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ABSTRACT

The degradation kinetics of polypropylene (PP) composites reinforced with titanium dioxide (TiO, ) microparticles
were investigated using various kinetic models. The composites were prepared through a twin-screw extrusion
process by varying the filler loading up to 30 wt%. The thermal degradation studies were conducted by using
a thermogravimetric analyzer (TGA) at four different heating rates. The activation energies of the degradation
of the composites were calculated using different model equations such as Friedman, Kissinger-Akahira-Sunnose
(KAS), Ozawa-Flynn, Wall (OFW), and Starink. The Horowitz and Metzger method revealed an increasing trend
in activation energy with higher filler loadings, attributed to enhanced barrier properties, improved dispersion,
increased thermal stability, and the formation of protective layers. The Coats-Redfern method indicated a transi-
tion in the thermal degradation mechanism from the contracting sphere model to the contracting cylinder model
with the incorporation of TiO,. The Criado model highlighted a shift from the Avrami-Erofeev equation (A,
mechanism) to the power law-contracting cylinder mechanism (R,) in PP/TiO, composites, driven by improved
nucleation and growth, filler-matrix interactions, and barrier effects. These findings demonstrate that the incor-
poration of TiO, particles significantly enhances the thermal stability and alters the degradation mechanisms of
PP composites, providing valuable insights for the development of advanced composite materials with improved

thermal properties.

1. Introduction

Polypropylene (PP) is an economic choice among commodity ther-
moplastics for superior applications that require exceptional mechanical
properties, thermal properties, chemical, and weather resistance along
with excellent processability characteristics [1]. The properties of this
polyolefin type of thermoplastic can greatly be improved by blending
with other polymers and also by incorporating several reinforcing and
non-reinforcing types of fillers. Elastomer-modified grades of PP, ther-
moplastic elastomers of PP, glass fiber-reinforced PP, biofiber-reinforced
PP, particulate filler-reinforced PP, etc. are examples for such commer-
cial types of modified PP readily available for diversified applications
[2].

However, there exists a serious limitation for polymeric materials in
terms of thermal and oxidative stability and thermal endurance, which
confines their applications in high-temperature environments [3]. Var-
ious techniques were adopted to overcome this limitation and among
them, reinforcing the polymer matrix with a high-temperature resistant
mineral filler is an attractive and economically feasible approach. Tita-
nium dioxide, calcium carbonate, mica, silica, talc, clay, calcium sulfate,
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and alumina trihydrate are typical examples of commonly used mineral
fillers in plastics [4]. Natural mineral-reinforced polymer composites
offer enhanced mechanical properties, dimensional stability, hardness,
stiffness, barrier properties, and flame retardance in addition to their
increased high-temperature stability [5].

Titanium dioxide (TiO,) is a promising mineral filler that is widely
used as a white pigment in paint formulations due to its color bright-
ness and hiding effects [6]. In polymer composites, TiO, improves the
thermal stability of the base matrix, offers flame retardancy, and acts as
an antioxidant in addition to its effect as a reinforcing filler [7,8]. TiO2
is widely utilized in polymer composites due to its favorable physico-
chemical properties, such as high refractive index, photocatalytic activ-
ity, dielectric properties and thermal stability [9]. When incorporated
into polymer matrices, TiO, particles significantly enhance mechani-
cal strength, UV resistance, and thermal durability. Their incorporation
increases interfacial surface area, which improves load transfer and al-
ters polymer crystallinity, resulting in superior composite performance
even at low filler concentrations. Moreover, TiO,’s low band gap and
surface reactivity make it ideal for applications in environmental re-
mediation, biomedical devices, and smart coatings [10]. Surface mod-
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ification of TiO, further tailors its compatibility with various polymer
systems, optimizing dispersion and interfacial bonding. Mina et al. [11]
prepared a composite of isotactic polypropylene (iPP) with TiO, by ex-
trusion and compression molding techniques and studied the effect of
TiO, on the crystal structure of iPP in addition to the improvements in
physico-mechanical properties of the composites. An interesting obser-
vation is that the three-phase crystalline system (a, g, y) of the base iPP
changed to a single phase (a form) with the incorporation of TiO,. Siri-
rat et al. [8] prepared PP/TiO, composites by melt extrusion techniques
and reported that when TiO, of particle size 130 nm was incorporated
into the PP matrix at a screw speed of 50 rpm with 2 mixing cycles
significantly improved the dispersion of filler particles in the PP matrix
and thereby improved the tensile and impact properties of the compos-
ites. The incorporation of nanoparticles of TiO, into the PP matrix was
carried out by Esthappan and co-workers [12]. It was reported that the
thermal ageing characteristics and thermal degradation behaviors of PP
were improved with the incorporation of TiO, The same research group
prepared nanofibers of PP/TiO, composites following melt spinning
and drawing techniques. The nano-fibers exhibited superior mechani-
cal and thermal properties compared with those of neat PP [13]. The
hydrophilic character of TiO, was utilized in PP-based composite mem-
branes for enhancing the polarity and thereby improving the electrolyte
uptake properties of these microporous membranes [14]. Uzun et al.
prepared nano TiO,-reinforced PP and reported a reduction in water ab-
sorption and an improvement in physico-mechanical properties of the
composites with the increase in the TiO, loading [15]. Another recent
study reported the effect of dicarboxylic acid-modified TiO, nanoparti-
cles on the g-nucleation efficiency of the isotactic PP composites [16].
PP composites were prepared by adding TiO,, graphene nanoplatelets,
and their hybrids in various ratios along with a fixed amount of com-
patibilizer composites, and the mechanical, thermal, and morpholog-
ical properties of the composites were studied by Kumar et al. [17].
The good interfacial adhesion between the filler and PP matrix led to
significant improvements in tensile modulus, thermal degradation tem-
perature, and melting temperature especially in the hybrid composites.
Junaedi et al. attempted to study the effect of adding nano TiO, in dif-
ferent weight percentages to different melt flow index PP matrices on
the physical and morphological properties in comparison with carbon
fiber and graphite nanoplatelets [18].

