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Synthesis and Thermal Degradation Kinetics of
Poly(methacrylamide)/Clay Nanocomposites using
Intercalated Monomer Method
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ABSTRACT

novel method was used successfully for the synthesis of poly(methacrylamide)-montmorillonite (PMAA/

Mont) nanocomposites. Methacrylamide (PMAA) was first intercalated into the interlayer regions of clay
minerals by ion exchange reaction. The intercalation of monomers into Mont was confirmed by FTIR, XRD and
TGA techniques. Then, the monomers polymerized within the montmorillonite (Mont) layers for preparation of
nanocomposites in different clay loading degrees. The morphology and thermal behaviors of nanocomposites
were found to be strongly dependent on the clay content. XRD and SEM analysis indicated that the resultant
nanocomposites exhibited intercalated morphologies with homogeneous clay platelet distribution. The Kissin-
ger method was used for the calculation of the decomposition activation energy. Activation energies of PMAA/
Mont nanocomposite are higher than those of neat PMAA, indicating that addition of clay mineral improves

thermal stability of neat polymer.
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6z

oli(metakrilamid)-montmorillonit (PMAA/Mont) nanokompozitlerinin sentezi icin yeni bir yontem basariyla

bu calismada uygulanmistir. Oncelikle metakrilamid (MAA) monomeri, kil mineralinin tabakalari arasina
iyon degisim tepkimesi ile vyerlestirilmistir. Montmorillonitin ara tabakalarina yerlestirilen monomer FTIR,
XRD ve TGA yontemleri ile karakterize edilmistir. Daha sonra, farkh ylzdelerde kil iceren nanokompozitlerin
hazirlanmasi amaciyla monomer montmorillonitin tabakalari arasinda polimerlestirilmistir. Nanokompozitlerin
morfolojik ve 1sil 6zelliklerinin blylk oranda kil miktarina bagh oldugu saptanmistir. XRD ve SEM analizleri,
nanokompozitlerin kil tabakalarinin homojen dagiimasiyla olusan intercalated morfolojisine sahip oldugunu
gOstermistir. Bozunma aktivasyon enerjisinin hesaplanmasi amaciyla Kissinger yontemi kullanilmistir. PMAA/
Mont nanokompozitlerinin aktivasyon enerjilerinin katkisiz  PMAA’'nin aktivasyon enerjisinden daha biuylk
oldugu gorilmustir. Bu sonug, kil mineralinin eklenmesi ile katkisiz polimerin sil kararlhiliginin arttigini
gOstermektedir.
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INTRODUCTION

The field of nanotechnology is one of the
most popular areas for current research and
development in basically all technical disciplines.
This obviously includes polymer science and
technology and even in this field the investigations
cover a broad range of topics. Even in the field
of nanocomposites, many diverse topics
including  composite  reinforcement,
properties, flame resistance, thermal
dielectric  properties,  cosmetic
bactericidal properties [1-5].

exist
barrier
properties,
applications,

In general, polymer nanocomposites are
obtained by the dispersion of inorganic or
organic nanoparticles into polymer matrix. The
key to the successful development of clay based
nanocomposites is to achieve exfoliation of the
layered silicate in the polymer matrix. The three
most common methods to synthesize polymer
based nanocomposites are intercalation of
polymer from solution, polymer melt intercalation
and in situ polymerization. In intercalative
polymerization method, the monomer, together
with the initiator and catalyst, is intercalated
within the silicate layers and the polymerization
is initiated either thermally or chemically in
situ [6-8] The chain growth in the clay galleries
triggers the clay exfoliation and, hence, the
nanocomposite formation. Among them,
dispersing in situ polymerization may be the most
desirable method for preparing nanocomposites
because the types of nanoparticles and the
nature of polymer precursors can vary in a wide
range to meet the requirements.

Methacrylamide (MAA) has been widely
applied on industrial scale. It is one of the most
important vinyl monomer for large polymer-
add-on can be easily obtained because of the
hydrophilic nature of the MAA [9]. Polymers
based on methacrylamide with very high
molecular weights have gained more and more
technical attention due to the solubility into water.
It is relatively less toxic, polar and less expensive
than other vinyl However, poor
thermal and mechanical properties especially
thermal stability need to be improved. Different
inorganic nanoparticles could be used to prepare
of PMAA nanocomposites such as laponite

monomers.

