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Abstract—Effect of the structural mechanical modification via the crazing mechanism and composition of
films based on HDPE nanocomposites and highly dispersed silica particles on the thermo-oxidative degra-
dation and pyrolysis is studied. The incorporation of highly dispersed silica particles into the polymer matrix
causes a reduction in the onset temperature of the intense weight loss of the composites by about 30°С and
an increase in the temperature interval by 100°С under conditions of thermo-oxidative degradation. It is
shown that in pyrolytic decomposition the HDPE‒SiO2 composite also starts to lose weight at lower tem-
peratures (smaller by 50°С). Using various kinetic approaches to process the TGA curves the activation
energy for each stage of thermal oxidation and pyrolysis is determined for structurally different HDPE-based
samples. In the case of thermo-oxidative degradation, dependence of the activation energy on conversion is
shown to be complex, thereby reflecting the multistage nature of the process. In pyrolysis, the activation
energy is almost constant at all stages of the process. For various models of the processes, the activation
energy is calculated by the Coats–Redfern method and the most probable mechanisms of thermal degrada-
tion and pyrolysis of the samples are proposed.
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INTRODUCTION
The thermal stability of polymers and their com-

posites is the decisive characteristic when choosing
their application areas [1, 2]. At present, the thermal
degradation of plastics is considered one of the most
important methods for their processing into valuable
chemical products [3]. It is known that the pyrolysis of
low- and high-density polyethylenes yields various
fractions of gaseous and liquid hydrocarbons in a high
yield depending on temperature and process condi-
tions which can be used as chemical products for
organic synthesis [4‒6]. In addition, burning is one of
the main utilization methods for hard-to-decompose
polymer waste [7]. Therefore, the study of thermal sta-
bility and pyrolysis processes (process kinetics and
thermodynamics) and the analysis of reaction prod-
ucts as a function of temperature, heating rate, and
composite composition are very topical. Similar stud-
ies enable the targeted control over the processes of
thermal oxidation and pyrolytic cleavage of polymer
chains.

One of the approaches to solve such problems
includes the use of polymer composite materials with
a certain level of mutual dispersity of components.
The introduction of inorganic nanoparticles into poly-
mers makes it possible to vary their physicochemical
properties (thermal stability, rigidity, electrical con-

ductivity, etc.) [8, 9]. Silica SiO2 is a much-used filler
due to its environmental friendless and low cost. Silica
is added to commercial large-tonnage polymers to
improve their mechanical and barrier properties and
increase thermal stability [10‒13]. These materials
can be used in the production of food packaging, f lex-
ible electronics, or pharmaceutical packaging [14, 15].

As was shown earlier [16, 17], the introduction of
inorganic nanoparticles leads to a change in thermal
stability of the polymer matrix in relation to the chem-
ical nature and dispersity of the filler. For example,
highly dispersed particles of variable valence metals
(Cu, Fe, Ti) exhibit the highest catalytic activity in ini-
tiation of polyolefin degradation processes, activating
hydroperoxide decomposition and facilitating
decrease in the activation energy of the oxidation reac-
tion from 115 to 70‒75 kJ/mol [16]. In contrast, the
incorporation of 0.5 wt % of inert silica and titania into
poly(methyl methacrylate) increases the activation
energy of thermal decomposition from 69 to
99 kJ/mol. This phenomenon is explained by the fact
that, in the presence of an inorganic filler in a compos-
ite, the mobility of polymer chains slows down and the
impact of free radicals on polymer main chains weak-
ens [18]. A rise in the thermal stability of polypropyl-
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ene in thermo-oxidative degradation processes in the
presence of silica and titania was described in [19].

Polyethylene is a widespread plastic (it accounts for
30% of the global plastics market [20]). Owing to its
attractive physical and mechanical properties, lost
cost, and easy processing its application in various
industries as films, fibers, and matrices for polymer
composites is growing. The introduction of special
fillers allows the application of polyethylene in the
manufacture of materials with new functional proper-
ties [21]. Research of the thermal stability of variable
composition nanocomposites based on mesoporous
HDPE films and highly dispersed silica phase, which
are obtained according to the crazing methodology,
and determination of the activation energy of their
pyrolysis and thermo-oxidative degradation using var-
ious integral and differential mathematical methods to
analyze the TGA data are the purposes of this study,
and the posed task seems to be topical.

EXPERIMENTAL

Porous polymer matrices and their nanocompos-
ites were obtained from the commercial HDPE film
(Dorkhimzavod, Russia) with Mw = 2 × 105, thickness
75 μm, Тm = 130°С, and the degree of crystallinity
70%. The uniaxial stretching of initial HDPE films in
the medium of n-heptane (analytical grade,
Khimmed) to a strain of 400% was carried out at
20‒25°С at a rate of 25%/min using manual clamps.
After deformation, the films were fixed around the
perimeter in special frames to prevent their low-tem-
perature shrinkage. The porous structure of the sam-
ples was characterized by the effective bulk porosity,
which was determined as the ratio of volume incre-
ment to the final volume of the sample after tension.
The morphology of the pores formed was visualized by
AFM [22].