A thorough understanding of the thermal degradation kinetics and
mechanism is very much essential to predicting the behavior of PP/TiO,
composites in applications that require high temperatures. In addition,
the pyrolysis-combustion process as an energy recovery route is gain-
ing popularity due to the environmental regulations in many countries
[19]. Thermal degradation of polymers and composites comprises com-
plex physical and chemical changes and associated complex reactions.
Exposure to high temperatures often results in the breaking of poly-
mer chains and leads to a rapid reduction in molecular weight. It also
leads to the formation of gaseous products and residues [20]. The care-
ful design of the pyrolysis process necessitates a detailed and systematic
understanding of the degradation kinetics [21,22]. Various mathemat-
ical models are in use that describe the pyrolysis kinetics and mecha-
nism of thermal degradation of polymer composites. These models help
researchers to understand the degradation mechanism in a better way
and thereby help in predicting the thermal behavior of materials under
elevated temperatures.

Thermal degradation kinetics of PP-based systems were studied by
various researchers as per the literature available. An interesting study is
reported by Das and Tiwari in which they studied the thermal degrada-
tion behavior of four polymers low and high-density polyethylene (LDPE
and HDPE), PP, and polylactic acid (PLA) under seven different heat-
ing rates and used isoconversional models [23]. Criado’s masterplots
were developed to predict the reaction models (f(«)). Activation energy
and pre-exponential factors were computed using Friedman, Kissinger-
Akahira-Sunnose, Ozawa-Flynn, and Wall (OFW), Starink, and advanced
isoconversional method (AIC) models/methods. It was found that each
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polymer degradation is different from each other. Even then it is a good
report to understand the degradation mechanism of PP under different
conditions. Another interesting study reported the kinetics behavior of
three types of milk bottles made up of HDPE and PP plastics of which
PP were transparent and non-transparent [24]. PP bottles were less sta-
ble than HDPE due to the structural difference. Isoconversional integral
Flynn-Wall-Ozawa (FWO), Starink (SK), and Vyazovkin-Dollimore (VD)
methods, and differential Friedman (FD) methods were utilized to study
the mechanism. The kinetic parameters as well as the thermodynamic
properties with respect to the conversion factors reflected the mecha-
nism of degradation of the three different polyolefins in detail.

Thermal degradation kinetics of PP with alkali and saline-treated
sugarcane bagasse fibers was done and found that the thermal stability
and the char residue of the virgin PP are more than that of filled com-
posites [25]. FWO and KAS degradation kinetic models were used to
calculate the activation energies of degradation and they could propose
the mechanism of degradation as well.

Esmizadeh et al. studied the degradation kinetics of PP-wood com-
posites using the data from thermogravimetric analysis (TGA) tests
employing models such as Kissinger—Akahira-Sunose (KAS), Ozawa-
Flynn-Wall (OFW), Friedman, Kissinger and Augis models [26]. They
found that for the weight percentage of wood particles, the activation
energy showed a significant increase, especially at the initial steps of
degradation. Another interesting study from Liang et al. used the kinetic
studies of melt blended composites of PP with graphene nano-platelets
[27]. It was found that the mechanism of thermal decomposition a phase
boundary controlled reaction (contracting volume) and also the activa-
tion energy values increased concerning the increase in filler content
and dimension. Additionally, they tried to simulate the process through
a decomposition kinetics equation and the experimental values were in
good agreement with the simulation results obtained.

Vimalathithan et al. studied the thermal degradation characteristics
obtained from TGA measurements of four different PP/clay nanocom-
posites to different loadings of montmorillonite (MMT), organically
modified MMT (OMMT), organically modified hectorite (OMHT), and
mica particles [28]. A fixed amount of PP-g-MA was added as the com-
patibilizer during the compounding. The determined activation energies
of the composites showed different trends with MMT and OMHT show-
ing an increase and that with OMMT and mica decreasing concerning
change in conversion. The pre-exponential factor, reaction model, and
the optimum working temperature of the different PP/clay nanocom-
posites were also determined and PP/OMMT was found to be the best
among the four types studied.

Chrissafis et al. studied the degradation kinetics of isotactic PP with
carbon black nanocomposites prepared in a twin screw extruder TGA
and DTG [29]. The nanoparticle incorporation improved the onset of
degradation of PP. The isoconversional methods of Ozawa, Flynn, and
Wall (OFW) and Friedman were used to calculate the activation ener-
gies and was proved that nanoparticle incorporation increased it signif-
icantly.

In another interesting work melt blending technique was used to pre-
pare halloysite nanotubes (HNTs) incorporated PP/HNTSs nanocompos-
ites and their thermal degradation mechanism using TGA measurements
in air and inert atmospheres [30]. Activation energies for the composites
were calculated using the Friedman model and it increased compared
to PP alone. 8 wt% HNT incorporated PP composites were selected as a
model compound and simulation curves were developed using different
model equations and it was found that the experimental data is similar
to the simulated ones.

The preceding discussion highlighted the different reports related
to the thermal degradation kinetics of PP and PP-based composites.
The composites of PP with TiO, have been studied by various research
groups, however none of them studied the thermal degradation kinetics.
Various investigations reported that TiO, can act as thermal stabilizer,
antioxidant as well as a reinforcing filler in the polymer matrix. Hence,
PP-TiO, composite was chosen as the system for the present investiga-
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tion. The present study reports the results of the thermal degradation
kinetics of the PP reinforced with microparticles of TiO, in different
loadings. The studies were conducted using a thermogravimetric ana-
lyzer at different heating rates in an inert atmosphere. The findings of
this study will provide useful insights into the high-temperature appli-
cations of PP composites in multifaceted applications. Also, the study
pattern will motivate other researchers to find out the exact mechanism
of thermal degradation for different polymeric composites.

