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ABSTRACT

This work reports the thermal degradation kinetics of isotactic polypropylene (iPP) and iPP with incorporated Al
nanoparticles. The Friedman, Flynn-Wall-Ozawa (FWQ), ASTM E698 and Coats-Redfern methods were used
to calculate the activation energy of the samples from thermogravimetric data. The thermal stability of the iPP
was improved by the introduction of the nanoparticles: the maximum decomposition temperature of the
nanocomposite increased from 453 °C to 457 °C and the activation energy from 226 kJ/mol to 244 kJ/mol. The
thermal degradation models of iPP can be described by “Contracting Sphere” model, whereas that to

nanocomposite by Rn (n= 4.8) model (phase boundary reaction).
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l. INTRODUCTION

Polypropylene (PP) is one of the most
important commodity polymers. Its attractive
physical and mechanical properties, low price, light
weight, and the ease with which it can be
processed, have led to its use in different sectors of
industry. It is commonly employed in the
manufacture of film, fibers and the matrix of
polymer composites, but the incorporation of
specific fillers allows it to be used in the production
of many other products.

Polymer-metal composites are an
interesting class of materials that combine the
electrical characteristics of metals and the
mechanical properties of polymers. They can also
be processed following methods typically used for
polymers [1]. Currently, there is much interest in
the use of metal nanoparticles as advanced
additives in the functionalization of plastics, and
considerable research efforts are being made in this
area [2-6]. Polymer nanocomposites have better
physical and mechanical properties than
conventional composites based on a polymer
matrix with micro-sized fillers. Products made
from them include high-energy radiation shielding,
microwave absorbers, optical limiters, polarizers,
sensors, and hydrogen storage systems. In addition
to their intrinsic nanoscopic properties, these
materials are of interest since changes in the filler-
matrix interface area alters their glass transition
temperature, crystallinity, free volume content and
thermal stability, allowing materials to be produced
that may have novel applications. Increasing the
temperature during the processing stage to
compensate for the increase in viscosity produced

by the incorporation of the fillers may, however,
change the thermal degradation characteristics of
the material.

The thermal behavior of a polymer can be
adjusted to meet required specifications if its
thermal degradation kinetics are known. Pyrolysis
is the standard technique used to study the thermal
behavior of polymers, and much interest has been
shown in discovering more about the thermal
degradation of PP [7-12] and its nanocomposites.
Thermogravimetric analysis (TGA) can be used to
obtain the associated apparent activation energy
(Ea) and kinetic model of decomposition [7, 11,
13]. Variables such as the pre-exponential factor
(A), reaction order, and the E, can be calculated
fromthe TGA curve.

Several studies have examined the
degradation features of polymer nanocomposites
[14-18] but only a few have dealt with the thermal
degradation kinetics of PP nanocomposites that
incorporate metal particles [19, 20]. The present
work examines the thermal stability of pure PP and
PP/Al nanocomposites in an N, atmosphere using
TGA. The Friedman, Flynn-Wall-Ozawa (FW O),
ASTM E698 and Coats-Redfern methods were
used to calculate the E, of the samples from the
TGA data.

1. MATERIALS AND METHODS
2.1. Materials
The polymeric matrix used in the present
work was a commercially available, metallocene-
catalyzed, isotactic PP (iPP; Metocene HM562P:
melt flow index 15 g/10 min, ISO 1133), kindly
supplied by LyondellBasell. The Al nanoparticles
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(average diameter 18 nm) were purchased from
IOLITEC.

2.2. (Nano)composite film preparation

A PP composite with an Al nanoparticle
content of 5% (by volume) (PPAI5) was prepared
via melt processing (165 °C, 120 rpm for 40 min) in
a Haake Minilab (Thermo Electron Corporation)
twin-screw extruder (capacity 7 cm’) with co-
rotating conical screws. After extrusion of the
nanocomposite, a 250 [J mthick film was prepared
by its compression in a Collin press (190 °C, 10
MPa, 6 min). The film was then rapidly cooled (80
°C min) by the press' cooling plates. The same
procedure used to produce iPP without Al
nanoparticles as a control.