[10], hectorite [11], kaolinite
Z,n0.4Ni0.5Cu0.1Fe,0, particles
improve these properties.

(2],
(4]

graphite[13],
due to

Different polymers and methods were used for
synthesis of the nanocomposites in our previous
works. For example, Yalcinkaya et al. prepared
polynorbornadiene/clay = nanocomposiyes  with
intercalated catalysis methods. The thermal
and dielectric properties were also investigated

[4l. In other work, polyvinylimidazole/MMT
nanocomposites were synthesised exhibiting
good thermal stability and physical properties

[5]. Also, polynorbornene/clay nanocomposites
were prepared in stu method and also the
dielectric properties were investigated [15].
In  this study, PMAA/Mont nanocomposites
synthesized and characterized in detailed using
in situ polymerization method, with intercalated
MAA monomer into Mont layers. This method is
the first example of in situ polymerization of MAA
monomers within the Mont layers for preparation
of nanocomposites in different clay loading
degrees. The structures of nanocomposites
were determined by X-ray Diffraction (XRD)
and Scanning  Electron  Microscopy  (SEM).
Furthermore, the Kissinger method was used to
estimate the thermal decomposition activation
energy for PMAA/Mont nanocomposites.

MATERIALS and METHOD

Materials

Methacrylamide monomer was
Sigma-Aldrich. The Na-MMT (cation exchange
capacity=92 meq/100 g) was supplied by
Southern Clay Products, Inc. Commercial grade
solvents were also dried under Argon atmosphere
and distilled prior to use. All other chemicals were
reagent grade. Potassium persulfate (Sigma-
Aldrich) was used as an initiator. Ascorbic acid
(Merck) was used as a reducing agent.

supplied from

Preparation of Intercalated Monomer (MAA/
Mont)

The intercalated Mont was prepared by the
method of ion exchange reaction. The amount of
MAA was equivalent to 2.0 times cation exchange
capacity (CEC) of Mont. The intercalating agent
was firstly protonated with 1.0 M HCl aqueous



solutions to adjust the pH to 2.0-3.0. An aqua
solution was prepared by dissolving 0.02 mol of
MAA in 40 mL distilled water and heated to 50°C.
Na-Mont powder (0.5 g) was dispersed in 200 mL
deionized water under stirring for about 24 h to
obtain well dispersed. Then, it was slowly dropped
into the Mont dispersion for stirring 24 h at 50°C.
The modified clay (designed as MAA/Mont) was
separated by filtration and washed several times
with deionized water until no chloride ions were
detected by AgNO, solution. The MAA/Mont
samples was dried in a vacuum oven for 2 days.

Preparation of the PMAA/Mont Nanocomposites
by In situ Intercalative radical polymerization
PMAA was synthesized by a solution polymerization
method. MAA/Mont (1, 2, and 3% of the monomer
by weight) were placed to shelenk under Argon
atmosphere and dispersed in distilled water. 9.7
mmol (1 mL) MAA was pipetted into the shelenk
with freshly prepared solutions of 0.05 M (2 mL)
Potassium persulfate and 0.05M (2 mL) Ascorbic
acid. The reaction was stirred at room temperature
for 30 min and placed in an oil bath at 65°C for
24h. The nanocomposites were precipitated in the
excess amount of acetone, redissolved in methanol,
and precipitated a second time into acetone. The
yields separated with ultracentrifugation
followed washing with acetone several times. It
was dried in a vacuum oven for overnight.