To obtain HDPE‒SiO2 nanocomposites the filler
phase was synthesized in situ directly in pores of the
polymer matrix according to the sol-gel technology.
To do this, a liquid organosilicon precursor, hyper-
branched polyethoxysilane (HPEOS, synthesized at
the Enikolopov Institute of Synthetic Polymeric
Materials, Russian Academy of Sciences) with Mw =
3 × 104 (density 1.17 g/cm3, viscosity 18.8 mPa s,
effective diameter of molecules of 2‒5 nm), or its
solutions in isopropanol (reagent grade, Khimmed,
5‒25 wt %) were used to impregnate the as-formed
porous HDPE films for 3 h. The samples with the
introduced precursor were placed in a desiccator over
a 10% HCl aqueous solution for 24‒48 h. The
obtained composite films were washed with distilled
water and dried at room temperature until a constant
weight was achieved. The resulting porous and com-
PO
posite samples were annealed at 100°С for 1 h to
remove the unbound water and stabilize geometric
sizes.

The structure of the composites was studied by
X-ray diffraction on a Rigaku SmartLab instrument
(CuKα-radiation, λ = 0.154 nm) equipped with a
rotating copper anode. X-ray diffraction patterns were
measured in the transmission mode using a Pilatus
100k Dectris detector. The exposure time was 1500 s.
Lupolen was used as a calibration standard. The data
were processed using Fit2D and ImageJ software.

Morphological measurements were performed by
TEM on a Leo-912 AB Omega microscope (K. Zeiss,
Germany). Ultrathin sections of the composites were
preliminarily prepared by ultramicrotoming using a
diamond knife at room temperature (Reichert-Jung
ultramicrotome, Germany) and then placed onto cop-
per grids coated with the collodion substrate film.

The pyrolysis and thermo-oxidative degradation of
the samples were studied by TGA on a TG50 Mettler-
Toledo instrument equipped with an M3 microbal-
ance in a f low of gas (nitrogen or air, respectively) of
200 mL/min in the dynamic regime at a rate of 10, 20,
and 30 К/min in the range from 35 to 700°С. For these
studies, samples 6.5 mm in diameter were cut from the
films and placed in one layer in a ceramic cup. Ther-
mograms were processed using the MetlerTC11 soft-
ware. For each sample type and heating rate, three
curves were obtained which demonstrated a suffi-
ciently good reproducibility: on the temperature scale
error did not exceed ±5°С; on the weight loss scale,
error was ±4%.

RESULTS AND DISCUSSION

Structural and Morphological Studies

The thermal stability of polymers in pyrolysis and
thermo-oxidative degradation processes depends not
only on the chemical nature of macromolecules but
also on their structural parameters, such as degree of
crystallinity, orientation of crystallites, porosity, etc.
[23, 24]. This study is focused on the systematic struc-
tural and morphological measurements of porous and
composite samples. The porous structure of the
HDPE film was formed during the uniaxial stretching
of the polymer in the medium of n-heptane. The uni-
axial deformation of the polymer in physically active
media was studied in detail in [25‒27]. It was shown
that this process develops according to the intercrys-
tallite crazing mechanism and is accompanied by pore
formation. The structure of the porous HDPE film
stretched to a strain of 400% was visualized by AFM
(Fig. 1). The morphology of this film represents a sys-
tem of disjoined fibrills localized in intercrystallite
regions between which anisotropic pores with dimen-
LYMER SCIENCE, SERIES B  Vol. 64  No. 5  2022
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Fig. 1. AFM image of the HDPE porous film deformed to
a strain of 400% according to the intercrystallite crazing
mechanism.

1000 nm
sions of 20‒30 nm (width) × 130 nm (length) elon-
gated in the stretching direction are located. The value
of the effective bulk porosity of similar films is about
40 vol %.

The deformation of polymers in physically active
media is accompanied by development and formation
of the specific fibrillar porous structure, and simulta-
neously the orientation of macromolecules proceeds.
The orientation factor fc was determined by the for-
mula fc = (180°‒Δϕ1/2)/180°, where Δϕ1/2 is the half-
width of azimuthal intensity distribution of wide-angle
X-ray scattering for the reflection of HDPE (110). It
turned out that the initial HDPE film is weakly ori-
POLYMER SCIENCE, SERIES B  Vol. 64  No. 5  2022

Fig. 2. TEM micrographs of ultrathin sections of HDPE-

200 nm(а)
ented: fc is ~0.4. Stretching leads to a considerable
gain in orientation, and at a strain of 400% the value of
fc grows to 0.95, thereby suggesting formation of the
highly oriented structure.