2.3. Scanning electron microscopy (SEM)

Samples of the PP and PPAI5 films were
cryofractured and observations made using an
XL30 ESEM PHILIPS scanning electron
microscope (SEM).

2.4. Thermogravimetric analysis

The thermal stability measurements of the
samples was examined by TGA using a TA Q500
thermogravimetric analyzer over the temperature
range 20-800 °C in an N, atmosphere. Kinetic
analyses were performed using heating ramps of 2,
5, 10, 20 and 30 °C/min. Continuous recordings of
sample temperature, sample weight and heat flow
were recorded.

I1l. THEORY/CALCULATION
3.1. Mathematical models for determining
thermal kinetics
In polymer decomposition it is generally assumed
that the degree of conversion is proportional to the
concentration (wt%) of the reacted material [21].
The degree of conversion can be expressed by the
following basic rate equation (1):
da da
—=—=k(T).f(«
it o7 (M).f(a) @)
where o is the degree of conversion, g is the
heating rate, and f{a) and k(T) are functions of
conversion and temperature respectively. a is
calculated in terms of mass loss according to
equation (2):
Wo — W,
Wy — Wy

)

o=

where wg, Wy and ws are the mass of the sample at
the beginning of the decomposition process at any
chosen point in the TGA curve, and the final mass
respectively. k(T) is the temperature, which is
dependent on the rate of heat flow; this is often
modeled successfully by the Arrhenius equation

(3):

k(T) = Ae E/RT @3

where E (ki/mol) is the activation energy, A (min™)
the pre-exponential factor, and R (8.314 J/mol.K)
the gas constant. By combining equations (1) and
(3), the reaction rate can be written as:

‘L—f — 2 E/RT £ () 4)

3.1.1. Friedman method

The Friedman method of determining
thermal kinetics [22] is based on the Arrhenius
equation and takes into account the logarithm of the
conversion rate (da/dt) as a function of the
reciprocal of the temperature (1/T) for different
degrees of conversion «, according to Equation (5):

E

da ai

_Z | .= . L)) — 5
In " i =M(A T (@ ) T (5)
where i is the index of conversion, j is the curve
index, E, the apparent activation energy at «;, and
faij) the function dependent on the reaction model
(assumed to be constant for a given reaction
progress a;; for all curves j). Since f{a) is constant
at each degree of conversion ai, the curve for the
logarithm of the reaction rate vs. 1/T is linear, with
aslope of E;/R. The interceptis A.
3.1.2. Flynn-Wall-Ozawa method
The FWO method [23,24] is derived from the
integral isoconversional method. Using Doyle’s
approximation [25], the reaction rate, in
logarithmic form, can be expressed as:

AE E_4
(—23-)-5331-1.052—2 = (6)
R-g(a) RT
where £ is the heating rate and g(a) the conversion
function. Thus, for any constant o value, the plot
Ing vs. 1/T recorded at should be a straight line
irrespective of the heating rate. The E; can be
determined from the slope.

Ing=In

3.1.3. ASTM E698

The ASTM E698 method [26] is based on
the assumption that the maximum temperature (for
example of the derivative thermogravimetric
[DTG] curve) of a single step reaction is reached at
the same degree of conversion irrespective of the
heating rate. Although this assumption is only
partly true, the resulting error is small. In this
method, the logarithm of the heating rate is plotted
against the reciprocal maximum temperature. The
slope of the yielded straight line is proportional to
the E,, just as in the FOW method:

E
|n(£) = A+In(l- ) ;al )
T RT

WWWw.ijera.com DOI: 10.9790/9622-07020105012




Dr. M. S. Annie Christi. Int. Journal of Engineering Research and Application

WWW. ijera.com

ISSN : 2248-9622, Vol. 7, Issue 2, ( Part -2) February 2017, pp.05-12

3.1.4. Coats-Redfern method

The Coats-Redfern method [27] provides the
thermal decomposition mechanism from the mass
loss. An asymptotic approximation of 2RT/E, <1
for the resolution of Equation (8):

AT Ea AEa Ea
—foep(——2)dT =—= p(—=
ﬂfro X ( RT) e D(RT)

_w da
9(@)=0o f@)

®)

allows Equation (9) to be obtained:

E
9@ _| AR "a 9)
T PE RT
This method is one of the most widely used for the
determination of reaction processes. The E, at a

constant heating rate for any of the g(a) functions
listed in Table 1 can be obtained from Equation (9).

