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Abstract
Many studies have been done on the stability, thermo-mechanical degradation and pyrolysis of polymers with hydrocarbon 
skeleton. According to the main structure, side groups, with and without double bond in the structure, polymer has differ-
ent responses in reference to the thermo-mechanical and thermal degradations. The polymers in extruder are faced with 
thermo-mechanical degradation while with appropriate stability against thermo-mechanical degradation, the shelf time of 
the final products increases, and the polymeric wastes are reduced. On the other hand, the structural and process parameters 
can significantly affect the resulting pyrolysis products as suitable process to reduce the non-recyclable polymers. Also the 
literature review in this field containing reactor and TG studies shows that the chemical bonds and the related degradation 
mechanisms can affect the quality and quantity of the pyrolytic products obviously. For this purpose, the effects of differ-
ent molecular specifications, additives and related effective parameters on the thermal stability and the thermo-mechanical 
degradation of plastics are considered. Meanwhile, the mechanisms of degradation, the share of each mechanism, the related 
products under different structural and process parameters and the needed activation energy for all of the studied polymers 
are investigated to reduce the polymeric wastes sent to landfills.
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Introduction

Decades have passed since the commodity polymers identi-
fication as one of the most usable resources for the different 
industries, and before that, with a very limited knowledge 
of their structure and properties, they had restricted applica-
tions. Since 1956, Ziegler–Natta catalysts have been used 
in the commercial manufacture of various polyolefins and 
synthetic rubbers and the rate of polymer production has 
accelerated obviously [1–3]. With identifying varied proper-
ties, the polymers with different structures and grades were 
introduced to the commercial markets in the short time 
[4]. Each of these polymers has been widely used in the 

different industries according to the structure, molecular 
mass and molecular mass distribution, the used mineral and 
organic additives and fillers and in many cases alloys with 
the other polymers [5, 6]. With easy molding and low cost, 
polymers are replacing stones, glass, metal, wood, natural 
textiles, etc. [7]. Perhaps, if the commercial polymers were 
not introduced to the world, the electric power industry and 
the other industries without polymeric insulators, did not 
find the home appliances.

On the other hand, the commodity polymers and highly 
consumed rubbers containing polyethylene, polypropylene, 
polystyrene, polyvinyl chloride, natural rubber, styrene buta-
diene rubber, polybutadiene rubber, etc., have a hydrocar-
bon skeleton. The hydrocarbon skeleton with no side groups 
(polyethylene), methyl group (polypropylene), phenyl group 
(polystyrene), chlorine group (PVC), double bond (polyb-
utadiene rubber), methyl group and double bond (natural 
rubber) and the random copolymer of styrene and butadiene 
as styrene butadiene rubber are more than 90% of the world 
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polymer market that may be due to their production depend-
ence on oil and natural gas [8].

With understanding of polymer structure, related deg-
radation mechanisms, effective process parameters and 
suitable stability against the degradation during extrusion 
and molding, we can increase the shelf time of final prod-
ucts [9–11]. The polymeric products with low shelf time 
are shortly discharged into landfills and constitute a serious 
threat to the environment. On the other hand, the widespread 
and increasing applications of polymers in various industries 
have led to the generation of polymeric wastes as significant 
part of the landfills. While the organic wastes decompose 
and disintegrate in the landfills and environment in short 
time, polymeric wastes have remained in the environment for 
many decades as one of the sources of greenhouse gases will 
intensify their effects in the coming decades and threaten the 
environment heavily [12].

In this regard, the most important solution is the effective 
methods for recycling and reducing the disposal of poly-
meric wastes in the landfills. Pyrolysis is one of the best 
methods for disposing the polymeric wastes and rubbers 
and producing the valuable products. Pyrolysis is generally 
defined as the breakdown of polymer chains, converting 
to low molecular mass hydrocarbons under thermal deg-
radation in the absence of oxygen [13–15]. The catalytic 
pyrolysis process can lead to the controlled scission of poly-
mer chains, narrowing the molecular mass distribution of 
products and also affecting the share and type of products 
[16–18].

The pyrolysis of polymeric wastes has the acceptable 
potential to achieve economic efficiency, and in order to 
increase the efficiency of production and get the valuable 
products, it is necessary to better understand the polymers 
structure and their responses to the different process param-
eters [19].

The studies show that many process parameters such as 
type of reactor [20], temperature [21], mixing type [19], 
heating rate [22], type and amount of catalyst [23], car-
rier gas [24], etc., are effective in the pyrolysis, while the 
influence level of the said parameters depends directly on 
the polymer structure. The polymers with the double bonds 
in the main structure such as rubbers [25, 26] or the pro-
duced double bonds during the thermal degradation such 
as PVC [27] tend to follow the cross-linking degradation 
mechanism, and the cyclic products increase significantly. 
On the other hand, the polymers with saturated structure 
have a high tendency to follow the linear scission and/or un-
zipping mechanisms [28, 29]. Without phenyl group in the 
saturated structure, the pyrolysis tends to produce the non-
cyclic products though the process parameters can affect the 
pyrolysis products significantly [28]. In general, the process 
parameters in the related suitable trend can accelerate the 

secondary reactions such as Diels–Alder reaction as cycliza-
tion process and increase the cyclic products [28].