Formation of the specific fibrillar porous structure
in HDPE facilitates not only acceleration of the pro-
cesses of oxygen diffusion inside the polymer, includ-
ing thermal oxidation, but also the possible “encapsu-
lation” of its certain amount inside the polymer
matrix. Moreover, creation of the porous structure
noticeably decreases heat conductivity of the polymer
film [27]. Thus, when creating the porous structure in
the polymer via orientational stretching two compet-
ing factors arise which can affect the degradation pro-
cesses, namely, the amount of “encapsulated” oxygen
is determined by the bulk porosity and it decreases
with increasing orientational order. Development of a
similar porous structure by the crazing mechanism
can be regarded as an additional factor controlling the
thermal oxidation and pyrolysis of polymer materials.
A similar multidirectional impact of these parameters
on the processes of the thermo-oxidative degradation
of HDPE was observed in [28].

Nanocomposite materials were obtained by the
synthesis of silica particles directly the pore volume of
polymer matrices as described in [12, 29]. Since the
synthesis of silica SiO2⋅nH2O occurs only in crazes of
the porous polymer matrix, its morphology can be
varied by changing precursor concentration and
nature. This is an effective approach to manufacturing
filled nanocomposite materials with the controlled
distribution of inorganic nanoparticles in the organic
matrix. As is clear from the TEM microphotographs of
thin sections (Fig. 2), the distribution of silica in the
polymer bulk is fairly uniform.
based composites containing (a) 10 and (b) 60 wt % SiO2.

200 nm(b)
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Fig. 3. Integral TGA curves (a) before and (b) after recalculation to the polymer content in the composite for (1) initial and
(2) porous HDPE films and HDPE‒SiO2 composite containing (3) 10, (4) 40, and (5) 60 wt % SiO2. The insert shows the dif-
ferential TGA curves obtained in an air atmosphere at a heating rate of 10 К/min.
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At the content of the second component on the
order of 10 wt % fine discrete nanoparticles ~5 nm in
size as well as larger aggregates with sizes of 20‒30 nm
are detected in the composite bulk. At a high content
the continuous silica phase of the network-type com-
posed of particles 15‒25 nm in diameter is formed.

Thus, the introduction of silica apparently does not
disturb the highly dispersed oriented structure of the
polymer matrix but when filling pores can affect its gas
permeability, thermal conductivity, and, hence,
thermo-oxidative degradability.

Peculiarities of Thermo-Oxidative Degradation

At present, the processes of thermal degradation
have been examined in a sufficient detail and the
mechanisms underlying the decomposition of poly-
olefins have been elucidated [30‒32]. The simplified
mechanism of polyethylene oxidation by oxygen
involves four stages [31, 33]. At the first stage of initi-
ation oxygen induces the cleavage of macromolecules
and peroxide radicals arise. Then peroxide oxidation
of the sample corresponding to the stage of chain pro-
cess propagation proceeds. At the third stage of chain
branching, peroxides decompose and С‒С bonds are
cleaved more intensively to afford macroradicals and
subsequent chain transfer. As a result, transverse
bonds (crosslinks), including coke, are formed. At the
final stage of chain termination, the reaction occurs by
the mechanisms of thermo-oxidative degradation and
thermal degradation of crosslinked structures. The
thermal oxidation of polyolefins is described in more
PO
detail in Appendix 1. All these processes yield oligo-
meric and low molecular weight products that are
removed from the polymer material; therefore, it
weight decreases.

The kinetics of thermal degradation of PE (the
activation energy, the position of temperature intervals
of various stages) can be influenced by both the
molecular structure of the polymer and the degree of
orientation of macromolecules and SiO2 nanoparticles
incorporated into the sample matrix. Indeed, HDPE
nanoporous matrices obtained by the crazing mecha-
nism burn without dripping to yield coke [28]. This
burning process is associated with both feasible chem-
ical modification of the polymer during its deforma-
tion in the physically active medium and structural
rearrangements of the polymer accompanied by orien-
tation and pore formation. It was shown that creation
of the porous structure according to the crazing mech-
anism shifts the onset temperature of the weight loss
process to lower temperatures; an increase in orienta-
tion, to higher temperatures.

Figure 3a shows thermograms which were obtained
under heating in an air atmosphere for various samples
of HDPE (initial and porous) and its composites with
the content of silica (in terms of SiO2) in the range
from 10 to 60 wt %. For the initial and porous HDPE
films the TGA curves differ insignificantly (Fig. 3а,
curves 1, 2). They have similar shapes and are charac-
terized by close temperature intervals of the intense
weight loss. Possibly, this can be attributed to the fact
that porous films with a strain of 400% obtained herein
possess a higher bulk porosity (almost by a factor of 2)
LYMER SCIENCE, SERIES B  Vol. 64  No. 5  2022
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than those described in [28]. Since porosity and orien-
tation affect position of the weight loss onset tempera-
ture in different directions, these two factors appar-
ently level off each other.

