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Abstract Polyvinyl alcohol (PVA) / starch (S) /Carboxy
methyl cellulose (CMC) / Montmorillonite (MMT)
bionanocomposite films were prepared from PVA, MMT,
CMC and soluble starch aqueous suspensions by casting
method in the presence of a plasticizer that contained
glycerol. The kinetics of thermal degradation of
PVA/S/CMC/MMT  blends was investigated by
thermogravimetry (TGA) and derivative thermogravimetry
(DTG). Experiments under non-isothermal conditions were
carried out for samples in nitrogen (the inert atmosphere in
order to avoid thermoxidative degradation) at heating rates
of 7.5, 10 and 150C/min. The Ozawa method was used to
calculate the activation energy of thermal degradation for
PVA/S/CMC and PVA/S/CMC/MMT blends. The thermal
stability of PVA/S/CMC/MMT blends is higher than that of
PVA/S/CMC suggesting that the addition of MMT improved
the thermal stability of PVA/S/CMC blend. At least four
degradation distinct stages were identified in the
PVA/S/CMC/MMT blends by means of using TGA, being
assigned to the mass loss due to the plasticizer leaching, and
to the degradation of the starch, CMC and PVA fractions.
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1. Introduction

Nano-biocomposites are a new class of hybrid materials
composed of nano-sized filler (nanofiller) incorporated into a
bio-based matrix [1]. Such an association between
eco-friendly biopolymers and nano-objects, with the aim to
obtain synergic effects, is one of the most innovating routes
to enhance the properties of these bio-matrices [2].
Depending on the geometry and the nature of the nanofiller,
new and/or improved properties (gas barrier, mechanical
stiffness, transparency, thermal stability. .) can be obtained
[1, 3]. Such propertiecs enhancements rely both on the

nanofiller geometry and on its surface area, which is directly
linked to the nanofiller dispersion state. In the case of layered
silicates (e.g. montmorillonite), depending on the process
conditions and on the matrix/nanofiller affinity, the clay
platelets can either be intercalated by macromolecules and/or
exfoliated, leading to different behaviors. Intercalated
structures show regularly alternating silicate layers and
polymer chains compared to exfoliated structures in which
the clay platelets are individually delaminated and fully
dispersed into the polymer matrix. The best performances
are commonly observed with the latter structure [1, 2]. The
thermoplastic starch or plasticized starch is obtained after
disruption and plasticization of native starch, by temperature
and in presence of water and another plasticizer, such as
glycerol. However, the thermoplastic starch has some
limitations: it is mostly water-soluble and has poor resistance
and low strength. The resistance to water may be improved
by adding certain synthetic polymers [4], such as polyvinyl
alcohol and natural polymers [5], such as lignin or carboxy
methyl cellulose. PVA has been used previously in extruded
thermoplastic starch to improve properties such as
elongation and process ability (predominantly through
improving melt strength) [6-8]. Carboxy methyl cellulose is
cellulose ether which exhibits thermal gelation and forms
excellent films. Because of its polymeric structure and high
molecular weight, it can be used as filler in biocomposite
film production. Carboxy methyl cellulose can improve the
mechanical and barrier properties of starch-based films [9].
In addition, it is possible to improve the mechanical
properties of this polymer by adding fillers. These
composites could be used in packaging where good barrier
and thermal properties are required [10-12]. Development of
the polymer/clay nanocomposites is one of the latest
revolutionary steps of the polymer technology. Preparations
of'blends or nanocomposites using inorganic or natural fibers
are among the routes to improve some of the properties of
biodegradable polymers. Recent researches [13-17] have
proved potential of organoclays for starch-based polymer
nanocomposites to improve the long-term mechanical
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properties over the unfilled formulations. The aim for the
addition of clay minerals to the polymers is to improve the
polymer properties and to produce the polymer/clay
nanocomposites with demand characteristics for desired
applications. Almost it is wanted to obtain a nanocomposite
with demand properties and characters or overcome the
drawbacks of polymers while remaining the intrinsic
advantages of primary polymer matrix. Because of the low
price, availability, high aspect ratio as well as desirable
nanostructure and interfacial interactions, clays can provide
dramatic and adjustable improved properties at very lower
loadings which help to the more remaining of polymer
original useful properties. The nature and properties of
components as well as preparation methodology and
conditions affects on the final properties of polymer/clay
nanocomposite [18]. In this section the various improved
properties of polymer/clay nanocomposites as well as the
mechanism and effective parameters are discussed. Thermal
stability of polymer/clay nanocomposites have been
analyzed and compared with that of pure polymer under
various oxidative (air) or non-oxidative (inert gases)
conditions. Thermogravimetric analysis (TGA) has been
usually used to evaluate the thermal stability of polymer and
their nanocomposites. In this technique, the weight loss of
the material due to the formation of volatile compounds
under degradation because of the heating and temperature
rising is monitored. In general, it has been reported that the
polymer/clay nanocomposites are thermally more stable than
pure polymers [19, 20].