Table 1. Functions of the most common reaction mechanis ms

Name of the function Symbol

gla)

Rate-determining
mechanism

Sigmoidal rate equations or random
nucleation and subsequent growth

Avrami-Erofeev equation Asp
Avrami-Erofeev equation Ay
Avrami-Erofeev equation Ay
Autocatalytic (1- a)= o=
Chemical process or mechanism
First order Fi (1- )
Second order F2 (1- a)?
Third order F3 (1/2)(1- w)?
Phase boundary reaction
Power law Ry (1-o)?
Power law Rz 2(1- )iz
Power law Rs 3(1- o)
Acceleration rate equations
Mampel power law Pis v
Mampel power law Pis ol
Mampel power law Piy LNV
Based on the diffusion mechanism
Parabola low D 1200
Valensi equation D [-In(1- a)]!
Jander equation D:
Ginstling-Brounstein equation Dy

(3/2)(1- o) [[In(1- e)]*?
2(1- o) [-In(1- a)]*?
n{1- o) [-In(1- o)]0-1w

[-In(1- &)]**
[-In(1- @)]*2
[-In(1- @)]0-1m)

Assumed random nucleation
and subsequent growth

(B3/2)(1-0@I-(1-)IF [1-(1- )5

(B[(1-a)13 -1]2

-In(1- o) Chemical reaction
(l-o)t-1 Chemical reaction
(1-a)?-1 Chemical reaction

o Contracting disk

1- (1-a)i2 Contracting cylinder

1- (T-a)t? Contracting sphere

ol Nucleation

ol Nucleation

ol Nucleation

o? One-dimensional diffusion

[(1-e) In(1-0)]+ o0 Two-dimensional diffusion
Three-dimensional diffusion
Spherical symmetry
1-(20/3)-(1- @ )¥*  Three-dimensional diffusion,
cylindrical symmetry

IV. RESULTS AND DISCUSSION
Figure 1 shows the good dispersion and distribution
of the Al nanoparticles within the iPP matrix. No
large agglomerations of Al nanoparticles were
observed.

4.1. Thermal degradation of iPP and PPAIS

Figures 2 and 3 show the TGA and DTG
curves for the iPP and PPAI5 treated at the
different heating rates (2, 5, 10, 20 and 30 °C/min).
All the associated TGA curves showed single-step
decomposition. The DTG curves for both materials
showed a single decomposition peak between 427
and 470 °C for the iPP, and between 432-475°C for
the PPAI5. Table 2 shows the maximum
decomposition temperatures (T) determined from
the DGT curves for both materials, and the mass
losses at the different heating rates. The
decomposition of iPP and PPAI5 is due to the
breakdown of the polymer chains. The TGA curves
shifted towards higher temperatures with increasing
heating rate.
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Figure 2. TGA curves for the déEbmposition ofa) iPP and b) PPAIS5 at different heating rates.

0244 2)
0.20
——2°C/min
= 5 °C/min
£ 0.164 10 °C/min
> 20 °C/min
& 30 °C/min
o 0.124 A
E \
0.08
0.04 y
#
/7'/ &
0.00{ ————————=—— e\ E—

T T T T
350 400 450 500

Temperature (°C)

250

550

DTG (mg/min)

0.12
b)
2 °C/min
5 °C/min
10 °C/min [
0.08 4 20 °C/min [ | g
30 °C/min T
J |
|
0.04 [ ]|
/ [
/,
s
0.00 ————==—r— W T G—
T T T T T
250 300 350 400 450 500 550

Temperature (°C)

Figure 3. DTG curves for the decomposition of a) iPP and b) PPAIS at different heating rates.