The catalysts have a significant effect on the type and size 
of products, depending on their acidity and porosity [26]. 
The higher pore sizes produce the pyrolytic products with 
high molecular mass hydrocarbons and low coke [26], while 
more acidity [30] tends to produce the aromatic compounds 
though the polymers with different structures give different 
responses to the catalysts.

As novelty, in this paper by reviewing the related stud-
ies on the polymers with hydrocarbon structure, the effects 
of process and structural parameters are considered on the 
extruder degradation and pyrolysis. For this purpose, the 
effective degradation mechanisms and pyrolytic products 
under different process and structural parameters have been 
studied. By evaluating the effective process parameters and 
degradation mechanisms, it is possible to minimize the pro-
ducing cost of the valuable products from these polymers in 
a mixture and/or separately and found a suitable design to 
do pyrolysis more economically.

The thermal study of different polymers

Figure 1 shows the schematic structure of commodity poly-
mers and highly consumed rubbers with hydrocarbon struc-
ture. In these structures, tacticity and isomerization play an 
important role that has not been studied. In the following, 
the degradation of these polymers is investigated.

Polyethylene

Polyethylene with a simple structure is known as the most 
widely used polymer with many applications [31]. Gener-
ally in polymers, the first degradation occurs under thermal 
and shear stress in the extruder and the polymer degrada-
tion is increased with the number of extrusion [32]. The 
degradation mechanism of polyethylene in the extruder is 
somewhat different from the other polyolefins [33]. Almost 
most polyolefins follow chain scission as the main mecha-
nism of thermo-mechanical degradation [33, 34], while 
the degradation of polyethylene is slightly different [33]. 
Table 1 shows the effect of the amount of multiple extru-
sions on the molecular mass and the polydispersity index 
(PDI). Under multiple extrusions, the increase in molecular 
mass (150,000–148,000 g mol−1) and PDI (2.16–20.14) of 
polyethylene indicate the formation of high molecular mass 
hydrocarbons and the activation of the cross-linking mech-
anism, while under multiple extrusions of polypropylene, 
the molecular mass (418,400–140,650 g mol−1) and PDI 
(5.34–3.06) decrease as function of chain scission mecha-
nism [35, 36].
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In many cases, after polyethylene processing in the 
extruder, the molecular mass (103,000–121,000 g mol−1) 
and molecular weight distribution (5.9–13.2) increase under 
cross-linking mechanism [35, 36]. In total, the cross-linking 
over chain scission in polyethylene thermo-mechanical deg-
radation depends on the molecular mass, molecular mass 
distribution, antioxidant content, etc. [36]. Higher molecular 
mass and temperature, narrower molecular mass distribu-
tion, lower antioxidant content and inappropriate design of 
the extruder increase the cross-linking over chain scission 

ratio in the degradation [36]. Gel points as direct result of 
cross-linking mechanism act as stress concentration points, 
affect the physical–mechanical properties of the final prod-
ucts and reduce the shelf time especially in film products 
[35]. The use of additives such as antioxidants (Irganox 1010 
and Irgafos 168) as well as increasing the process-ability 
of polyethylene is effective in reducing the creation of gel 
points in the final product [35]. In general, the parameters 
that reduce the process-ability of polyethylene melt in the 
extruder are very effective in creating hot spots and increas-
ing the cross-linking rate [36]. Increasing the shelf time of 
polymer products is the first way to reduce the polymeric 
wastes sent to the environment and landfills.

The TG study of different commercial polyethylenes 
shows that the structure of polyethylene and tertiary car-
bons content can affect the degradation significantly (Fig. 2). 
Low density polyethylene (LDPE) with higher content of 
tertiary carbons has lower thermal stability and degrades 
at lower temperatures, while linear low density polyethyl-
ene (LLDPE) with lower tertiary carbons and high density 

HDPE

LLDPE

LDPE

PP

Polystyrene

PVC

NR

PBR

SBR

Fig. 1   The schematic structure of different polymers

Table 1   Effect of multiple extrusion on the molecular mass and the 
polydispersity index [35]