2. Materials and methods

Polypropylene (random copolymer, R40MLT) with a melt flow in-
dex (MFI) value of 40 g/10 min was supplied by NATPET, Yanbu, Saudi
Arabia. TiO, used in the present investigation was TIONA 244, obtained
from Tronox, Yanbu, Saudi Arabia with average particle size of 0.28 um,
specific gravity of 4.1 and oil absorption capacity of 35 g/100 g. The
composites of PP and TiO, were prepared using a modular co-rotating
twin screw extruder with an L/D ratio of 25:1 (Thermo Haake Rheo-
drive 16 OS-16 kW). Nine-zone heating was applied during compound-
ing with a temperature profile ranging from 140 °C at the feed zone to
230 °C at the metering zone and the die. The screw speed was main-
tained at 200 rpm. The strands were cooled in a water bath and subse-
quently dried and pelletized. The TiO, content was varied from 0 wt%
to 30 wt% and the corresponding composites were designated as PP,
PP-5T, PP-10T, PP-20T, and PP-30T PP indicates 100 wt% PP and 0
wt% of TiO, and PP-30T shows that the TiO, is 30 wt% in the compos-
ite. Non-isothermal degradation studies were performed with approxi-
mately 5 mg sample size using a thermogravimetric analyzer (HITACHI
STA7000) at heating rates of 5, 10, 20, and 40 K/min under nitrogen
atmospheres from 25 to 600 °C.

2.1. Thermal degradation kinetics; theoretical models

For the thermal degradation of polymeric materials, it is established
that the extent of conversion is proportional to the concentration of the
reacted material. The rate of conversion is represented by the general-
ized rate Eq. (1) [31] as follows:

da
b = KD/ (@), ()]

where f = (dT /dt) is the heating rate in K, « is the degree of conversion
defined by the following relation:
w; — w

@

a= )
w— wy

where w is the weight of the sample at a given time t, w; refers to the
weight of the sample at the beginning and wy is the weight of the sample
at the end of the experiment of interest. f(a) refers to the function of
conversion and K(T) is the temperature-dependent rate of the weight
loss during the thermal degradation. K(T') can be related to the activa-
tion energy of the degradation reaction by the well-known Arrhenius
Eq. (3) [32]:

K(T)=A e(‘TET), (3)

where E is the activation energy for the thermal degradation reaction,
A is the pre-exponential factor and R is the universal gas constant. Sub-
stitution of Eq. (3) to Eq. (1) gives the following equation:

“)

Various differential and integral methods were used by different re-
searchers [33] to obtain the values of activation energy and the pre-
exponential factor from the Eq. (4).

ﬂg—;{ =A e(’RLT)f(a).

2.1.1. Friedman method (FR)
Friedman suggested a differential iso-conversional model [34] based
on Eq. (4) and is given as

da E
In (ﬂﬁ) = In[Af(@)] = 2= )
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This equation can be used to find the values of activation energy E
for different conversions by plotting In(f da/dT) against 1/T for con-
stant a values.

2.1.2. Kissinger-Akahira-Sunose (KAS) equation
Akabhira et al. [35] proposed an improved method for the determi-
nation of activation energy values and is given:

i) = const. — (%)

ln<T2

Plots of ln(%) against (1/T) for each conversion a, yields a straight
line with a slope directly proportional to activation energy E which is
a function of conversion.

©6)

2.1.3. Starink method
Starink method [36] uses the above Eq. (6) with some modifications
and it takes the following form:

ln< b

T1.92
From the plot of ln(%) against (%), the activation energy E can be
determined.

) = const. - 1.0008(R—ET). )

2.1.4. Ozawa - Flynn and wall (OFW) method [37]

This method is considered a “model-free” method, derived using in-
tegral iso-conversional methods, where the assumption is that the con-
version function f(a) does not change with the changes in the heating
rate for specific values of a. Also, the temperature (T) corresponding
to specific values of « are obtained from TGA experiments at different
heating rates of f. The basic equation takes the form of

fa

Gl

Doyle’s linear approximation proposed by Flynn [38,39] can be ap-
plied to Eq. (7) and the modified equation takes the following form:

In(f)=In| A 3

AE
g(@R

_2_315] _ 0A4STE
RT

In(p) = [m ®

Plots of In(f) against (%) for different conversion a, yield straight
lines and the activation energy is obtained from the slopes of these
straight lines.

2.1.5. Horowitz and Metzger method

The method suggested by Horowitz and Metzger [40] is an integral
method that provides the activation energy for decomposition using the
following equation:

In [111 ! ] - _fo_ (10)
(I-ao)|  RT,,>
Wwhere T}, is the maximum decomposition temperature, 7 is the tem-

perature, © is T — T},,,, and R is the gas constant. By plotting In[In

against ©, E, can be determined from the slope of the curves.

1
(l—w)J

2.1.6. Coats and Redfern method [41]

This method is considered one of the most successful methods for
the calculation of the kinetic parameters of the thermal decomposition
of many types of solid materials [42]. Rearrangement and integration
of Eq. (5) by this method leads to the following relation:

m |89 g (AR)_ E arn
T2 PE RT
_ g da
where, g(a) = g T
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Reaction mechanisms of solid-state processes and their corresponding algebraic expressions for g(«) and f(a) [43].