Substantial differences are observed for the TGA
curves of the composites (Fig. 3а, curves 3‒5): the
curves assume a more complex, stepwise loss weight
pattern. When their heating is completed a white solid
always remains which was previously identified as SiO2
[12] and the amount of which is proportional to the
filler content in the sample. To gain a more clear
understanding of the effect of filler content on the
thermo-oxidative degradation of the HDPE matrix
the experimental TGA curves were reconstructed tak-
ing into account the content of SiO2 (Fig. 3b). It is
seen that on average the rate of weight loss on any sec-
tion of the curves for all composites is lower or does
not exceed the rate of weight loss for the initial or
porous film. It was shown that for the composites con-
taining 10 and 40 wt % SiO2 the curves are fairly close
and have a similar pattern. The composite with the
highest content of SiO2 (60 wt %) loses weight much
faster in the low-temperature range—up to 400°С its
losses in terms of the polymer are on the order of 80%.
This phenomenon is likely associated with a more
reactive finely dispersed fibrillar structure of HDPE
which preserves stability in the presence of a high con-
centration of the solid nanofiller. It is worth noting
that regardless of the composition of the composites a
section appears on the TGA curves approximately in
the middle of the temperature interval of the intense
weight loss (370–490°С) on which the rate of the pro-
cess is decreased considerably. It can be assumed that
this is related to the formation of oxygen inaccessible
coke residue in porous SiO2 which burns at higher
temperatures. For the composite with the highest filler
content this stage is the most distinct (Fig. 3b,
curve 5). This section is observed on the TGA curve of
the porous HDPE film in the range of 430–460°С
(Fig. 3b, curve 2). This finding may also indicate that
for the structurally modified samples the coking pro-
cess is facilitated.

The mathematical processing of the thermograms
was performed with the use of several kinetic methods
described in Appendix 2. Temperature intervals for the
stages of thermo-oxidative degradation were deter-
mined by the Coats–Redfern method [34, 35]. To this
end, the dependence of ln(g(x)/Т2) on 1/Т was plotted
for each heating rate and linear sections were deter-
mined on these curves. The temperature intervals of
thermo-oxidative degradation and the corresponding
weight losses of the polymer are listed in Table 1. An
increase in the rate of heating primarily leads to the
shift of intervals to higher temperatures. It is seen that
for the initial and deformed films the onset and end
temperatures of the weight loss process are similar. For
the initial HDPE there are four temperature intervals
which are in good agreement with the stages of
POLYMER SCIENCE, SERIES B  Vol. 64  No. 5  2022
thermo-oxidative degradation described in [31, 33].
The most intense weight loss (on the order of 60%) is
observed at the third stage—oxidative chain branch-
ing. For the porous film the temperature intervals of
the first three stages are the same as those for the ini-
tial film. However, already at the second stage (oxida-
tive chain propagation) a sufficiently intense weight
loss is observed. The distinctive feature of the thermo-
oxidative of the structurally modified film is that the
fourth stage of the process (formation of crosslinked
structures, char) is as if decomposed into two tem-
perature intervals. It can be proposed that initially the
intense char formation proceeds that hampers the
access of oxygen; therefore, the rate of polymer weight
loss decreases. At higher temperatures a more intense
process related to burnout of the formed char residue
begins.

Upon the introduction of silica into the polymer
matrix the onset temperature of the weight loss
decreases by 25‒35°С and the whole process is com-
pleted by about 600°С. This provides evidence that for
the composites the temperature interval of thermo-
oxidative degradation widens by 100°С compared with
the initial and porous HDPE films. An increase in the
content of silica in the samples does not cause any
marked change in the temperature intervals; however,
the rate of weight loss at each stage changes. Note that
the most considerable weight losses at the fourth stage
(33%) are typical for the composite containing
40 wt % SiO2 which may point to the maximum cok-
ing ability of this material. In further studies the effect
of highly dispersed SiO2 particles on the kinetic
parameters of degradation processes were analyzed
and determined using the composite containing
10 wt % silica as an example. The curves corrected for
the filler content in the composite were used in calcu-
lations.

The activation energy of the thermal oxidation pro-
cess was estimated by the Friedman differential
method and Flynn‒Wall‒Ozawa (FWO) and
Kissinger–Akahira–Sunose (KAS) integral methods
[34, 35] described in Appendix 2. It is known that the
application of integral isoconversional methods may
lead to an error in determination of the activation
energy compared with differential methods. However,
differential methods are prone to considerable errors
when dx/dT is small. Therefore, to obtain the most
reliable information these methods should be com-
bined. Herein dependence of the activation energy on
conversion was constructed using the average value of
the activation energy calculated by the three methods.
The results are presented in Fig. 4. Furthermore, the
activation energy ΔЕа of each stage was calculated as a
difference between the local energy minimum and
maximum (Table 2). In addition, the most probable
mechanisms were determined for the each stage of
degradation of the tested samples. For this purpose,
the Coats–Redfern method was applied to calculate
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Table 1. Temperature intervals for stages of the thermo-oxidative degradation of HDPE-based samples at a heating rate of
10 К/min

* The data are presented after correction for the residue weight upon heating to 700°С.