An increase was seen in the T, with
increasing heating rate. This effect has been
described in other studies on the thermal
decomposition of polymers [28] and may be the
result of thermal hysteresis. Table 2 shows that
the presence of the Al nanoparticles to be
associated with a shift of T, towards higher values;
the thermal stability for the iPP was, therefore,
improved. At all the heating rates used, the T, of
the PPAIS was some 4 °C higher than that of the
iPP (mean 457.2+2 °C compared to 453.4%2 °C). A
similar increase was described by Lee et al. [20] for

a PP sample incorporating Pd nanoparticles. FTIR
spectra have shown the existence of several
interactions between a polyvinylidene fluoride
matrix and Al nanoparticles in nanocomposites
similar to the present PPAI5 [29]. These
interactions can affect the mobility of polymer
chains and/or modify the E, of the degradation
process. A shift to lower wavelengths has also
been recorded with increasing Al content in the
FTIR spectra of other PP-Al composites
(unpublished).

Table 2. TGA and DTG data for the decomposition of iPP and PPAI5 at different heating rates

TGA DTG
B iPP PPAI5 iPP PPAI5
(°C/min) Weight loss | Weight loss Tm Tm
(wt. %) (wt.%) (C) (C)
2 99.6 86.8 427.3 432.2
5 100 88.6 443.4 447.9
10 99.6 88.6 455.4 460.1
20 99.6 88.6 468.3 470.6
30 99.6 88.6 472.5 475.4
Mean 99.7+0.2 88.2+0.8 453.4+18 457.2+18

(Tm: maximum temperature)
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The thermal stabilizing effect of the Al
nanoparticles was also seen in terms of the mass
loss. Over the temperature interval 20-800 °C, the
mean mass loss for all the heating rates was
99.7+0.2% for iPP and 88.2+0.8% for PPAIS.

Table 3 shows the conversion values (o, %) with
respect to the heating rate. For a heating rate of 2
°C/min, the T,, of PPAI5 was higher than that of
iPP for all conversion values. At heating rates
above 2 °C/min, the T, of PPAI5 was below that
of iPP.

Table 3. Thermal decomposition in terms of percentage conversion at a heating rate of 2, 5, 10, 20 and 30
°C/min, and the corresponding degradation temperature in an N, atmosphere.

Conversion (%) 1IPP PPAI5
Heating rate (°C/min) Heating rate (°C/min)
2 5 10 20 30 2 5 10 20 30
5 3394 386.5 4014 4120 419.7 3516 3635 376.6 3909 386.2
10 350.7 | 4049 | 4198 | 4304 | 4369 3810 | 3949 | 4071 | 4175 | 4192
15 3736 | 4146 | 4281 | 4394 | 4453 3942 | 4086 | 4210 | 4310 | 4350
20 3839 | 4206 | 4333 | 4452 | 4506 4020 | 4167 | 4291 | 4391 | 4442
30 3972 | 4283 | 4403 | 4530 | 4582 4116 | 4265 | 4390 | 4493 | 4556
40 4064 | 4334 | 4453 | 4589 | 4638 4178 | 4329 | 4456 | 4561 | 4630
50 4140 | 4379 | 4494 | 4630 | 4684 4225 | 4377 | 4506 | 4615 | 4685
60 4203 | 4419 | 4533 [ 4671 | 4725 4264 | 4417 | 4547 | 4658 | 4731
4.2. Kinetics min™) as determined by the Friedman method, 242
Table 4 shows the E; of the iPP and PPAI5 + 4 kJ/mol as determined by the FWO method, and
as determined by the different calculation methods. 244 kJ/mol as determined by the ASTM E698
For the iPP, the E, as determined by the Friedman method. Thus, the E, of the PPAI5 was around 15
method was 226 + 15 kJ/mol (the pre-exponential kd/mol higher than that of the iPP: adding the Al
factor, A, was 8.5x10%° min™), 226 + 20 k/mol as nanoparticles therefore improved the thermal
determined by the FWO method, and 226 kJ/mol as stability of the iPP.
determined by the ASTM E698 method. These Table 4. Apparent activation energy (E,)
values are similar to those reported in the literature and pre-exponential factor values (A) obtained by
for iPP. Lee et al. (2006) reported a value of 229 + the different mathematical methods for determining
13 kJ/mol as determined by the Friedman method the thermal kinetics of decomposition, plus the
(with an A value of 6.5x10™ min™), and of 228 thermal degradation mechanism as determined by
kJ/mol as determined by the Kissinger method For the Coats-Redfern method.
the PPAIS5, the E, was 244 + 4 kJ/mol (A = 1.6x10"
iPP PPAI5
Fried man FWO ASTM | Coats- Friedman [ FWO ASTM | Coats-
E698 Redfern E698 Redfern
E; (kJ/mol) 226 + 15 226+ 20 | 226 206 244 + 4 242 +4 | 244 231
A (s 1.42x10* | - - 4.64x10'% | 2.72x10%° | - - 2.16x10™
Mechanism | - - - R3 - - - Rn