That is the incorporation of clay fillers into the polymer
matrices results to the improvement of their thermal stability.
The effect of clay layers has been more explained as superior
insulation and mass transport barrier against the volatile
compounds generated during the decomposition of polymer
under thermal conditions [21]. Also it has been reported that
clays assist in the formation of layered carbonaceous char
during degradation of polymer/clay nanocomposite [1]. Clay
minerals are inorganic materials and are almost stable in the
temperature ranges that organic polymers are degraded in to
volatile compounds. Therefore in TGA experiments the clay
content of nanocomposites is remain as residue after heating
program [22]. Blumstein first reported the improved thermal
stability of PMMA/MMT nanocomposite. TGA showed that
PMMA intercalated into the Na-MMT has 40-50 °C higher
decomposition temperature [23]. Vyazovkin et al. [24]
reported the thermal stability of polystyrene/clay
nano-composite compared to pure PS. They have showed
that PS/clay nanocomposites have 30-40 °C higher
degradation temperature compared to pure PS under nitrogen
and air heating degradation conditions. Other studies have
been showed that the nature of the clay modifier can affect
on the thermal stability of modified clay and related
nanocomposites [25]. The understanding of their thermal
stability and degradation has importance in processing and
recycling. Thermal degradation of PVA [26, 27] and PVA/S
was recently studied [28, 29]. The main goal of this paper is
to evaluate the effect MMT on the PVA/S/CMC blends

thermal degradation or study of thermal degradation of
PVA/S/CMC/MMT blends. Thermal analysis of the
mixtures was performed by TG/DTG under dynamic
conditions. The calculation of apparent activation energies
was based on the application the kinetic model proposed by
Ozawa [30-32].

2. Experimental

2.1. Materials

Soluble starch (ST) was provided by Merck company, and
polyvinyl alcohol with M;=72000 and glycerol (M,= 92/10,
grade of pure 78%) purchased from Merck company.
Carboxy methyl cellulose sodium salt, with an average
molecular weight of M,=295225 was purchased from Fluka
company. Sodium montmorillonite (Cloisite Na") with a
cation exchange capacity (CEC) of 92.6 mequiv. /100 g clay
was supplied by Nanocor Inc. (Arlington Heights, IL).