Symbol gla)

S

Name of the function

Reaction mechanism

1. Chemical process (mechanism non-invoking equations)

Fis 1-(-a) G/2(1 - )3 One-third order

F3y 1-(1- a)% 4(1 — a)é Three-quarters order
F3/p a- a)'% -1 2(1 - a)% One-and-a-half order
F, (1-a)'-1 1 -a) Second order

F, (1-a)2-1 1/2)(1 - a)® Third order

2. Acceleratory rate equations
i

129 a @/3a"* Mampel power law
Py ol 203 Mampel power law
Py/3 o’ 3¢} Mampel power law
Py ai 4ot Mampel power law
E; Ina a Exponential law

3. Sigmoidal rate equations (random nucleation and subsequent growth)

AL F —In(1 — a) (1-a) Avrami-Erofeev equation
Az [=In(1 — nt)lz/3 3/2(1 — a)[-In(1 — a)]l/3 Avrami-Erofeev equation
A, [-In(1 - a)|1/2 2(1 — a)[-In(1 — a)]1/2 Avrami-Erofeev equation
A, [=In(1 — )] ' 3(1 = a)[=In(1 — a)]2/3 Avrami-Erofeev equation
A, [~In(1 — a)] l/4 4(1 = a)[=In(1 — uc)]3/4 Avrami-Erofeev equation

Chemical reaction
Chemical reaction
Chemical reaction
Chemical reaction
Chemical reaction

Nucleation
Nucleation
Nucleation
Nucleation
Nucleation

Assumed random nucleation and its subsequent growth, n =1
Assumed random nucleation and its subsequent growth, n = 1.5
Assumed random nucleation and its subsequent growth, n = 2
Assumed random nucleation and its subsequent growth, n = 3

Assumed random nucleation and its subsequent growth, n = 4

Ay In[a/(1 - a)]
4. Decelerator rate equations
4.1 Phase boundary reaction

a(l —a)

Ry, Fp, Py« 1- a)° Power law
1 1
Ry Fiy 1-(-a”2 2(1—a) 2 Power law
L %
Ry, Fp3 1-(1-a)3 3(1-a) 3 Power law
4.2 Based on the diffusion mechanism
D, o? 1/211 Parabola law
D, a+(1—a)n(l —a) —In(l —a) Valensie equation
2 -1

L2
[-(1-a7]

2 1

D, 3/2(1 —a) B[1 = (1 —a) 3] Jander equation

2 -1 !
D, 1- 27“ —A-a)B 3/2[(1-a) B-1] Ginstling-Brounsteinequation

Sl 2 -1 -!
Dy (1-a) B-1 3/2(1 — a)*[(1 — @) B-1 Zhuravlev, Lesokin, Tempelman equation
1 2 1 -l

Dg [(A+a)B-1] 320+ a1 +a) B 1] anti-Jander equation

2 -1 -l
D, 1+ 2?“ —(+a)B 32[1+a) B-1] anti-Ginstling-Brounsteinequation

-1 2 -1 !

Dg [(l+a) B-1] 3/2(1 + &)**[(1 + @) B-1 anti-Zhuravlev, Lesokin, Tempelman equation
5. Other kinetic equations with the unjustified mechanism
G, 1-(1-a)? 1/2(1 —a)
G, 1-(1-a 1/3(1 — @)*
Gs 1-(-w! 1/4(1 - )’
Gy [—In(1 — a)]? 1/2(1 — )[—In(1 — a)]!
Gs [=In(1 — &)]® 1/3(1 = a)[=In(1 — a)] 7>
G [=In(1 - a)]* 1/4(1 = @)[-In(1 = )]

1

1, 2

G, -0-a’2] 4 -l -1 - o))"

1

1, "2

Gg [-0-a’] 61— 11 = (1 - )"

Prout-Tomkins equation

Branching nuclei

Contracting disk

Contracting cylinder

Contracting sphere

One-dimensional diffusion

Two-dimensional diffusion

Three-dimensional diffusion, spherical symmetry
Three-dimensional diffusion, cylindrical symmetry
Three- dimensional diffusion

Three-dimensional diffusion

Three-dimensional diffusion

Three-dimensional diffusion

Plot of ln[&;)] versus + for a selected heating rate g for an appro-
priate degradation function f(a) results in the determination of appar-
ent activation energy E, and the Arrhenius pre-exponential factor A.
The most widely used reaction mechanism for solid-state processes and
the corresponding algebraic expressions for g(a) and f () are given in
Table 1 [43].

2.1.7. Criado method [44]
In this method, the Egs. (4)—(11) are combined to arrive at the fol-

lowing equation:
da
: (%),

(%),
ar /o5
Where 0.5 refers to the conversion corresponding to « = 0.5. When ap-
propriate expressions for g(a) and f(a) from Table 1 are used, the left-

Z@) T,

S (@)g(a) «
_ _ 12
Z(0.5)  f(0.5)¢(0.5) < Tos ) "
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hand side of the Eq. (12) closely matches the experimental data given
on the right-hand side of the same equation.

3. Results and discussion

The TG and DTG curves for PP at a heating rate of 5 K/min are shown
in Fig. 1(a) and the representative thermograms of PP at four different
heating rates (5, 10, 20, and 40 K/min) are given in Fig. 1(b). The DTG
peak represents the maximum degradation temperature of that sample
and it slightly increases with an increase in the heating rate, due to the
shorter time available to arrive at a particular higher temperature during
the experiment. More details pertaining to the TG and DTG curves for
the composites are given in the supplementary file [Figs. S1(a)-(e)].
The thermal degradation experiments at various heating rates provide
valuable insights into the mechanism of this process and the various
mathematical models based on the Arrhenius equation can be utilized
for this purpose. Carefully designed thermal degradation experiments
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(b)