Figure 4 shows the variation in E, as determined by
the Friedman method with respect to the degree of
conversion (interval O<a<l1) for both PP and
PPAI5. For the iPP, the E, increased with the
degree of conversion. The changes in the slope of
the Eg/conversion value curve suggest that the
thermal decomposition of iPP occurs in three
stages. The first stage occurs when a<0.15, which
has a clear associated maximum E, of 185 kJ/mol

DOl:
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(148 + 15 ki/mol; slope: 0.66; R°=0.999). The
second stage occurs when 0.15<0<0.55, with an
associated E, of 185 to 243 kJ/mol (mean 224 + 16
kJ/mol; slope: 0.14; R?=0.960). The third stage
occurs when 0.55<0<0.90, for which the associated
E, lies between 245 and 253 kJ/mol (mean: 251 + 2
kd/mol; slope: 0.021; R?= 0.888). A rapid increase
in E, for low conversion values has also been
reported by Chan and Balke [30].
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Figure 4. Variation in apparent activation energy as determined by the Fried man method.

For the PPAI5, a small increase in E; was
seen (from 179 kJ/mol to 257 kJ/mol; mean 238 +
22 kJ/mol) over the interval 0<a<0.05. Over the
interval 0.05<0<0.95, it remained practically
constant with increasing degree of conversion.
These results suggest that the incorporation of the
Al nanoparticles produced changes in the thermal
decomposition mechanis mof iPP.

Table 4 shows the calculated E, and
degradation mechanism of iPP as determined by
the Coats-Redfern method. The mean E, for the iPP
was 206 kJ/mol, quite different to the wvalues
provided by the other methods. Again, this may be
due to the decomposition reaction involving more
than one stage and different mechanisms. The
thermal degradation mechanism of iPP is proposed
to be R3 type (contracting sphere). The mean E, for
the PPAI5 was approximately 231 kJ/mol; the
reaction mechanism was Rn-type (f [a] =n[1-a] -
] where n = 4.8).

V. CONCLUSIONS

The dynamic degradation of PP and a PP-
Al nanocomposite material was compared via
TGA. The Friedman, Flynn-Wall-Ozawa (FW O),
ASTM E698 and Coats-Redfern methods were
used to calculate the E, of the samples. The
thermal stability for the iPP was improved with the
introduction of the Al nanoparticles, showing a
shift of the TGA curves towards higher
temperatures. The thermal stabilizing effect of the
Al nanoparticles was also seen in terms of the mass
loss. Over the temperature interval 20-800 °C, the
mean mass loss for all the heating rates was 99.7 +
0.2% for iPP and 88.2 £ 0.8% for PPAIS.

DOl:
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Moreover, the E, of the PPAI5 was around 15
kJ/mol higher than that of the iPP, which means
that adding the Al nanoparticles the thermal
stability of the iPP is improved.

The thermal degradation models of iPP can be
described by “Contracting Sphere” model, whereas
that to PPAI5 by Rn (n= 4.8) model (phase
boundary reaction).
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