were

Characterization

Characterization of the interlayer spacing of
the Na-Mont, MAA/Mont and nanocomposites
were determined by means of X-Ray Diffraction
Spectrometer  (Philips E'xpert Pro; Cu-K ray,
=1.54056 A). Also, description type of the
nanocomposites was defined by this method. The
basal spacing values of Mont were calculated
by Bragg’s Law (nA=2dSinB). FTIR spectra were
obtained by using Perkin Elmer Spectrum 100 FTIR
Spectrometer. Thermogravimetric analysis (TGA)
were performed on Perkin Elmer Pyris 1 TGA/DTA
by heating the samples from ambient temperature
to 600°C at 10°C/min. Also, for the thermal kinetic
analysis, samples were heated at heating rates of
5, 10, 15 and 20°C per min from room temperature
to 600°C under nitrogen atmosphere. Fracture
surfaces of the nanocomposites were investigated
by SEM analysis wusing Philips XL-30S FEG
instrument.
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RESULTS and DISCUSSION

For the preparation of the PMAA/Mont
nanocomposites includes a two-step reaction
that is schematically demonstrated as follows
(Figure 1): at first, the pre-intercalation of pristine
Mont fillers was performed in the presence
of MAA monomer. For this purpose, the clay
(Na-Mont) was dispersed in MAA by intensive
mixing at room temperature for 24 h until the
intercalation of MAA monomer between silicate
interlayer species was achieved (Figure 1a). For
the complete polymerization of MAA monomers
between silicate galleries, interlamellar in situ
polymerization of MAA was carried out by radical
polymerization using different ratios of MAA
preintercalated Mont (Figure 1b).

Figure 1a.The Cation-Exchange Process.

Figure 1b. The In-Situ Polymerization Process.

The intercalation of MAA monomer to clay
mineral
Thermal stability of pristine and modified Mont
was also determined with TGA analysis. For the
characterization, samples were first examined
with a FTIR. For analysis, the samples were
mixed with dry KBr, the pellets were prepared
and processed further to obtain FTIR data which

was

was transferred to the PC to acquire the spectra.

As shown in the FTIR spectra (Figure 2), pristine
Mont showed a typically broad O-H stretching
band at 3630 cm®. The strong peak at 1620
cm™ and the broad band at 3450 cm™ have been
assigned to the bending and stretching modes
of adsorbed water. It showed a broadly similar
pattern of absorption at the 1040 cm™ arising

characterized by FTIR and XRD.
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Figure 2. FTIR spectrum of (a) Mont, (b) MAA/Mont and (c) PMAA/1% Mont.
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Figure 3. XRD pattern of Mont and MAA/Mont.

from Si-O stretching vibrations. In addition to
Mont bands, the most important band of MAA/
Mont was observed at around 2800-2900 cm™’
which is attributed to the presence of N-H and
C-H stretching band in MAA. FTIR spectrum of
PMAA/1% Mont nanocomposite (other results
not shown in Figure) shows the peaks of both
PMAA and Mont such as the characteristic
Mont absorption bands (1050 cm?) and PMAA
absorption bands (2900 cm™) (Figure 2c).

The intercalation of MAA to Mont was also
confirmed by XRD. The basal spacing values of
MAA/Mont were compared with pristine Mont

to indicate the presence of MAA monomers.
The diffractograms of these structures were
presented in Figure 3. The typical XRD reflection
of Na-Mont related to the basal spacing between
the clay mineral platelets appeared at 20=7.657.
The basal (interlayer) spacing value (dom) of Mont
was calculated from this value as 11.40 A by using
the Bragg's law: d=nMA/(2sinB). This reflection
shifted to 20 = 5.431Kin the spectrum of MAA/
Mont, and the corresponding interlayer spacing of
MAA/Mont was calculated as d,, = 16.25 A. This
reflection appeared at the lower angles of the
diffractogram indicated the intercalation of MAA
monomers in the interlayer spaces of MAA/Mont.
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Figure 4. FTIR spectrum of (a) Mont, (b) MAA/Mont and (c) PMAA/1% Mont.

Figure 5. XRD pattern of neat Mont and different percentage PMAA/Mont nanocomposites.

The d-spacing value of organoclay mineral MAA/
Mont increased from 11.40 A to 16.25 A for MAA
substituent with the long chain structure. The
increasing of basal spacing values of Mont could
be seen clearly due to the increasing of interlayer
distance of the Mont. It is evident that the MAA
was entered the interlayer space of the Mont.