100 - —— =
70
——T6 1907 '_"'‘"“"""”"""‘“"@"""""-r-..,tﬁ
\ . 60
80
80
——TG 5K 50
——TG 10K
60 604 ——TG 20K k40
3 o < —— TG 40K o
X =
< g ot —— DTG 5K Lao &
£ .l 5 s 40+ —+—DTG 10K =
— — DTG 20K 20
—e— DTG 40K
20 Lo
204
0 g [°
Uy T T T T T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Temperature (°C) Temperature (°C)
Fig. 1. (a) TG and DTG curves for PP (heating rate 5 K/min) and (b) TG and DTG curves for PP at various heating rates.
Table 2
Activation energy E, and regression coefficient values for PP and the composites from Friedman model equation.
PP PP-5T PP-10T PP-20T PP-30T
Conversion (a) E, (kJ mol~1) R? E, (kJ mol~1) R2 E, (kJ mol~1) R2 E, (kJ mol~1) R2 E, (kJ mol™1) R2
0.1 58 0.720 77 0.920 69 0.805 79 0.979 83 0.984
0.2 64 0.792 100 0.950 81 0.857 83 0.973 93 0.994
0.3 72 0.838 112 0.966 89 0.899 86 0.991 104 0.991
0.4 77 0.860 118 0.962 94 0.933 92 0.987 120 0.993
0.5 88 0.858 121 0.979 100 0.937 96 0.979 129 0.986
0.6 89 0.861 113 0.960 94 0.953 95 0.976 134 0.966
0.7 100 0.864 99 0.955 90 0.915 94 0.974 131 0.940
0.8 95 0.811 94 0.964 67 0.865 79 0.931 115 0.894
0.9 83 0.693 84 0.965 71 0.846 78 0.976 106 0.900
Average 82 0.811 102 0.958 84 0.890 87 0.974 113 0.961

and their analysis can help in predicting the mechanism of degradation
beyond the experimental temperature range [45].

3.1. Friedman model

Friedman model follows the iso-conversional method to obtain the
accurate values of kinetic parameters of the thermal degradation pro-
cess [46]. Plots of ln(ﬂ:—;) against % for a values ranging from 0.1 to
0.9 for PP and its composites with TiO, are given in Figs. 2(a)-(e). The
activation energy E, for these samples are given in Table 2. For all the
samples, the E, value gradually increases as the conversion percentage
(@) increases and reach a maximum value near « = 0.5. As the tempera-
ture increases, the thermal degradation process proceeds through three
different stages viz initiation, propagation and termination [47]. Dur-
ing the middle stages of the degradation process (¢—0.2 to 0.5), tertiary
radicals are formed and this results in an appreciable increase in the E,
values as well as a change in the degradation mechanism at this stage
[48]. The activation energy (E,) for the thermal degradation of PP ob-
tained as an average from those at various conversions is 82 kJ mol~!,
which is similar to the value reported by Paik et al. [49]. The value
increased to 102 kJ mol™! with the incorporation of 5 wt% of TiO, in
PP. The E, values decreased to 84 and 87 kJ mol~! respectively, with
further increase in the TiO, content to 10 wt% and 20 wt% in the PP
matrix. However, the E, value reached a maximum of 113 kJ mol~! with
a further increase in TiO, to 30 wt%. This indicates that more energy is
consumed for thermal degradation of the composites when TiO, levels
in the composites reach 5 wt% and 30 wt%.

3.2. Kissinger-Akahira—Sunose (KAS) equation
Plots of ln(%) against (%) for PP and its composites with TiO, for

each conversion a are given in Figs. 3(a)—(e). The activation energy E,
obtained from these plots for various conversion stages («) is given in
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Table 3. The activation energy (E,) for thermal degradation of PP ob-
tained as an average of various conversion stages from 0.1 to 0.9 is
61 kJ mol~!, which is slightly lower than that obtained by the Fried-
man model. The value increased to 85 kJ mol~! with the incorporation
of 5 wt% of TiO, into the base matrix. The E, values decreased to 77
and 81 kJ mol~! respectively, with further increase in the TiO, content
to 10 wt% and 20 wt% in the PP matrix. However, the E, value reached
a maximum of 100 kJ mol~! with a further increase in TiO, to 30 wt%.

3.3. Starink method

Plots of ln(%) against (%) for PP and the composites are shown in
Figs. 4(a)-(e). The activation energy E, obtained from these plots for
various conversion stages (a) is given in Table 4. The activation energy
(E,) for thermal degradation of PP obtained as an average of conversion
stages (a) from 0.1 to 0.9 is 62 kJ mol~!, which is very similar to the
value obtained from the KAS model equation. The value increased to
85 kJ mol~! with the incorporation of 5 wt% of TiO, into the base
matrix. The E, values decreased to 78 and 82 kJ mol~! respectively,
with further increase in the TiO, content to 10 wt% and 20 wt% in the
PP matrix. However, the E, value reached a maximum of 102 kJ mol™!
with a further increase in TiO, to 30 wt%.

