in a vacuum oven (35 °C).

Swelling properties

For conversion and swelling assessments, m, was calculated
through Eq. [1] at first for AA hydrogel and nano-SiO,/
NH,-modified nano-SiO,/perlite-doped AA nanocomposite
hydrogels. After the conversion of monomer into polymer,
(%) was calculated by Eq. [2] to determine the crosslinking
%, four pieces of dried hydrogels were washed with water
and re-dried, and the procedure continued with Eq. [3]. The
following equations (Eq. [4]) were used to compute the
swelling percentages (S percent) of nanocomposite hydro-
gels, where m, represents the mass of swelled hydrogel at
time t. m; in the equations [1] and [2]: the first weighing of
the wet gels after drying; m,’ in eq. [3]: the amount of 3 or
4 identical dried hydrogels; m,: indicates the number of gels
defined by m," washed-dried at least 3 times. The “time”
indicated by “t” represents the time periods in which the
weights of the gels were taken, in hours. The hydrogel
reaches its maximum swelling value when it reaches equilib-
rium.

Mass of [Monomer + Crosslinking + Initiator] = m,
Mass of dried hydrogels = m;

Mass of 3 or 4 hydrogels = m;' M
Mass of washed-dried 3 or 4 hydrogels = m,
Conversion % (C%) : my/m, * 100 2)

*For calculation of nanocomposite hydrogel’s conversion
value, the amount of nanoparticles should be substracted
from m,

Crosslinking % (CL%) = m,/(m;’) * 100 (3)
Swelling % (8%) = [m; — my]/my) * 100 (4)

m; = mass of swelling at “t” time

Instrumental methods

FT-IR analyses were performed on a Perkin Elmer Spectrum
100 model FT-IR in the range 400-4000cm™'. The ATR
mode was employed, and each spectrum was scanned four
times and studied at a resolution of 4cm™'. X-ray powder
diffraction patterns of nanocomposite hydrogels were col-
lected using a PANalytical Empyrean X-Ray diffractometer
using CuKo radiation (41/41.54A) in the 20 range 5°-70°
with a scanning speed of 2°/min at room temperature. Field
Emission SEM (FESEM) analyses were carried out with a
Carl Zeiss Supra 40VP model SEM device. Water-adsorbed
hydrogels were placed in a freezer (kept at —18°C) for 12h
to further analyze the pore architectures of nanocomposite
hydrogels, then placed in a vacuum apparatus in frozen
states (instrument: Labconco, Freezone 2.5 [Canada] lyophil-
izer). Hydrogels that had been compressed for 16h inside
the apparatus were studied in FESEM without any deform-
ation due to internal water separation. The hydrogel surfaces
were plated with platinum using Quorum brand coating
device to ensure conductivity. While the surfaces were being
photographed, a SE (secondary detector) was employed. The
mapping method was used with the Bruker EDX detector to
determine inorganic particle distributions in nanocomposite
hydrogels. The same procedure was applied for each sample
when preparing samples for SEM analysis. After the "freeze-
dry" process, dry gels were cut into equal sizes, the platinum
coating was applied under 40kV for 45seconds to ensure
the conductivity of the surfaces. The coated samples were
placed in the SEM device and analyzes were performed with
the SE detector at a working distance of about 10 mm and
at a working potential of 15kV. The SETARAM simultan-
eous TG/DTA equipment was used to conduct TGA analy-
ses. In a N, environment, the heating procedure was carried
out over a temperature range of 25-690°C with a heating

rate of 10°C min™".
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