The thermal stability of Mont and MAA/Mont
were investigated with TGA analysis. The TGA
thermograms of Mont and MAA/Mont were shown
in Figure 4. Mont exhibited about 9 wt % loss at
800°C due to the presence of volatile materials.
Degradation started at 100°C because of the un-
bounded H,0 and continued up to about 800°C
due to the chemically bound H,O. The weight lost
in MAA/Mont was found as 20 weight % due to
the presence of MAA as a modifier. Hence, it was
indicated that 11 weight % modifier was hold on
to the Mont structure. The thermal stability of

the modified clay mineral were found lower than
that of unmodified clay mineral as reported in
previous papers [16-17].

XRD patterns of the nanocomposites in the
range of 20=1-10 revealed the basal spacing (d)
between the silicate layers of organoclays. A left-
shift in the peak indicates an increase in the d
of the silicate layers, whereas the disappearance
of a characteristic peak can be an indication
of exfoliated structure or poor dispersion of
the clay [18]. Figure 5 shows the XRD patterns
of the nanocomposites as well as that of neat
clay. The basal spacings of the neat clay was
1140 A. Peak shifts were more apparent for
the nanocomposites prepared with monomer
intercalated Mont. The basal spacings of the
nanocomposites were calculated as 17.62, 16.61
and 16.27 A for PMAA/1% Mont, PMAA/2% Mont
and PMAA/3% Mont, respectively. Changes in
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Table 1. XRD data for Mont and PMAA nanocomposites.
Clays and nanocomposites
Na-Mont
MAA/Mont
PMAA/1% Mont
PMAA/2% Mont

PMAA/3% Mont

the d-spacing values calculated from the XRD
patterns were in accordance with the reports in
the literature. For nanocomposites, the diffraction
angle of the characteristic peaks was lower
than that of MAA/Mont. However, none of the
nanocomposites exhibited a clear disappearance
of the basal reflection peak. The increase in
basal spacing values can be attributed to the
presence of exfoliated or intercalated structure,
in general, delamination of the silicate
layers prevents X-ray diffraction from the layers
resulting in the disappearance of the diffraction
peaks [19]. The basal spacing (d ) of the all
materials were summarized in Table 1. Clearly,
modified clay and nanocomposites always show
larger d spacing when in comparison to that of
unmodified clay.

since

Thermogravimetric analysis (TGA) is a useful
technique to assess the degradation behavior
and composition of composites [20,21]. The
thermal stability of the PMAA matrix and PMAA
nanocomposites were shown in Figure 6. The
thermal degradation of PMAA took place in
two major steps in the range of 210-250°C and
320-420°C. As indicated by the TGA, the thermal
decomposition  temperature slightly
with increasing Mont percentage, indicating that
the addition of Mont clay improves the thermal
stability. Correspondingly, the residues of the
Mont containing nanocomposites are larger
than that of the PMAA and closely related to
the clay contents in the PMAA. The PMAA/Mont
nanocomposites have obviously greater char
yield, which increases upon increasing the clay
content, as expected.

increases

The morphology and dispersion of the
clay nanofibers in the polymeric matrices are

investigated by SEM. As shown in the SEM

A)

11.40

001 (

16.25
17.62
16.61

16.27

photographs of the PMAA/Mont nanocomposites
at magnification 5000x (Figure 7), there are
many uniform light dots in the images of PMAA/
Mont nanocomposites and the light dots are
probably the fractured ends of the bundles of
the rod-shaped PMAA. The all dispersion of
Mont in the PMAA matrix is homogeneous due
to chemical modification of the PMAA. During
the intercalative polymerization process, the
layer structure of the montmorillonite suffered
tremendous damage and was exfoliated from
expansion induced by the PMAA molecular size
increasing and the exothermal reaction between
the galleries [22,23]. Figure 7 shows that after
polymerization, the montmorillonite aggregates
are broken into small particles and dispersed
homogeneously in the PMAA matrix. It was clearly
observed that the nanocomposites surfaces
exhibited a rough surface after this composition
step. The clay platelets were stacked together in a
disordered pattern to form agglomerates in some
parts, and small and well-separated particles
were also observed. For the PMAA/1% Mont, has
relatively small clusters of the clay particles that
are homogeneously dispersed in the PMAA matrix.
On the other hand, the other nanocomposites
big aggregated particles can be seen together
with small aggregates. These changes in the
morphologies indicate that the intercalation was
accompanied.