Mw/g mol−1 PDI Mw/g mol−1 PDI

0 418,400 5.34 150,000 2.16
1x 249,300 4.44 165,000 7.79
3x 170,600 3.43 152,000 14.21
5x 140,650 3.06 148,000 20.14
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polyethylene (HDPE) with the lowest have the better thermal 
stabilities and degrade at high temperatures [37, 38]. On 
the other hand, LLDPE with 1-hexene co-monomer exhib-
its a higher thermal resistance than that with 1-butene co-
monomer because the samples with 1-hexene co-monomer 
have about half co-monomer and tertiary carbons compared 
to LLDPE with 1-butene content [39, 40]. The considera-
tion of HDPE degradation using TG instrument shows that 
flow rate ratio as function of molecular mass distribution and 
density as function of co-monomer content and/or tertiary 
carbons are effective in the degradation. The HDPE grades 
with higher density and/or lower flow rate ratio are degraded 
at higher temperatures and require more activation energy 
for degradation (276–252 kJ mol−1) [38].

Green [41] studied the effect of temperature on polyeth-
ylene pyrolysis products from 400 to 1000 °C (Fig. 3). The 
thermal pyrolysis of polyethylene tends to produce wax at 
the degradation temperature less than 600 °C due to the 
specific and almost identical structure compared to other 
polyolefins. With temperature increasing, the high molecu-
lar mass hydrocarbons are reduced and the aromatics, low 

molecular mass hydrocarbons and gas contents are increased 
in the products. Also as the temperature rises, Diels–Alders 
reactions become more active and poly-aromatics and coke 
content increase. At temperature of around 800 °C, ethylene 
is about 40% and aromatics about 20% of the products. Cer-
tainly, the heating rate can affect the products and change 
the composition of products at different degradation tem-
peratures [41].

At low degradation temperatures, the polyethylene 
pyrolysis usually follows the chain scission mechanism 
and produces high molecular mass hydrocarbons such as 
wax, while with increasing temperature, the secondary 
reactions such as Diels–Alder become more active in the 
production of cyclic compounds. Also un-zipping shows a 
good potential in polyethylene degradation with ethylene 
production at high temperatures (> 800 °C). The products 
of polyethylene pyrolysis at about 800 °C containing more 
than 75% C1–C4 can provide a very suitable feed for the 
olefin plants of polyethylene and polypropylene petro-
chemical plants [41, 42].

In the degradation of polyethylenes, the produced liquid 
usually show an optimum with the increasing temperature. 
In the case of suitable heat and mass transfers and proper 
mixing, 450 °C is the optimum temperature, but generally, 
at temperatures between 400 and 500 °C, liquid production 
is higher than other conditions (with the yield up to 95%). 
At temperatures above 500 °C, gas and coke increase with 
increasing temperature [19, 24, 43].

Catalysts can play an important role in the polymer pyrol-
ysis. In addition to reducing activation energy, the catalysts 
reduce the needed degradation temperature. Meanwhile, they 
influence the type and size of the products [44, 45]. Zeolite-
based catalysts have been widely used in the pyrolysis of 
polyolefins because of their effective role in degradation 
[46]. On the other hand, two parameters of porosity [47] and 
acidity [48] of zeolite catalysts have significant effects on the 
final product. The catalysts with smaller pore sizes produce 
the lower mass hydrocarbons [49], and on the other hand, the 
catalysts with higher acidities and/or the lower ratios of Si/
Al tend to follow the Diels–Alder reactions and the aromatic 
production increases obviously [48]. On the other hand, the 
type of catalyst and the size [49] and structure [46] of the 
pore channels are also effective in the production of aromatic 
acids. The use of metal-impregnated zeolites is also very 
effective in the production of aromatic compounds, and the 
zeolite catalysts promoted with different metals such as gal-
lium and iron as aromatization catalysts are highly effective 
in the production of aromatics (Fig. 4) [50]. If liquid fuel is 
the main goal of pyrolysis of polyethylene, the produced wax 
will become the lower molecular mass hydrocarbons using 
various catalysts, especially HZSM-5 at high temperatures 
and pressures [48].
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Table 2 shows that carrier gas is another important param-
eter in the polyethylene pyrolysis. The use of hydrogen as a 
carrier gas decreases the cyclic compounds and olefins and 
increases paraffinic product as saturated products signifi-
cantly. On the other hand, the use of other hydrocarbon gases 
such as ethylene and propylene as carrier gases also reduces 
the produced gases. This is because the reactive gases can 
shift the equilibrium to generate a greater liquid yield [19, 
24, 43, 51].

The suitable heat and mass transfer and narrower tem-
perature profile in the reactor produce the condensed prod-
ucts with narrower molecular mass distribution and lower 
coke and gas. Meanwhile, the type of reactor with atten-
tion to heat and mass transfer, geometry and temperature 
profile is also effective in the size and type of productions 
[52].