Sample Content of SiO2, wt % Temperature interval, °С Weight loss*, %

Initial HDPE 0 250–280 5

285–370 15

375–425 60

430–530 20

Porous HDPE 0 250–300 6

300–380 25

390–420 30

425–460 16

465–530 23

Composite HDPE–SiO2 10 215–275 12

280–360 41

370–480 23

490–580 24

40 215–265 12

270–365 31

370–490 24

500–620 33

60 225–290 40

300–380 38

385–490 12

500–620 10

Table 2. The activation energy and mechanisms describing the stages of decomposition of HDPE-based samples

Stage

HDPE Porous HDPE HDPE–SiO2

mechanism Ea, kJ/mol ΔEa, 
kJ/mol

mechanism Ea, kJ/mol ΔEa, 
kJ/mol

mechanism Ea, kJ/mol ΔEa, 
kJ/mol

1 S3 60 ± 5 60 * 80 ± 15 80 D1 170 ± 5 170

2 D 190 ± 5 135 D 115 ± 5 35 * 115 ± 10 –

3 F3/S5 285 ± 5 95 F1 220 ± 5 95 * 130 ± 10 20

4 * 360 ± 25 180 F3 300 140 F2 165 ± 5 115

D 70 ± 10 –
the activation energy for standard functions g(x) listed
in the table of Appendix 2 and the data obtained were
compared with the absolute values of the activation
energy derived from the experimental data. Symbol (*)
in Table 2 means that the mechanism cannot be
described by one model, since none of the values of
the activation energy coincides with that calculated for
PO
a certain mechanism. It appears that several models
are realized in this case, and the activation energy is
calculated as a sum of activation energies for these
mechanisms.

As is seen from Fig. 4, for the initial and porous
samples there are two maxima; for the composite,
LYMER SCIENCE, SERIES B  Vol. 64  No. 5  2022
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Fig. 4. Conversion dependence of the activation energy for (1) initial and (2) porous HDPE films and (3) HDPE‒SiO2 composite
containing 10 wt % SiO2.
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three maxima. The positions of the maxima for the
initial and porous films on the conversion axis coin-
cide (at х = 0.3 and 0.6). However, for the initial film
the absolute values of the activation energy are higher.
For the composite film the maxima are detected at х =
0.1, 0.6, and 0.9. Comparing the results shown in
Table 2 for the initial film makes it possible to assign
the observed maxima to the activation energies of the
third and fourth degradation stages (Fig. 4, curve 1)
which corresponds to chain process branching and
kinetic chain termination. Note that the first two
stages of chain initiation and propagation are charac-
terized by relatively low absolute values of the activa-
tion energy and small weight losses—conversion is
below 0.2. This is presumably due to the fact that at the
third and fourth stages the processes cannot be
described by any one mechanism but only by their
combination, each of which contributes to the abso-
lute value of the activation energy. It should be men-
tioned that the values of ΔЕа determined for each stage
of degradation of the initial HDPE film summarized
in Table 2 are well consistent with the data reported
in [36].

For porous HDPE the values of the activation
energy at all conversions are lower than that for the
initial film. Probably, this can be explained by the fact
that during melting of the porous film air contained in
pores is encapsulated in the sample bulk because of a
high viscosity of the polymer melt (~105 P). As a
result, the number of accessible “active” centers,
where oxidation of the polymer and generation of per-
oxide radicals can take place, grows. In this case, the
stages of oxidative chain initiation and propagation
POLYMER SCIENCE, SERIES B  Vol. 64  No. 5  2022
proceed faster and more intense, for example, the
weight loss for the porous sample at the second stage is
10% higher than that for the initial HDPE. This is also
indicated by a very low value of ΔEa = 35 kJ/mol for
the second stage while for third and fourth stages with
the initial sample the values of ΔEa are similar
(Table 2). It is of importance that for the structurally
modified porous sample the fourth stage of oxidative
chain termination accompanied by char formation
and its subsequent burnout is decomposed into two
temperature intervals, at each of which the process
characterized by its own activation energy proceeds.

For the HDPE‒SiO2 composite the highest activa-
tion energy 170 kJ/mol corresponds to the stage of oxi-
dative chain initiation. This may be related to a
reduced gas permeability of the filled material, in
which the formed silica phase fills pores and thus may
hamper penetration of air inside the sample. For this
stage the process of diffusion turns out to be limiting.
The lowest activation energies correspond to the sec-
ond and third stages, and the Coats–Redfern method
does not allow their separation. This may indicate that
degradation of the composite accompanied by weight
loss is facilitated in the presence of the nanosized SiO2
phase with a highly developed surface. On the con-
trary, silica apparently hinders the burnout of char
formed in its pores which may lead to a certain rise in
the activation energy for the fourth stage and thus
decelerate the process of weight loss.