3.4. Ozawa — Flynn and Wall (OFW) method

Plots of In(f) against (%) for PP and the composites are given in
Figs. 5(a)—(e) respectively. The activation energy E, obtained from these
plots for various conversion stages («) is given in Table 5. The activa-
tion energy (E,) for thermal degradation of PP obtained as an average of
conversion stages («) from 0.1 to 0.9 is 159 kJ mol~!, which is very sim-
ilar to the value reported by Galiwango et al. [50]. The value increased
to 211 kJ mol~! with the incorporation of 5 wt% of TiO, into the base
matrix. The E, values decreased to 194 and 201 kJ mol™! respectively,
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Table 3
Activation energy E, and regression coefficient values from the KAS model equation for PP and the composites.
PP PP-5T PP-10T PP-20T PP-30T
Conversion ()  E, (kJmol™') R? E, (kJ mol™!)  R? E, (kJ mol™!)  R? E, (kJ mol™!)  R? E, (kJ mol!)  R?
0.1 42 0.534 49 0.782 54 0.640 69 0.946 73 0.965
0.2 47 0.561 61 0.817 62 0.696 74 0.962 79 0.974
0.3 53 0.609 75 0.856 69 0.739 76 0.964 85 0.985
0.4 58 0.651 85 0.887 76 0.783 79 0.971 92 0.988
0.5 62 0.685 93 0.904 82 0.826 82 0.974 103 0.989
0.6 66 0.701 99 0.919 87 0.853 85 0.977 112 0.987
0.7 70 0.719 101 0.926 89 0.877 87 0.978 119 0.980
0.8 75 0.729 101 0.933 90 0.887 88 0.982 122 0.967
0.9 78 0.728 100 0.941 86 0.891 86 0.979 119 0.952
Average 61 0.657 85 0.885 77 0.799 81 0.970 100 0.976
Table 4
Activation energy E, and regression coefficient values from Starink model equation for PP and the composites.
PP PP-5T PP-10T PP-20T PP-30T
Conversion (a) E, (kJ mol~1) R? E, (kJ mol~1) R? E, (kJ mol~1) R? E, (kJ mol~1) R? E, (kJ mol~1) R?
0.1 43 0.540 49 0.785 55 0.644 70 0.947 74 0.965
0.2 48 0.565 62 0.819 63 0.698 75 0.962 80 0.975
0.3 54 0.613 76 0.857 70 0.741 77 0.964 87 0.985
0.4 59 0.654 86 0.888 77 0.785 80 0.972 94 0.988
0.5 63 0.688 94 0.905 83 0.828 83 0.974 104 0.989
0.6 67 0.704 100 0.920 88 0.854 86 0.977 113 0.987
0.7 71 0.722 103 0.927 90 0.878 88 0.978 120 0.980
0.8 76 0.732 103 0.933 91 0.888 89 0.982 124 0.968
0.9 79 0.731 102 0.941 87 0.892 87 0.979 120 0.953
Average 62 0.661 86 0.886 78 0.801 82 0.971 102 0.977
Table 5
Activation energy E, and regression coefficient values from O-F-W model equation for PP and the composites.
PP PP-5T PP-10T PP-20T PP-30T
Conversion (¢)  E, (kJmol!) R? E, (kI mol™!) R? E, (kI mol™!) R? E, (kI mol™!) R? E, (kI mol™!) R?
0.1 114 0.643 130 0.842 141 0.716 174 0.959 181 0.972
0.2 128 0.659 157 0.862 159 0.758 184 0.970 195 0.980
0.3 140 0.695 188 0.887 176 0.791 191 0.972 210 0.988
0.4 151 0.727 211 0.910 191 0.826 197 0.978 226 0.991
0.5 161 0.753 229 0.923 205 0.860 203 0.980 249 0.991
0.6 170 0.765 242 0.935 215 0.881 210 0.982 270 0.989
0.7 179 0.778 248 0.940 221 0.901 215 0.983 285 0.983
0.8 189 0.784 248 0.946 223 0.910 218 0.986 293 0.973
0.9 197 0.781 246 0.953 214 0.914 214 0.984 286 0.960
Average 159 0.732 211 0.911 194 0.840 201 0.977 244 0.981

with further increase in the TiO, content to 10 wt% and 20 wt% in the
PP matrix. However, the E, value reached a maximum of 244 kJ mol~!
with a further increase in TiO, to 30 wt%.

All the results depicted in Tables 2-5 follow a similar pattern. The
activation energy value of virgin PP is less than that of all the filled
composites. When 5 wt% of TiO, is added, it seems that the particles
are well dispersed in the matrix enhancing the filler-matrix interactions.
The strong filler-matrix interaction can restrict the mobility of the poly-
mer chains, which can lead to a more energy-intensive process during
the thermal degradation [51]. Naturally, the activation energy value
will increase compared with the virgin matrix. Another factor is the in-
creased crystallinity of PP due to the nucleating effect of the added filler.
The ordered structure formed due to the increased crystallinity of the
matrix needs more energy to break down the chains thereby leading to
enhanced activation energy values [52-54].

Activation energy values were lower for the 10 wt% and 20 wt%
addition of filler to PP as per the different kinetic models. Several fac-
tors might have contributed to this behavior. As the filler content is
increased the chances of filler-filler interaction increases thereby lead-
ing to particle agglomeration in the matrix. The effective surface area of
the filler is reduced due to the particle agglomeration which decreases
the interfacial interactions between the polymer and filler which im-
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parts fewer restrictions on the mobility of the polymer chains [55]. An-
other factor is the increase in thermal conductivity of the composites
due to the higher loading of the fillers which facilitate the effective heat
transfer during degradation [56]. The plasticizing effect of the fillers at
these loadings may also contribute to the reduction of the activation
energy [57].

The increase in activation energy at 30 wt% loading can be related to
many factors. At this high loading of the filler, TiO, particles are behav-
ing like real reinforcement for the PP matrix. This reinforcement action
increases the resistance to thermal degradation which thereby increases
the activation energy. Higher filler loading also increases the tortuous
path for the release of the volatile degradation products. Thus, it delays
the degradation process which naturally increases the activation energy
values. Another important factor is the ability of the filler to form a
continuous network in the polymer matrix which will act as a barrier
to the transfer of heat and mass. This barrier effect will delay the ther-
mal degradation process which leads to higher activation energy values
[57,58].

The Friedman model presented above follows a differential method,
whereas, O-F-W, KAS, and Starink models are integral methods to ob-
tain activation energy from iso-conversional plots. Among these three
integral methods, O-F-W method utilizes an approximation for the tem-
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Table 6
Activation energy E, and regression coefficient values from Horowitz and Met-
zger model equation for PP and the composites.

Sample E, (kJ mol~1) R?

PP 48 0.953
PP-5T 50 0.935
PP-10T 50 0.945
PP-20T 68 0.957
PP-30T 78 0.942

perature integral which is less accurate than the approximation used by
other methods, which leads to higher values of E, [59]. However, to
understand the exact mechanism of thermal degradation, other models
are to be employed.