In general, the obvious differences between the pyroly-
sis results obtained from different papers on a polymer 
such as polyethylene depend on the polyethylene grade 
[38], polymer shape and size [53], ratio of the polymer 
mass over reactor volume [26], reactor type [52], mixing 
and heating rate [43], degradation temperature, carrier gas, 
condensers and their cooling power, the accuracy of gas 
chromatography–mass spectrometry (GC/MS) instrument, 
etc. [43–45]. Figure 5 shows the effect of structural and 

process parameters on the stability, thermo-mechanical 
and pyrolysis of polyethylene.

Polypropylene

Polypropylene is the most widely used polymer after poly-
ethylene and has many applications in various industries 
[31]. Unlike polyethylene, which is commercially catego-
rized according to density, polypropylene is classified into 
two types as homo-polymer and copolymer with a few per-
cent of ethylene to improve the polymer impact compared to 
the homo type [54]. In general, the degradation of polypro-
pylene during the extruding follows the chain scission mech-
anism and the molecular mass of the final product decreases 
(Table 1) [55]. In general, antioxidants and some additives 
such as metal stearates are used to reduce the degradation 
of polypropylene during the thermo-mechanical degradation 
[56]. Antioxidants significantly inhibit the loss of molecu-
lar mass in the extruder and generally improve the thermal 
resistance of polypropylene, and as the amount of antioxi-
dant increases from 0 to 0.6%, the processing degradation 
index decreases from about 160 to 10 [55, 56]. On the other 
hand, the TG study indicates that antioxidants protect the 
polymer against thermal degradation and in the presence of 
antioxidants, the polymer is degraded at higher temperatures 
[57]. The degradation of polypropylene in extruder reduces 
the impact resistance and shelf time of the final products. In 
polypropylenes, the impact resistance depends directly on 
the molecular mass [55, 56, 58].

Having an additional methyl group in the structure of pro-
pylene monomer relative to ethylene is the main difference 
of polypropylene with polyethylene. The TG study shows 
that due to the presence of tertiary carbons in the polypro-
pylene structure, which is much more than that in polyethyl-
ene, this polymer has a lower thermal resistance than poly-
ethylenes and is degraded at lower temperatures [38, 59]. 
Tertiary carbons in polyolefins have a very significant effect 
on degradation at high temperatures [38]. Depending on the 
type of polypropylene grade, homo- or copolymer, additives, 
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Table 2   The effect of carrier gas on the condensed hydrocarbons composition of LLDPE pyrolysis [19]

T: 450 °C, stirring rate: 50 rpm, catalyst/polymer: 0.2

Carrier gas

N2 He Ar Ethylene Propylene H2

Total olefins/% 65.8 61.3 65.5 62.1 65.2 45.3
Total paraffins/% 22.1 26.9 22.4 25.1 24.7 47.6
Total naphthenes/% 6.37 7.59 6.47 8.13 5.82 4.2
Total aromatics/% 5.72 4.22 5.65 4.63 4.21 2.87
Olefin/paraffin 2.97 2.28 2.92 2.47 2.64 0.95
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molecular mass and other parameters, the activation energy 
is about 178–195 kJ mol−1 [38].

Ethylene propylene diene monomer (EPDM) as olefinic 
rubber has lower thermal stability in comparison with 
polypropylene and polyethylene at ambient temperature, 
but the TG results indicate that propylene content controls 
the EPDM degradation and the samples with higher pro-
pylene contents degrade at lower temperatures (Fig. 6). 
As remarkable result, all of the EPDM samples degrade 
between  polypropylene and polyethylene  degradation 
curves [60].

The results of polypropylene pyrolysis show that the 
mechanism of chain scission is the dominant mechanism in 
the degradation of this polymer, while as the temperature 
rises, the secondary reactions such as Diels–Alder reac-
tions became more active and aromatics increase in the 
products [28, 61].

Based on the TG studies, the polypropylene wastes with 
high yellowness index as function of double bond and deg-
radation have lower thermal stability and degrade at lower 
temperatures in comparison with virgin polypropylene [62]. 
While in the case of high density polyethylene, the waste 
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sample with high yellowness index begins to degrade at 
lower temperatures compared to virgin polyethylenes but the 
final reminded of waste polyethylene is degraded at higher 
temperatures and shows the broader DTG curve in compari-
son with the virgin polyethylene [63].

Heavy hydrocarbons as the main product of polypro-
pylene pyrolysis at low degradation temperatures (less 
than 500 °C) have a relatively high viscosity, although it 
is obviously less than the wax viscosity produced from the 
polyethylene degradation [28]. Meanwhile, in most cases, 
polypropylene thermal degradation produces less aromat-
ics compared to polyethylenes and usually LDPE produces 
significantly more aromatics in comparable conditions than 
HDPE and polypropylene [24, 28, 43, 64].