Kinetic data obtained from TGA is very
helpful to understand the thermal degradation
processes and mechanisms, and also may be
used as input parameters for a model of thermal
degradation reaction [24]. PMAA/3% Mont
nanocomposite was selected for the kinetic
study of thermal degradation, due to its highest
thermal stability. The neat PMAA and PMAA/3%
Mont  heated  thermogravimetrically  under



E.E. Yalginkaya / Hacettepe J. Biol. & Chem., 2016, 44 (4), 385-394

100
50 -
80 -
70 4
=
z |
= 60 H
E 50
40 4
{——Pman
30 | =— PMAAM Mont
1——PmaAZMont
20 | —— PMAA/ZMont
T T T 7 T
0 100 200

200

400 600

T {°c}

Figure 6. TGA of neat PMAA and PMAA/Mont nanocomposites.
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Figure 7. SEM micrograph of (A) neat Mont, (B) PMAA/1% Mont, (C) PMAA/2% Mont, (D) PMAA/3% Mont, with 5000x.

various heating rates such as 5, 10, 15, and 20°C
min™ in a temperature range of 25 to 600°C to
determine their thermal degradation activation
energies. The TG curves obtained for neat PMAA
and PMAA/3% Mont are shown in Figures 8(a)
and 8(b), respectively. The individual degradation
behavior of each compound was analogous at
all heating rates as seen from the figure. The
activation energies for the compounds were
estimated by the Kissenger method, without a

precise knowledge of the reaction mechanism by
using Equation (1) [25].

where, 3 is the heating rate; Tmax is temperature
related to maximum reaction rate; A is the pre-
exponential factor; Ea is the activation energy;
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Figure 8. The TG thermograms of (a) neat PMAA and (b) PMAA/3% Mont in argon atmosphere at different heating rates.
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Figure 9. The plots used for the determination of the activation energies of (@) PMAA and (b) PMAA/3% Mont nanocom-

posite according to the Kissenger method.

is the
order of the reaction. From a plot of Ln(B/T__2)
versus 1/Tmax, and fitting to a straight line, the
activation energy E  can be calculated from the
slope (Figure 9a,b). The kinetic parameters for
thermal degradation are calculated considering
the heating rates of 5, 10, 15 and 20°C/min
for first and second stages, and the results are
summarized in Table 2. The results reveal that the
activation energy at both stages for PMAA/3%
Mont nanocomposite are higher when compared
to those of neat PMAA. The activation energies
determined by the Kissenger method indicate
that the thermal stability of PMAA/3% Mont has
a significantly higher X value than that of neat
PMAA. Thus, it is shown that the addition of the
clays increases the thermal stability.

o is the maximum conversion and n

Conclusions

In this work, PMAA/Mont nanocomposites were
successfully prepared by the situ  radical
polymerization of intercalated methacrylamide
monomers. The polymerization of
methacrylamide monomer through the interlayer
galleries leads to nanocomposites formations,
which are formed by individually dispersing
inorganic silica nanolayers in the polymer matrix.

in

These nanocomposites showed a mixture of
morphology, mainly intercalated morphology.
The thermal properties of the nanocomposites

demonstrated an improvement in the thermal
stability compared to that of the neat polymer.
An average improvement of 35°C was obtained
for PMAA/3% Mont nanocomposites with 3%
reinforcements when 50% of the materials were
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Table 2. The activation energies of PMAA and PMAA/3% Mont Nanocomposite obtained by Kissinger Method.

samples at different

I
stages Slope
PMAA (first stage) -12319
PMAA (second stage) -20043
o .
PMAA/3% Mont (first 16273
stage)
0
PMAA/3% Mont (second 20704

stage)

degraded. A comparison between the activation
energies for the thermal degradation of PMAA

and PMAA/Mont

via the Kissinger method

pointed out that there was a significant trend for
the increase of the evident activation energy of
the nanocomposite.
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