3.5. Horowitz and Metzger method

Unlike the multiple heating rate experiments and the corresponding
mathematical models mentioned above, Horowitz and Metzger’s method
can expound the activation energy for the thermal degradation of sam-
ples from the experiment carried out at one constant heating rate [60].
Plots of In[In (1+a>] against © for PP and the composites for the heating
rate of 10 K/min are shown in Fig. 6. The activation energy E, obtained
from these plots are given in Table 6. The E, value for PP from this
method was 48 kJ mol~! and the values gradually increased with an
increase in TiO, content in the composites and reached a maximum of
78 kJ mol~! for the composite that contain 30 wt% of TiO,.

The reason for the increasing trend of activation energy according
to the Horowitz and Metzger method can be correlated to the fact that
it mainly focuses on the initial stages of degradation of the polymer
matrix or the composites [61]. At this range, the barrier effect and re-
stricted chain mobility are very important. The filler may act as a protec-
tive layer over the surface of the polymer matrix which slows down the
degradation process and increases the activation energy for filled com-
posites [62,63]. This could explain why it shows a consistent increas-
ing trend, whereas other methods (e.g., Kissinger or Flynn-Wall-Ozawa)
might reflect different aspects of the degradation process, such as the
influence of filler agglomeration or thermal conductivity.

3.6. Coats and Redfern method

The model equation of the Coats and Redfern method is success-
fully employed in studying the degradation kinetics of various types of
solid substances as it provides information about the probable reaction
mechanism in addition to the activation energy values of such thermal
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degradation process [64]. Plot of ln[%] versus % for a heating rate
10 K/min for PP and various composites were made by selecting all
the 35 algebraic expressions for the degradation function g(a) given in
Table 1. The expressions that result in anomalous values for the kinetic
parameters compared with those obtained from other model equations
and also those expressions, which produce poor correlation coefficients
were excluded. From the remaining expressions, the ones that yield the
maximum values (near 1) for the correlation coefficients were selected
for elucidating the kinetic parameters as well as the mechanism of ther-
mal degradation of the samples. The selected models based on these
criteria and the corresponding kinetic parameters and the degradation
mechanisms are given in Table 7. From the table, it can be seen that the
equations designated as F3,4, Ry, R3, D3 and D, fit well for the thermal
degradation of PP with a correlation coefficient of 0.999. Among these,
Rj3 is chosen as the mechanism for PP as the activation energy value
obtained by using this expression is 86 kJ mol~!, which is very close to
that obtained from the iso-conversional Friedman model equation de-
scribed above. Such a comparison and subsequent selection of the pre-
ferred reaction model as R3 for thermal degradation of PP was reported
by Aboulkas et al. [65]. The expression designated as R, fits well for
the composites with the activation energy values close to those obtained
from other model equations. R; represents the power law model equa-
tion with the thermal degradation mechanism corresponding to the con-
tracting sphere and R, represents the contracting cylinder mechanism.
With the incorporation of TiO,, the thermal degradation mechanism of
PP changed from the contracting sphere model to the contracting cylin-
der. The R; model assumes that the reaction occurs at the surface of the
spherical particle. The reaction front moves inwards as the degradation
proceeds. Usually, such a mechanism is shown by the homogeneous ma-
terials or systems where the degradation happens uniformly throughout
the bulk. When the model is according to R,, which is normally associ-
ated with systems having anisotropic structures or interfaces in it, the
reaction happens on the surface of cylindrical particles and radial in-
ward movement of the reaction front is visible [66,67]. The contracting
cylinder model usually shows a different energy profile compared to
the contracting sphere model, reflecting the altered degradation path-
way [68]. A similar change in mechanism from R; to R, was reported
by Navid et al. [69] in PP/Polylactic acid/clay nanocomposites, where
the neat PP followed the contracting sphere mechanism and the rest of
the composites shifted to the contracting cylinder mechanism.

The change from the contracting sphere model to the contracting
cylinder model due to the TiO, filling in PP can be correlated to mul-
tiple factors such as the introduction of interfaces and anisotropic heat
transfer caused by TiO, particles, the barrier effect of TiO, which alters
the degradation pathway and the changes in polymer morphology such
as increased crystallinity and filler agglomeration. These factors collec-
tively influence the degradation mechanism, leading to the observed
change in the kinetic model. The Coats-Redfern method is sensitive to
these changes and can accurately reflect the altered degradation behav-
ior [70].