Temperature as key process parameter has a great influ-
ence on the polypropylene pyrolysis [65]. Typically, the pro-
duced liquid like polyethylenes shows a peak with increas-
ing temperature, usually between 400 and 500 °C [28]. On 
the other hand, at the higher temperatures resulting in the 
greater number of scissions, the thermal degradation of the 
polypropylene leads to the production of light hydrocarbons, 
aromatics and gases [28, 66].

The catalysts especially zeolites take part in the pyroly-
sis of polypropylene and decrease the needed temperature 
and activation energy [67] to obtain the valuable products 
obviously [68]. The zeolite catalysts with larger pores [68] 
and more acidity [17] play effective role in the pyrolysis of 
polyolefins.

In general, the produced liquid using zeolite catalysts has 
lighter color and less viscosity in comparison with thermal 
degradation product [28]. Based on the consumed catalyst 
and its porosity and acidity, the catalytic degradation of 
polypropylene produces the products with different sizes and 

types but in the specific and narrow range [68, 69]. The use 
of effective catalysts such as zeolites can produce significant 
amounts of valuable products in the range of gasoline or 
other commercial fuels [28, 68]. FCC catalysts are suitable 
for producing liquids in the gasoline range of polypropylene 
pyrolysis. A few heavy metals on the catalyst surface of used 
FCC catalysts—with suitable regeneration—can contribute 
significantly to the polyolefin pyrolysis [24]. The fresh and 
used forms of FCC catalysts play a very effective role in 
pyrolysis of polyolefins and, under suitable conditions, can 
produce up to 90% of liquid in the gasoline range [28].

Rotary kiln reactors with suitable stability against needed 
high temperatures, suitable heat and mass transfer have 
acceptable potential to be used as commercial reactor espe-
cially in polyolefin pyrolysis [70].

In total, many process parameters affect the products 
and trend of polypropylene degradation such as tempera-
ture, heating rate, reactor and carrier gas.[28, 43]. Figure 7 
shows the effect of structural and process parameters on the 
stability, thermo-mechanical and pyrolysis of polypropylene. 

Polystyrene

Polystyrene as one of the commodity polymers is used in the 
fields of building and construction, foam, packaging, etc. 
The commercial types of polystyrene are general purpose 
polystyrene (GPPS), expanded polystyrene (EPS) and high 
impact polystyrene (HIPS). EPS is used as foam, and pen-
tane is the blowing agent, while HIPS is the copolymer of 
polystyrene and butadiene rubber with improved toughness 
in comparison with polystyrene [71].

Polystyrene is polymerized from styrene monomer, and 
due to the presence of tertiary carbon connected to a phenyl 
group in the structure, it has the lower stability compared 
to polyethylene and polypropylene [72]. Polystyrene is sen-
sitive to shear stress in the extruder, and with increasing 
extruder speed, the thermo-mechanical degradation will be 
significantly increased and the molecular mass decreases 
in the final product [73]. During extrusion, the thermo-
mechanical degradation of polystyrene produces a small 
amount of very low molecular mass hydrocarbons such as 
monomer and dimer [74]. The degradation of polystyrene 
resulting in the production of monomer and dimer, espe-
cially in food applications, can be very dangerous for human 
health [75]. Generally, the thermo-mechanical degradation 
of polystyrene in the extruder follows the chain scission and 
un-zipping mechanisms [76]. Using the extruder with suit-
able geometry and low shear stress, the appropriate amount 
of antioxidants and metal stearates will significantly reduce 
the degradation of polystyrene [77].

In general, the thermal resistance of a polymer depends 
on the chemical bond and the polymer with weaker bonds 
has lower thermal resistance. In the saturated hydrocarbon 
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polymers, tertiary carbon is a weakness and the bulky 
groups such as phenyl connected to the tertiary carbon will 
significantly reduce the thermal resistance and requires 
less energy to degrade compared to polyethylene and poly-
propylene. As measured by TG, polystyrene is degraded at 
lower temperatures, in a narrower temperature range, and 
has a lower activation energy compared to polyethylene 
and polypropylene [72]. Also, as measured by TG, the 
activation energy of polystyrene is calculated from 50 to 
80 kJ mol−1 according to different calculation methods 
which is significantly lower than that of polyethylene and 
polypropylene [78].

Due to the specific structure of polystyrene and the 
presence of phenyl group in the structure, the aromatic 
products exceed 90% and are sometimes up to 99% of the 
pyrolysis products [79, 80]. Thermal degradation of poly-
styrene has a tendency to produce styrene and follows the 
zipping mechanism [80]. With decreasing the degradation 
temperature, the styrene production of polystyrene pyroly-
sis is significantly increased and in some cases, up to 85% 
of styrene can be produced [80].