2.2. Preparation of Films

Films were obtained by casting method [34, 35]. First,
PVA (2.5 g) was solubilized in 50 ml of distilled water at
75°C for 15 min and starch (2.5, 2, 1.5 g) was mixed (25°C
for 10 min) with distilled water (15ml). Then, glycerol (40
ml/100 g starch) was added to 20 ml of boiling water to
obtain a clear solution. Carboxy methyl cellulose (0, 0.5, 1g)
was solubilized in 75 ml of distilled water at 75°C for 15 min.
On the other hand, the montmorillonite (MMT) was
dispersed in 35 cc distilled water by sonication for 10 min at
room temperature. The clay ratios were 0, 1, 3 and 5 (w/w),
relative to dry blend. Then, PVA, starch, CMC and MMT
solutions were mixed together and stirred with by a magnetic
bar at 75°C for 90 min with a reflux condenser. Then, about
70 ml of the sample was poured into a Teflon casting tray
resulting in films with 0.08+0.01 mm thickness, measured
with an Alton M820-25 hand-held micrometer with a
sensitivity of 0.01 mm and then dried at 60°C in oven to cast
the films.

2.3. Thermal Analysis

Thermogravimetry was carried out using a Perkin Elmer
pyris diamond TG-DTA instrument at various heating rates
(7.5-15 °C min') under inert atmosphere (nitrogen
environment) in order to avoid thermoxidative degradation.
Temperature programs for dynamic tests were run from 0 to
600°C at different heating rates, between 7.5 and 15 °C.

min 1.

2.4. Scanning Electronic Microscopy (SEM)

The morphology of the surface of the films was
investigated using a scanning electronic microscope of XL30
type (Netherland). The films were covered with pure metalic
Ag. The laying down of Ag was carried out using
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evaporation of the metal under a high vacuum, to give a
thickness of around 100 A°.

3. Theoretical Approach

The application of dynamic TGA methods holds great
promise as a tool for unveiling the mechanisms of physical
and chemical processes that occur during polymer
degradation. A reaction rate can be defined as the derivative
of the conversion with respect to time.

Thermogravimetric analysis (TGA) has come into wide
use in the last decades for rapidly assessing the thermal
stability of wvarious substances. The trace follows a
characteristic path common to a wide range of
decompositions; including many polymer pyrolysis [30].
The sample weight drops slowly as pyrolysis begins; then
drops precipitously over a narrow range and finally turns
back to zero slopes as the reactant is exhausted.

The shape of the curve is determined by the kinetic
parameters of the pyrolysis such as; reaction order,
frequency factor; and activation energy [36]. The derivation
of kinetic data in the study of polymer decomposition using
TGA has received increasing attention in the last decade;
along with much criticism regarding its use in the
determination of rate constants; activation energies; reaction
orders and Arrhenius pre-exponential constants [37]. The
values obtained depend upon atmosphere; sample mass;
sample shape; flow rate; heating rate but also on the
mathematical treatment used to evaluate the data. The data
obtained by TGA have been studied using a variety of
techniques. In the kinetic methods, the following symbols
are usual [31]: Ea: apparent activation energy (kJ/mol), A:
pre-exponential factor (min-1), n: apparent order of reaction,
R: universal gas constant (8.3136 J/K.mol), T: temperature
(K), a: degree of conversion or fractional mass loss, t: time
(min), B: heating rate (0C/min), and k: rate constant (s-1).

All kinetic studies utilize the basic rate equation:

do/dt =k.f(a) (D

Eq. (1) expresses the rate of conversion, do/dt, at a constant
temperature as a function of the reactant concentration loss
and rate constant.

In TGA, the conversion [a (t)] is defined as the ratio of the
mass loss at time t to the total mass loss corresponding to a
particular stage of degradation:

a(t)= [wo — wil/[wo -Wa] 2

where wy, W, and w,, are the initial mass of the sample, the

sample mass at time t, and the sample mass at infinite time
(i.e., 0), respectively.

In the case of polymer degradation, it is assumed that the rate
of conversion is proportional to the concentration of material
that has to react.

flo) = (1-a)" €)
The combination of these equations and the empirical
Arrhenius expression gives the following relationship:

do/dt =A.(1-a)".exp(-Ea/RT) (@)
Introducing the heating rate, § into Eq. (4):

do/(1-a)" =(A/B).exp(-Ea/RT).dT (5)

This is the fundamental expression of analytical methods to
calculate kinetic parameters on the basis of TGA data.