3.7. Criado method

Based on the ICTAC recommendations, the Criado model fitting
method along with the Coats and Redfern method, is highly preferred for
the determination of kinetics parameters as well as the thermal degra-
dation mechanism of PP [48]. For the heating rate of 10 K/min, the
appropriate expressions for g(«) and f(a) from Table 1 were substituted
in Eq. (12) for the Criado model. Theoretical master curves were plotted
based on these expressions and compared with the experimental data.
Based on the same criteria mentioned above for the Coats and Redfern
method, the expressions that do not fit well with the experimental data
were excluded and the remaining expressions were compared with those
of the experimental values and presented in Fig. 7. From Fig. 7(a), it can
be seen that the expression designated as A, fits well with the experi-
mental data for the thermal degradation of PP, whereas the expression
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Table 7
The kinetic parameters and the reaction mechanism obtained by applying Coats and Redfern method.
Sample Symbol g(o) E, (kJ mol~1) R2 Name of the function Reaction mechanism
PP F3,y 1-(1- ,,)% 89 0.999 Three-quarters order Chemical reaction
PP-5T 80 0.977
PP-10T 83 0.993
PP-20T 124 0.995
PP-30T 78 0.993
PP Ps/n @ 107 0.989 Mampel power law Nucleation
PP-5T 98 0.998
PP-10T 100 0.994
PP-20T 149 0.996
PP-30T 95 0.993
PP A, [=In(1 — a)]l h 43 0.996 Avrami-Erofeev equation Assumed random nucleation and
PP-5T 38 0.953 its subsequent growth, n = 2
PP-10T 40 0.983
PP-20T 62 0.988
PP-30T 37 0.983
PP Ry, Fy, Py a 68 0.988 Power law Contracting disk
PP-5T 61 0.998
PP-10T 63 0.993
PP-20T 96 0.996
PP-30T 60 0.992
PP Ry, Fypp 1—(- a)] h 81 0.999 Power law Contracting cylinder
PP-5T 73 0.987
PP-10T 76 0.997
PP-20T 114 0.999
PP-30T 71 0.997
PP R3, Fy 3 1—(- a)1/3 86 0.999 Power law Contracting sphere
PP-5T 77 0.981
PP-10T 80 0.995
PP-20T 121 0.997
PP-30T 76 0.995
PP D, a? 146 0.990 Parabola law One-dimensional diffusion
PP-5T 134 0.998
PP-10T 137 0.995
PP-20T 203 0.996
PP-30T 130 0.994
PP D, a+ 162 0.997 Valensie equation Two-dimensional diffusion
PP-5T (1 - a)n(l — a) 148 0.994
PP-10T 152 0.998
PP-20T 225 0.999
PP-30T 144 0.997
PP Dy O—(- a)] /3]2 182 0.999 Jander equation Three-dimensional diffusion,
PP-5T 165 0.983 spherical symmetry
PP-10T 171 0.996
PP-20T 252 0.997
PP-30T 161 0.995
PP D, 1- % - 167 0.999 Ginstling-Brounstein equation Three-dimensional diffusion,
PP-5T 2/2 154 0.991 cylindrical symmetry
PP-10T -7 158 0.998
PP-20T 233 0.999
PP-30T 150 0.997
PP D¢ (+ a)l A 1]2 131 0.984 anti-Jander equation Three-dimensional diffusion
PP-5T 121 0.998
PP-10T 124 0.990
PP-20T 183 0.993
PP-30T 117 0.989
PP D, 1+ % - 136 0.986 anti-Ginstling-Brounstein Three-dimensional diffusion
PP-5T 2/2 125 0.998 equation
PP-10T I+ 7 128 0.992
PP-20T 190 0.994
PP-30T 121 0.991
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Fig. 7. Criado model plots for (a) PP, (b) PP-5T, (c) PP-10T, (d) PP-20T and (e) PP-30T.

R, closely matches all the composites that contain TiO, (Figs. 7(b)-
(e)). A, stands for the Avrami-Erofeev equation, which assumes the
mechanism of random nucleation and its subsequent growth. The power
law-contracting cylinder mechanism (R,) represents the degradation
mechanism of all the composites that contain TiO,. The shift from the
Avrami-Erofeev (A,) mechanism to the power law-contracting cylinder
(Ry) mechanism in the thermal degradation of PP with TiO, incorpo-
ration can be due to factors such as the introduction of interfaces and
anisotropic heat transfer caused by TiO, particles, the barrier effect of
TiO,, which alters the degradation pathway and the changes in poly-
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mer morphology, such as increased crystallinity and filler agglomer-
ation. The change in the kinetic model is attributed to the influence
of multiple factors affecting the degradation mechanism, as described
above. The Criado model accounts for these variations, demonstrating
alternative degradation behavior for the composites [71-73].

4. Conclusions

The thermal degradation kinetics of PP composites filled with TiO,
were investigated using various kinetic models, including the Horowitz-
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Metzger method, Coats-Redfern method, and Criado model. The results
revealed significant changes in the degradation mechanism and activa-
tion energy (E,) with increasing TiO, loading, highlighting the complex
interplay between the polymer matrix and the filler. The key findings
and conclusions are summarized below:

Activation energy trends

The Friedman, O-F-W, KAS, and Starink models resulted in a higher
activation energy for the filled systems compared with that of virgin
PP, whereas, the composites that contain 5 wt% and 30 wt% of TiO2
exhibited highest values among the composites. The Horowitz-Metzger
method showed an increasing trend in activation energy with increas-
ing TiO, loading. This increase can be attributed to the barrier effect of
TiO, particles, which restricts heat and mass transfer during degrada-
tion, restricted chain mobility due to the enhanced interfacial interac-
tions between the polymer and filler, and the formation of the increased
tortuosity at higher filler loading.

Degradation mechanism shifts

The Coats-Redfern method indicated a shift in the degradation mech-
anism from the contracting sphere model (R;) for pure PP to the
contracting cylinder model (R,) for TiOz-ﬁlled composites. The Cri-
ado model further confirmed this shift, showing a transition from the
Avrami-Erofeev (A,) mechanism (random nucleation and growth) for
pure PP to the power law-contracting cylinder (Ry) mechanism for TiO, -
filled composites.

Role of TiO, in thermal degradation

At low filler loadings (e.g., 5 wt%), TiO2 improves thermal stabil-
ity by enhancing interfacial interactions and acts as a nucleating agent,
leading to increased activation energy. At intermediate loadings (e.g.,
10-20 wt%), filler agglomeration and reduced interfacial interactions
can lower activation energy temporarily, but the barrier effect and tortu-
osity still play a significant role. At high loadings (e.g., 30 wt%), the for-
mation of a continuous filler network dominates, significantly increas-
ing activation energy and altering the degradation mechanism to a more
cylindrical pathway.

The kinetic models used in this study (Horowitz-Metzger, Coats-
Redfern, and Criado) provide complementary insights into the degra-
dation behavior, confirming the significant role of TiO, in altering the
thermal degradation kinetics of PP. The findings suggest that TiO, can
be used as an effective filler to improve the thermal stability of PP com-
posites, especially at higher loadings. The shift in degradation mecha-
nisms highlights the importance of filler dispersion and interfacial inter-
actions in designing thermally stable polymer composites. These results
provide valuable insights for applications requiring enhanced thermal
performance, such as automotive components, electrical appliances and
construction materials.
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