The catalytic pyrolysis of polystyrene shows that by 
using zeolite catalysts such as FCC [81] and HZSM-5 [82], 
the role of the un-zipping mechanism in the degradation 
is diminished and the produced styrene is decreased obvi-
ously, while with some catalysts such as BaO, styrene is 

increased obviously [81]. On the other hand, high percent-
age of styrene monomer in the product of thermal and 
catalytic pyrolysis of polystyrene has a good potential 
for styrene re-polymerization and polystyrene production 
[81]. Figure 8 shows the effect of structural and process 
parameters on the stability, thermo-mechanical and pyroly-
sis of polystyrene.

PVC

Polyvinyl chloride as one of the most widely used polymers 
is used in different applications such as pipes, films, electri-
cal insulation cables, profiles and sheets. In the synthetic 
polymers, polyvinyl chloride is the most produced plastic 
after polyethylene and polypropylene [31]. PVC is avail-
able in rigid and flexible form with DOP plasticizer [82]. 
PVC has mainly an atactic stereochemistry, which means 
that the relative stereochemistry of the chloride centers is 
random. Some degree of syndiotacticity of the chain gives 
a few percent crystallinity that is influential on the proper-
ties of the material [83]. Chlorine accounts for about 57% 
of PVC mass, and almost all of PVC’s special properties are 
due to chlorine [84]. PVC like polyolefins has a hydrocarbon 
skeleton, but the presence of chlorine in the structure makes 
this polymer quite different from the polyolefins in terms of 
physical and mechanical properties [84, 85]. This polymer 
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is highly sensitive to thermo-mechanical degradation, and 
therefore, the extruders designed for PVC have the least 
shear stresses, and the twin-screw PVC extruders in contrast 
to polyolefins are counter-rotating [86]. The degradation of 
PVC during extrusion is very important for this polymer 
compared to polyolefins, and additives such as heat stabi-
lizers, metal stearate, antioxidants have a great impact on 
the properties of the final product. Hydrochloric acid is the 
hazardous byproduct of thermo-mechanical degradation of 
PVC in the extruder, and HCl release can have a lot of harm 
to humans and the environment, so special equipment to 
prevent HCl emission is considered in PVC extruders [87].

In the thermal degradation of PVC in the reactor, many 
process parameters such as temperature [88, 89], heating 
rate [88, 89] and catalyst [90, 91] are effective and HCl 
as toxic and dangerous substance is the main pyrolysis 
product [88–91]. PVC loses more of the mass as HCl in 
the temperatures less than 300 °C [89], and depending on 
the atmosphere such as oxygen, air, nitrogen and steam, 
the degree of degradation is different [92]. The release of 
HCl results in the formation of radicals and double bonds 
in the polymer structure, and the degradation mechanism 
after the formation of new bonds is significantly different 
[88]. Figure 9 shows the degradation trend of chlorinated 
polymers such as PVC and PVDC compared to polyole-
fins. The results show that the degradation mechanism of 
chlorinated polymers such as PVC is completely different 
from polyolefins. The degradation of polyvinyl chloride 
has about three steps with different mechanisms. In the 
first step, the thermal stability is very low and released 
HCl changes the polymer structure to a poly-aromatic 
polymer [88, 93, 94]. At the same time with the release of 

HCl, the formation of radicals and double bonds creates a 
convenient space for creating 2D cross-linking networks 
and the residual polymer, which has lost almost all of the 
chlorines, becomes a poly-aromatic network. At the next 
step, cross-linked networks have high thermal resistance 
and strongly resist degradation and do not lose mass at the 
related temperature interval—about 50–100 °C depend-
ing on the heating rate [88]. The created two-dimensional 
networks are so strong that some of them resist the rise in 
temperature and proceed to the production of non-degra-
dable coke, and the weak part of these two-dimensional 
networks is degraded at this stage and produces the aro-
matics especially benzene [88]. In most cases, degrada-
tion of polyvinyl chloride has produced about 10–20% 
of coke, which is a high percentage for the studied poly-
mers [88, 93, 94]. Also, for three degradation stages of 
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PVC, the activation energy is equal to 163.0, 107.5 and 
113.5 kJ mol−1, respectively [95]. The aromatics due to 
cross-linking and chain stripping degradation mechanisms 
beside HCl are the products of PVC pyrolysis [88]. Fig-
ure 10 shows the effect of structural and process param-
eters on the stability, thermo-mechanical and pyrolysis of 
polyvinyl chloride.  

Natural rubber

Natural rubber is used as the most usable rubber in various 
industries, including tire production and all kinds of indus-
tries that need flexibility. This rubber is produced from the 
latex sap of Hevea tree and is supplied after several stages 
of purification and various mechanical and mastication pro-
cesses under special commercial grades [96]. Vulcanization 
of natural rubber creates cross-link bonds between chains, 
which limits the degrees of freedom and results in chains 
that tighten more quickly for a given strain, thereby increas-
ing the elastic force constant and making the rubber harder 
and less extensible [97].