In the Table 1, the most common methods are summarized
(32]

4. Results and Discussion

4.1. Thermal Properties

The TGA and DTG curves for PVA/S/CMC and
PVA/S/CMC/MMT1% blends at heating rate 10°C/min are
shown in Figures 1 and 2.

The DTG curves show the degradation rate of the samples.
It can be seen that both PVA/S/CMC and
PVA/S/CMC/MMT blends exhibited a four-step degradation
pattern. As samples contain a small quantity of water (water
of free), the first stages of degradation (up to about 90°C)
represent the evaporation of the water of degraded
components. The second stages of degradation (up to about
220°C) represent the volatilization of the easily degraded
components such as glycerol [38]. The major mass loss took
place in the third step (from about 250 to 360°C), and was
followed by a further smaller mass loss in the fourth step
(from about 380 to 440°C). The third step of weight loss was
predominantly the characteristic degradation of a polymer
structure (water elimination of PVA, decomposition of
Starch and decomposition of CMC) [26, 32]. Further heating
broke down the polymer backbone (cracking of PVA) [27,
39]. Affirmatively, the third step was the predominant
degradation process. Therefore, this temperature range of
degradation was selected for kinetic studies. The peaks’
positions of the mass loss of all these three processes
(exception first peak) in all the studied blends at the different
heating rate are shown in table 2
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Table 1. Most common methods to calculate kinetic parameters on the basis of TGA data
Method Considerations Expression Plots Reference
The product
n.(1-0),,"" is
| a(1m(£) In(B/Ty )
o independent of  and T: -E, )
Kissinger = ( ) against [40]
very nearly equal to 1 d {Lj R
T T
y for first order
reaction
Ln(do/dt)
Comparison of mass against 1/T
loss rates (do/dt) for a d - for a
o
Friedman fractional mass loss, a, In (EJ =lnA+ninll —al— R_; constant [34]
determined using I E/R.T,
different heating rates against
(1-0)
T, temperature at
which Ln
Horowitz—Metzge 1 E. B
1/(1-a)=1/exp=0.368 In ln( ]] = ( ..] In(1/(1-0)) [33]
r l-a RT§
O=T-T,. against ®
First-order kinetics
- d (logB)
Several curves at dlogf =0.457 E .
Flynn and Wall 1 TRt against d [33]
different heating rates d (f)
(1/T)
log B
A, (1-0)" and E are
) against 1/T
independent of T AE, E,
Ozawa Method ) logFla) = log (—J —logP — 2.315 —0.4567. — for a fixed [33,34]
while A and E, are R RT
. degree of
independent of a. )
conversion
At a fixed temperature, . InT
) [{ ( 1 J 1] ol (u.aasJE% 1 (RE, 1) -
Van Krevelen T, @ maximum rate At e PR ., + . +1).n In(1/(1-0)) [33.,34]
can be measured Rl against InT
1 Esl La[In(1/a)]
Broido In|ln E] == —] + constant [31, 36]

RA\T

against 1/T
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Figure 1. The TGA and DTG curves for PVA/S/CMC blend at heating rate 10°C/min
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Figure 2. The TGA and DTG curves for PVA/S/CMC/MMT1% and blends at heating rate 10°C/min

Table 2. The peaks' positions of the mass loss of all these three processes (exception first peak) in all the studied blends at the different heating rate