Thus, our results demonstrate that development of
the porous oriented structure according to the crazing
mechanism and introduction of SiO2 nanosized parti-
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Fig. 5. Integral TGA curves (a) before and (b) after recalculation to the polymer content in the composite for (1) initial and
(2) porous HDPE films and (3) HDPE‒SiO2 composite containing 10 wt % SiO2. The insert shows differential TGA curves
obtained in a nitrogen atmosphere at a heating rate of 10 К/min.

20

60

100
a, %

400 600

(a)

T, °C

−2.8

0

−1.4

da/dT

300 450 600

3

2

13

1
2

T, °C

20

60

100
a, %

400 600

(b)

T, °C

2

1
3

cles contribute to reduction in the activation energy of
the thermal oxidation of HDPE and make it possible
to redistribute the contribution of each stage to the
total process of polymer degradation, and this should
reflect on the composition of final products.

Effect of Structural and Mechanical Modification 
on the Processes of Pyrolytic Decomposition of HDPE

The kinetic study of pyrolytic decomposition and
the analysis of reaction products and degradation
mechanism are an important tool for polymer recy-
cling processes on the industrial scale [35]. Possibili-
ties to control the yield of pyrolysis products at both
qualitative and quantitative level open new prospects
for plastics recycling. The systematic kinetic analysis
of the pyrolysis process is crucial for revealing degra-
dation mechanisms. This study addresses the pyrolysis
of HDPE which was modified by creating a specific
oriented fibrillar porous structure according to the
crazing mechanism.

Figure 5a shows the TGA curves obtained during
heating of the initial and structurally modified films of
HDPE and HDPE‒SiO2 composite in a nitrogen
PO

Table 3. Temperature interval of pyrolysis and temperature
of the maximum weight loss at a heating rate of 10 К/min
for HDPE-based samples

Sample Temperature 
interval, °С

Тpeak, °С

HDPE 395–490 465

Porous HDPE 385–485 455

Composite HDPE–SiO2 (10 wt %) 340–485 460
atmosphere. Under these conditions the thermolysis
of polymer chains takes place. It should be noted that
construction of the TGA curve for the composite with
allowance for the filler content does not change it con-
siderably (Fig. 3b, curve 3) compared with thermo-
oxidative degradation. It is seen that pyrolytic decom-
position of the polymer starts at a temperature 100–
150°С higher than thermal oxidation. Note that the
composite loses weight about 50°С earlier than the
unfilled samples. The reason behind this phenomenon
is still unclear. This is probably associated with the
heterogeneous structure of the composite sample and
unequal heat conductivities and heating rates of its dif-
ferent parts. For all samples pyrolysis is completed at
about 500°С. For the porous HDPE film 4 wt % of the
solid residue remains after pyrolysis. This result cor-
relates well with the data reported in [28]. The authors
of [28] first showed that the burning of porous HDPE
films is accompanied by char formation. The differen-
tial TGA curves (insert in Fig. 5a) measured for all
types of the samples exhibit only a single peak. It is
generally accepted [34] that this fact may testify that
formally the pyrolysis process proceeds in one step,
although noting suggests mechanisms of this process.

Table 3 lists temperature intervals of the pyrolytic
decomposition of the tested samples and temperatures
of the maximum weight loss which are found to be
similar. With an increase in the rate of heating, as in
the case of thermo-oxidative degradation, the TGA
curves shift to higher temperatures.

The activation energy was estimated by the Fried-
man, FWO, and KAS methods. For the composite
calculation was performed using curves corrected for
the content of SiO2. Figure 6 displays the conversion
dependences of the activation energy. As is seen for the
initial HDPE film, the activation energy is almost
LYMER SCIENCE, SERIES B  Vol. 64  No. 5  2022
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Fig. 6. Conversion dependence of the activation energy for (1) initial and (2) porous HDPE films and (3) HDPE‒SiO2 composite
containing 10 wt % SiO2.
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300
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1
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constant in the conversion range from 0.1 to 0.9 and its
absolute value is on the order of 400‒450 kJ/mol.
Slight deviations are observed for initial and final
stages of the reaction which may be associated with the
error that manifests itself in the Friedman method at
small weight changes with temperature. For the
porous HDPE film the total activation energy of the
pyrolysis process grows by almost 1.5 times to
600 kJ/mol. This may be due to the fact that the men-
tioned methods make it possible to calculate the abso-
lute value of the activation energy which is the sum of
activation energies of simultaneous processes pro-
ceeding via different mechanisms. In this case, it is
naturally to assume that presence of the encapsulated
oxygen in the porous matrix can be responsible for
appearance of the alternative degradation mechanisms
under conditions of pyrolytic heating. The activation
energies typical for the pyrolysis of the HDPE‒SiO2
POLYMER SCIENCE, SERIES B  Vol. 64  No. 5  2022

Table 4. The activation energy and mechanisms describing the
by the Coats–Redfern method

HDPE Porous

mechanism Ea, kJ/mol mechanism

R1 213 R1

R2 229 R2

R3 235 R3

D1 437 D1

D2 458 D2

D3 466 D3

F1 248 F1
nanocomposite are between the Ea values for the ini-
tial and porous films and have small local maxima
equal to 515 and 525 kJ/mol at conversions х = 0.4 and
0.6, respectively.