The non-recyclable used tires are the unsolved problem 
in most countries and as a huge hydrocarbon source can 
be a serious threat to the environment. Very few used tires 
are being recycled under different processes such as ultra-
sonic de-vulcanization, the use of tire powder in bitumen, 
etc. Pyrolysis can be an economical way to convert used 
tires into hydrocarbon compounds that have been studied by 

researchers in recent years. In this way, the wire and carbon 
black are separated and the rubber is converted to oil liquids 
[98, 99].

The effective degradation mechanisms of natural rubber 
pyrolysis significantly depend on the process parameters 
such as temperature, heating rate, catalyst and initial cross-
linking. [99, 100].

Temperature as the most important pyrolysis parameter 
plays an important role in the degradation of natural rub-
ber. By increasing the temperature, cross-linking mecha-
nism and Diels–Alder reactions affect highly the degrada-
tion due to the presence of double bond in the polymer 
structure and aromatics increase with temperature, while 
the share of chain scission and un-zipping mechanisms in 
the degradation decreases with temperature. On the other 
hand, in natural rubber pyrolysis, the heating rate has a 
significant effect on the degradation mechanisms and final 
products compared to polyolefins. With increasing heat-
ing rate, the ratio of chain scission over cross-linking and 
un-zipping increases and more products tend to be linear 
[100–102].

On the other hand, the zeolite-based catalysts are very 
effective in the pyrolysis of natural rubber and depend-
ing on the pore size of catalyst, the products have nar-
row molecular mass distribution in a specific range. FCC 
catalysts produce liquids in the gasoline range, while 
HZSM-5 leads to further gas production. With the gal-
lium FCC catalyst, the most aromatic content is produced 
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in comparison with FCC and HZSM-5 catalysts. The ini-
tial artificial cross-linking has important role in the deg-
radation and can affect the products obviously. The ini-
tial cross-linking can be a suitable area for cross-linking 
mechanism, and the aromatics and coke content increases 
with initial cross-linking increasing. The produced liquid 
decreases with initial cross-linking, while the residence 
time of the products in the reactor increases obviously 
[100]. Figure 11 shows the effect of structural and process 
parameters on the pyrolysis of natural rubber.

Polybutadiene rubber

Polybutadiene is a widely used synthetic rubber for about 
a quarter of total global consumption of synthetic rubbers, 
which has almost the same structure as polyethylene and 
differs in the presence of a double bond in all four carbons. 
Polybutadiene rubber like the other unsaturated rubbers 
vulcanizes and, due to the cross-linked bonds, cannot be 
reused [103]. Polybutadiene rubber in terms of the presence 
of double bonds and the absence of a side group in the struc-
ture is highly susceptible to degradation [26, 104, 105]. For 
the polymers sensitive to thermal degradation like PBR, the 
heating rate has important role in the degradation and cross-
linking mechanism role decreases with heating rate obvi-
ously, while chain scission can be the effective mechanism 
using high heating rates. In the usual polymers, the polymer 
sample degrades at higher temperatures using higher heat-
ing rates because the heating rate has no significant effect 
on the degradation mechanisms, while in the degradation of 

PBR, heating rate can change the degradation mechanisms 
basically and the polymer sample can partly be degraded 
at lower temperatures under higher heating rates. At high 
heating rates, the energy input is very high and prevents 
cross-link preparation. While at low heating rates, due to 
the moderate and low energy input, the presence of dou-
ble bonds and the absence of side groups, two-dimensional 
nets—like PVC—are created. The created nets with high 
thermal resistance are degraded at higher temperatures. Gen-
erally, on the rubbers with double bonds in the structure, the 
amount and direction of energy input and the side group type 
greatly affect the final product and degradation mechanisms 
[26, 105].

Temperature like heating rate can affect the degrada-
tion mechanisms of polybutadiene rubber significantly, and 
with temperature increasing, polybutadiene rubber pyrolysis 
tends to produce more aromatics and coke.

Zeolite-based catalysts also have a significant effect on 
the PBR pyrolysis. In the presence of FCC catalyst, more 
of the pyrolytic products are the hydrocarbon liquid in the 
gasoline range, while the thermal degradation produces the 
viscous and darker liquid with broad molecular mass distri-
bution. On the other hand, HZSM-5 catalyst has a tendency 
to produce aromatics and, with attention to the small pore 
size, produces higher gas content compared to FCC cata-
lyst. By increasing the catalyst content of FCC, aromatics 
increase significantly and the linear product reduces [26]. 
Figure 12 shows the effect of structural and process param-
eters on the pyrolysis of polybutadiene rubber.