Sample PVA50-S30-CMC20 1% MMT 3% MMT 5% MMT
7.5°C/min, second peak(°C) 199 222 230 234
Third peak(°C) 311 318 322 330
Fourth peak(°C) 416 431 433 440
10°C/min, second peak(°C) 203 226 235 236
Third peak(°C) 316 320 327 328
Fourth peak(°C) 420 429 436 441
15°C/min, second peak(°C) 218 243 249 249
Third peak(’C) 320 326 333 334
Fourth peak(°C) 423 428 434 440
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Figure 3. Application of Ozawa method to PVA/S/CMC blend for different conversion 0.1-0.9.
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Figure 4. Application of Ozawa method to PVA/S/CMC/MMT1% blend for different conversion 0.1-0.9.
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Figure 5. Schematic representation of the ablative reassembling mechanism of a nanocomposite during combustion.
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Figure 6. Scanning electron micrographs of (a) PVA:S:CMC (b) PVA:S:CMC with 1 wt% MMT; (c) PVA:S:CMC with 3 wt% MMT; (d) PVA:S:CMC

with 5 wt% MMT.

The thermal degradation rate depends on conversion (o).
For different reactions, the degradation rate given as a
function of conversion is different and must be determined
from experimental data. For a complex reaction such as
polymer degradation, the function of conversion is generally
complicated and unknown. In these cases, we used the model
free kinetic method such as the Ozawa equation to study the
complex degradations of PVA/S/ICMC and
PVA/S/CMC/MMT blends. The Ozawa method was
employed to analyze the TGA data of PVA/S/CMC and
PVA/S/CMC/MMT1% blends. By using Equation Ozawa,
the activation energy of degradation can be obtained from
the plot of log[B] vs. 1/T. The results were plotted in Figures
3 and 4 respectively.

The activation energy (E) values of all the blends
calculated by Ozawa equation are tabulated in table 3.

Table 3. The activation energy (E) values of all the blends calculated by
Ozawa equation

method Ozawa
sample E (kj/mol), (250-350°C)
PVAS0/S30/CMC20 69
PVAS50/S30/CMC20/1%MMT 71
PVAS50/S30/CMC20/3%MMT 74
PVAS50/S30/CMC20/5%MMT 76

The activation energy of PVA/S/ICMC/MMT blends is
higher than that of PVA/S/CMC. Obviously; the MMT
dramatically improved the thermal stability of PVA/S/CMC
blends. The behavior of the nanocomposite during
combustion is thus explainable with a general mechanism as
reported in Figure 5. [20, 21]. Heat transfer from an external
source or from the flame promotes thermal decomposition of
the organoclay and the polymer. This results in accumulation

and reassembly of clay platelets on the surface of the burning
material. This silicate structure acts as an excellent insulator
and mass transport barrier that slows the escape of the
volatile product generated during decomposition. This
suggested that the addition of MMT improved the thermal
stability of PVA/S/CMC films.

4.2. Scanning Electronic Microscopy (SEM)

Several scanning electronic microscopy images of
nanocomposites are given in Fig. 6. In order to compare
changes on surface morphology, Fig. 6 shows the differences
between the films with different content of MMT. Porosity,
roughness and heterogeneity surfaces decreased as a function
of content MMT-Na.

5. Conclusions

The thermal degradation of PVA/S/CMC and
PVA/S/CMC/MMT blends was divided into four stages. The
third stage was the principal degradation process. The
calculation of the activation energy of degradation was based
on this stage. For PVA/S/CMC and PVA/S/CMC/MMT, the
activation energy of degradation obtained by the Ozawa
method. The results obtained from the method chosen in this
study suggested that the addition of MMT improved the
thermal stability of PVA/S/CMC films. PVA:S:CMC with 5
wt% MMT has best thermal stability because has higher
content of MMT. Since the clay layers in the nanocomposite
act as a barrier to heat and mass transfer, the degradation
pathway of nanocomposite has been changed which become
significant at higher concentration of clay because the
degrading composite is retained by the clay layers,
permitting further reaction, cause the retention of the
degradation products for a longer period of time and higher
temprature. Thus in higher concentrations of MMT, this
effect is greater.
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it seems that the

PVA/S/CMC/MMT biocomposite films show better thermal
properties than PVA/S/CMC films and can be potentially
replaced of PVA/S/CMC films.
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