To determine the most probable mechanisms of
pyrolysis by the Coats–Redfern method the activation
energies were calculated for all functions g(x) listed in
the table of Appendix 2 for cases of 10 К/min heating
rates. The results are presented in Table 4.

When comparing the activation energies for the
pyrolysis of HDPE (Fig. 6) with those calculated for
different reaction mechanisms it can be supposed that
diffusion mechanisms D are the most probable (limit-
ing, with the highest activation energy) in this case.
For the porous sample and composite this comparison
is impossible. This may attest to a more intricate
mechanism of pyrolysis in these systems which cannot
be described by one model. This is apparently associ-
ated with the simultaneous occurrence of several pro-
 stages of decomposition of HDPE-based samples calculated

 HDPE HDPE–SiO2

Ea, kJ/mol mechanism Ea, kJ/mol

215 R1 130

236 R2 157

243 R3 167

442 D1 272

468 D2 306

478 D3 313

259 F1 187
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cesses. In the presence of highly dispersed SiO2 parti-
cles with a fairly high specific surface, all the examined
possible model mechanisms of pyrolysis (Table 4) are
implemented more easily, that is, operate with much
lower activation energies (on average by 100 kJ/mol).
The observed effects are important from the point of
view of processing HDPE-based plastics by pyrolytic
decomposition.

CONCLUSIONS

Study of the effect of the specific oriented fibrillar
porous structure of HDPE films created by the crazing
mechanism and highly dispersed silica particles on the
processes of the thermal oxidation and decomposition
of HDPE demonstrated that formation of the porous
oriented structure exerts a slight effect on the thermal
and thermo-oxidative stability of the polymer. The
introduction of SiO2 into the polymer matrix leads to
a considerable reduction in the onset temperature of
thermo-oxidative degradation and causes a marked
increase (by 100°С) in the weight loss temperature
interval.

The conversion dependence of the activation
energy for thermo-oxidative degradation is found to be
complex and can be represented by four stages. For the
HDPE‒SiO2 composite at initial stages diffusion pro-
cesses start to play the limiting role. Formally, pyro-
lytic decomposition is described as a one-step process
for which the values of the activation energy for all
tested samples are almost independent of conversion.
The introduction of highly dispersed SiO2 particles
promotes a marked reduction in the weight loss onset
temperature (by 50°С) under conditions of pyrolytic
decomposition and a sharp decrease in the activation
energy for all considered model mechanisms of this
process within the framework of the Coats–Redfern
method. However, for the porous films and compos-
ites the absolute values of Еа determined by the Fried-
man, FWO, and KAS methods are much higher than
those calculated by the Coats–Redfern method which
suggests the intricate mechanism of pyrolysis for the
structurally modified samples.

Thus, the structural mechanical modification of
the polymer via the crazing mechanism, which is
accompanied by development of the fibrillar porous
structure, and synthesis in the pores of highly dis-
persed phase of SiO2 open additional possibilities to
govern the processes of thermal oxidation and pyroly-
sis of plastics and their nanocomposites in order to
attain their more effective utilization. At the same
time, the kinetic study of the thermal decomposition
of polymers is necessary for their feasible recycling.
PO
APPENDIX 1

Peculiarities of the Thermo-Oxidative
Degradation of Polyethylene

At the first stage oxygen-induced cleavage of poly-
mer chains and generation of peroxide radicals take
place, with the chain mechanism being initiated pri-
marily in amorphous regions of the polymer and its
rate depending on diffusion into the polymer bulk:

where RH is the monomer unit ~CH2–CH2~.
Then peroxide oxidation of the sample emerges

which corresponds to the stage of chain propagation.
It also proceeds without substantial degradation of the
polymer and basically occurs in amorphous regions in
the surface layer:

Ketones and alcohols are the key products at these
stages. For polyethylene depolymerization is unlikely;
however, under anaerobic conditions vinylene groups
can be formed as a result of disproportionation. The
weight loss at these stages is insignificant and is mostly
related to the removal of low molecular weight prod-
ucts and the decomposition of hydroperoxides which
are initially present in the material and are formed
during the process.

At the third stage of chain branching the decompo-
sition of peroxides, the main process, occurs as well as
the decomposition of the polymer via the cleavage of
bond С‒С accompanied by the generation of mac-
roradicals and subsequent chain transfer leading to
transverse crosslinking of the polymer and formation
of the system of branched bonds:

A low concentration of oxygen inside the polymer
matrix, and, hence, the presence of a small amount of
terminal peroxide groups increasing the rate of recom-
bination also leads to the transverse crosslinking of the
polymer.