SBR

Due to the dynamic and mechanical properties of styrene 
butadiene rubber (SBR), it is widely used in different indus-
tries, including the production of tire tread [106]. This pol-
ymer is produced by in situ polymerization of butadiene 
and styrene [107], the cross-linked final products have low 
recycle-ability, and similar to other types of rubbers, pyroly-
sis can be a suitable method to recycle SBR [25, 108]. Due 
to the presence of styrene and butadiene in the structure, 
the degradation behavior is partly between the degradation 
behavior of plastics and polybutadiene rubber. At low heat-
ing rates, the degradation depends on competition between 
the cross-linking mechanism and the chain scission through 
the styrene affect the degradation. With increasing heating 
rate, the cross-linking mechanism loses its importance and 
the degradation follows chain scission mechanism [25].

Due to the presence of styrene in the structure of SBR, 
aromatics are the significant portion of pyrolysis product 
under any conditions. With increasing temperature and 
intensification of Diels–Alder reactions, the aromatics 
and coke increase and the high degradation temperatures 
increase the gaseous products obviously. Zeolite catalysts 
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are also very effective in the degradation of this polymer, 
and the pyrolysis products using FCC catalyst are often the 
condensed liquid in the gasoline range. HZSM-5 as cata-
lyst with small pore size decreases the liquid product and 
increases aromatics and gasoline range content obviously. 
Generally, the specific zeolite catalyst maybe have differ-
ent Si/Al and acidity, and as a result, the specific catalyst 
can have different effects on the aromatic production. On 
the other hand, the metal-impregnated zeolite catalysts such 
as Ga/FCC catalyst with high acidity produce significantly 
more aromatics [25].

By increasing the FCC catalyst content, although aromat-
ics increase, the condensed liquid decreases obviously. To 
improve the performance of the catalyst during pyrolysis, by 
increasing the catalyst, the pyrolysis temperature should be 
decreased to not have a negative effect on the final products 
[25]. On the other hand, the studies show that the vacuum 
pyrolysis of rubbers and used tires can increase the produc-
tion of liquid products in comparison with other methods in 
addition to increasing pyrolysis efficiency [109, 110]. Fig-
ure 13 shows the effect of structural and process parameters 
on the pyrolysis of polybutadiene rubber.

Conclusions

In this paper, the effect of different process and structural 
parameters such as temperature, heating rate, catalyst, car-
rier gas, extruder and additives on the thermal and thermo-
mechanical degradation of polymers with hydrocarbon 
structure and plastic stabilization was evaluated. The results 
showed that in most cases, except PVC and the release of 
HCl gas, in almost the other cases, the effect of structural 
and process parameters on polymer degradation is the same, 
and a basic road map for their degradation and pyrolysis can 
be considered.

In the first step, it is necessary to use a variety of metal 
stearates, appropriate antioxidant levels for each extrusion 
time of the plastic materials, suitable process-ability and 
appropriate extruder design, and in general, to stabilize the 
polymers, increase the shelf time and reduce the polymeric 
wastes disposal.

In the second step of pyrolysis of polymers either indi-
vidually or simultaneously, it must first be determined which 
products are needed to control the process parameters in its 
optimum amount. It should be noted that in order to achieve 
a suitable pyrolysis product and to use optimum process 
parameters, a reactor with suitable geometry and proper 
heating and mixing is required, which can be used to maxi-
mize the process parameters effect. The results show that in 
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most cases, the condensed liquid at the temperature range of 
400–500 °C can be produced up to about 80 percent and at 
least 800 °C should be supplied to reach the suitable gase-
ous products.

On the other hand, catalysts can play an important role 
in the production of hydrocarbons in the desired range. 
Depending on the porosity and acidity of the catalyst, the 
valuable products can be significantly increased. As one 
of the most important results, the metal-impregnated zeo-
lite catalysts can be the potential catalysts to produce the 
enriched aromatic liquid that can be used as fuel.

Carrier gases and vacuum pyrolysis can affect the mass 
transfer significantly, the active carrier gases such as hydro-
gen are also very effective on the products, and hydrogen 
tends to produce paraffins as standard fuel.

In general, the type of feeding into the reactor and size 
of the polymers, due to the poor heat transfer coefficient of 
polymers, can also affect the final products. It seems that 
the use of extruder for feeding the plastics into the pyrolysis 
reactor, the use of hydrogen as carrier gas, Ga/FCC catalyst 
and temperatures between 400 and 500 °C are very suit-
able for producing petroleum fluids in the gasoline range 
using a semi-batch rotary kiln reactor. On the other hand, 
the temperatures higher than 800 °C without catalyst are 
suitable for the production of olefin gas such as ethylene 
and propylene. For pyrolysis of rubbers and tires, rubber 
and tire fragmentation and vacuum pyrolysis are suitable at 
temperatures between 350 and 450 °C using a semi-batch 
rotary kiln reactor.
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