• •+ → +2 2 (I) RH O R HO ,

+ → +2 2 2 2RH O 2R H O ,

• •+ →2 2(II) R O RO ,

• •+ → +2 RO RH ROH RO ,

• •+ → +2RO  RH ROOH R ,

• •→ +2RO RO HO ,

• •+ → + 2 RH HO  R H O.

• •→ + + 2(III)  2ROOH RO  R  H O,

• •→ +ROOH RO OH, 

• •+ → + +2 2RCHO O R CO HO  .
LYMER SCIENCE, SERIES B  Vol. 64  No. 5  2022



FEATURES OF THERMO-OXIDATIVE DEGRADATION AND PYROLYSIS 667
At the stage of chain termination reactions IV pro-
ceed both via thermo-oxidative (1.1) and thermal deg-
radation (1.2). The activation energy at this stage is
maximum and amounts to 190–210 kJ/mol, which is
comparable with the energy of chain termination in
anaerobic thermal decomposition.

(1.1)

(1.2)

All these processes result in formation of oligo-
meric and low molecular weight products which are
removed from the material. The shift of the thermal
effect to higher temperatures relative to the weight loss
maximum is caused by coke formation on the surface
of the sample during its thermal degradation.

APPENDIX 2
Methods for Describing Kinetics of the Thermal 

Degradation of Polymers
When describing kinetics of the thermal degrada-

tion of polymers the rate of decomposition of a poly-
mer is usually assumed to be proportional to the con-
centration of the reacted material:

(2.1)

where x is the reaction conversion and β is the rate of
heating. The rate constant is determined by the Arrhe-
nius equation:

(2.2)

where Ea is the activation energy and А is the pre-
exponential factor. Then substituting equality (2.2)
into Eq. (2.1) we get

(2.3)

The Friedman method. If we take the logarithm of
expression (2.3), then the activation energy can be eas-
ily obtained in a wide conversion range by construct-

ing graph of ln  against 1/T at constant x:

(2.4)

This method makes it possible to found out how
the reaction proceeds: rapidly (autocatalysis) or slowly
(diffusion limited). Using the Friedman approach the
stage nature of the process can also be determined.

• •+ →2(IV) R RO ROOR
• → +2 22RO ROOR O

• → → + +2 22RO ROOOOR RCHO ROH O  
• •+ →R R R–R

• •+ → = +2 3 2R R ~CH CH CH –CH ~

( ) ( )= =β ,dx dx K T f x
dt dT

( ) − =  
 

aexp ,EK T A
RT

( )− =  
 

aβ exp .Edx A f x
dT RT

( )β dx
dT

( ) =ln β ln.dx
dT
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The Kissinger–Akahira–Sunose (KAS) method.
Equality (2.3) can be transformed into the following
form:

(2.5)

After integration of this expression under the con-
dition that at x = 0 and T = T0 we arrive at

(2.6)

Equation (2.6) can be integrated only under the
assumption that A, Ea, f(x) are independent of x. The
KAS method is based on the Coats‒Redfern approxi-
mation according to which

(2.7)

Taking the logarithm of expression (2.6) and sub-
stituting it into equality (2.7) we obtain

(2.8)

Then plotting the graph of  against 1/Т at

x = const we can calculate the activation energy from
slope of the straight line.

The Flynn‒Wall‒Ozawa (FWO) method. This
method is very similar to the KAS approach except
that here the Doyle approximation is used

(2.9)

Then equality (2.8) is transformed into the form

(2.10)

The main advantage of the FWO method is that the
apparent values of the activation energy can be deter-
mined without knowing specific functions f(x)
and g(x).

The Coats–Redfern method. This method uses the
asymptotic approximation that 2RT/Ea  1, and then
equality (2.6) can be transformed into the form

(2.11)

It is known that the application of integral isocon-
versional methods (FWO, Coats–Redfern) may lead
to the overestimated activation energy compared with
differential methods. However, the differential meth-
ods are prone to significant errors when dx/dT is
small. Moreover, these methods do not provide infor-

( )
− =  
 

aexp .
β

Edx A dT
f x RT

( ) −   = =   
   

0

a a aexp .
β β

T

T

E AE EAg x dT p
RT R RT

 − 
   ≅ 

   
 
 

a

a
2

a

.

E
RTE ep

RT E
RT

( )
   = −   

   

a
2

a

βln ln .EAR
E g x RTT

β 
 
 2ln
T

  ≅ − − 
 

a aln 5.331 1.052 .E Ep
RT RT

( )
( )

 
= − − 

 

a aln β ln 5.331 1.052 .AE E
Rg x RT

�

( ) = −
β

a
2

a

ln ln .
g x EAR

E RTT
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mation about the mechanism of reaction. To obtain
reliable information these methods should be com-
bined.

Algebraic expressions for functions of the most
common reaction mechanisms
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