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Accepted 12 February 2016 of spaces that contributed to the environmental problem. The rising in plastics demand led to the deple-

tion of petroleum as part of non-renewable fossil fuel since plastics were the petroleum-based material.
Some alternatives that have been developed to manage plastic wastes were recycling and energy recov-

Key WOMS" ery method. However, there were some drawbacks of the recycling method as it required high labor cost
E;is;ll;s\i':asms for the separation process and caused watgr contamipation that reduced the process sustainability. Due
Liquid product to these drawbacks, the researchers have diverted their attentions to the energy recovery method to com-
Fuel pensate the high energy demand. Through extensive research and technology development, the plastic
Energy recovery waste conversion to energy was developed. As petroleum was the main source of plastic manufacturing,

the recovery of plastic to liquid oil through pyrolysis process had a great potential since the oil produced
had high calorific value comparable with the commercial fuel. This paper reviewed the pyrolysis process
for each type of plastics and the main process parameters that influenced the final end product such as
oil, gaseous and char. The key parameters that were reviewed in this paper included temperatures, type
of reactors, residence time, pressure, catalysts, type of fluidizing gas and its flow rate. In addition, several
viewpoints to optimize the liquid oil production for each plastic were also discussed in this paper.
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1. Introduction

Plastic plays a vital role in enhancing the standard lives of
human being for more than 50 years. It is a key of innovation of
many products in various sectors such as construction, healthcare,
electronic, automotive, packaging and others. The demand of com-
modity plastics has been increased due to the rapid growth of the
world population. The global production of plastic has reached
about 299 million tons in 2013 and has increased by 4% over
2012 [1]. The continuous rising of plastic demand led to the grow-
ing in waste accumulation every year. It was reported that 33 mil-
lion tons of plastic waste are generated in the US based on 2013
statistic [2]. As in Europe, 25 million tons of plastic ended up in
waste stream during the year of 2012 [1]. Based on the statistic
established in Europe, about 38% of the plastic waste still went
to the landfill, 26% were recycled while 36% were utilized for
energy recovery [1]. This shows that the percentage of plastic
waste ended up in the landfill still very high that it occupied a huge
space. Plastics may take up to billions of years to degrade naturally.
They degrade gradually since the molecular bonds containing
hydrogen, carbon and few other elements such as nitrogen, chlo-
rine and others that make plastic very durable. The continuous dis-
posal of plastic in the landfill would definitely cause serious
environmental problem.

In order to reduce plastic disposal to the landfill, recycling
method is considered as another alternative to manage plastic
waste. Back to the statistic mentioned above, the percentage of
recycling still at the lowest. Recycling plastic has proven difficult
and it can be costly because of the constraints on water contamina-
tion and inadequate separation prior to recycle that is labor inten-
sive [3]. Separation is needed since plastics are made of different
resin compound, transparency and color. Normally, pigmented or
dyed plastics have lower market value. Clearly transparent plastics
are often desirable by the manufacturers since they can be dyed to
transform into new products, thus have greater flexibility [4]. With
the stringent requirement to get high value product, recycling plas-
tic becomes quite challenging nowadays.

Although plastic recycling able to reduce some amount of plas-
tic waste, the more reliable and sustainable method has been
established. Since high demand of plastics have been received each
year, the reduction of fossil fuel such as coal, gas and especially
petroleum that made up plastic itself has gained great interest of
many researchers to discover and develop potential energy
resources due to the rising in energy demand. Some of the new
energy resources that have been explored include solar energy,
wind power, geothermal and hydropower technology. Recently,
the energy conversion from waste has been an intelligent way to
fully utilize the waste to meet the increased energy demand. The
conversion of plastics to valuable energy is possible as they are
derived from petrochemical source, essentially having high calori-

fic value. Hence, pyrolysis is one of the routes to waste minimiza-
tion that has been gaining interest recently.

Pyrolysis is the process of thermally degrading long chain poly-
mer molecules into smaller, less complex molecules through heat
and pressure. The process requires intense heat with shorter dura-
tion and in absence of oxygen. The three major products that are
produced during pyrolysis are oil, gas and char which are valuable
for industries especially production and refineries. Pyrolysis was
chosen by many researchers since the process able to produce high
amount of liquid oil up to 80 wt% at moderate temperature around
500 °C [5]. In addition, pyrolysis is also very flexible since the pro-
cess parameters can be manipulated to optimize the product yield
based on preferences. The liquid oil produced can be used in mul-
tiple applications such as furnaces, boilers, turbines and diesel
engines without the needs of upgrading or treatment [6]. Unlike
recycling, pyrolysis does not cause water contamination and is
considered as green technology when even the pyrolysis by-
product which is gaseous has substantial calorific value that it
can be reused to compensate the overall energy requirement of
the pyrolysis plant [7]. The process handling is also much easier
and flexible than the common recycling method since it does not
need an intense sorting process, thus less labor intensive.

Many research papers have been published regarding the
potential of various types of plastics in pyrolysis processes for lig-
uid production. It should be noted that the product yield and qual-
ity heavily depends on the set up parameters. Therefore, this
review focused on different type of plastic pyrolysis that has been
explored together with the main affecting parameters in plastic
pyrolysis process that need an attention in order to maximize liq-
uid oil production and enhance the oil quality. The main parame-
ters include temperature, type of reactors, residence time,
pressure, different catalysts usage and type of fluidizing gas with
its flow rate. Additionally, some relevant discussion regarding the
optimization of liquid oil yield was also presented in this paper.

2. Pyrolysis of plastics

Fundamentally, different types of plastics have different com-
positions that normally reported in terms of their proximate anal-
ysis. Proximate analysis can be defined as a technique to measure
the chemical properties of the plastic compound based on four par-
ticular elements which are moisture content, fixed carbon, volatile
matter and ash content [8]. Volatile matter and ash content are the
major factors that influence the liquid oil yield in pyrolysis process.
High volatile matter favored the liquid oil production while high
ash content decreased the amount of liquid oil, consequently
increased the gaseous yield and char formation [7]. Table 1 sum-
marized the proximate analysis of different plastics. Based on
Table 1, it was observed that the volatile matter for all plastics is
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Table 1
Proximate analysis of plastics [7].
Type of plastics Plastics type marks Moisture (wt%) Fixed carbon (wt%) Volatile (wt%) Ash (wt%) Ref.
Polyethylene terephthalate (PET) A 0.46 7.77 91.75 0.02 [9]
u‘) 0.61 13.17 86.83 0.00 [10]
PET
High-density polyethylene A 0.00 0.01 99.81 0.18 [11]
L%) 0.00 0.03 98.57 1.40 [10]
HDPE
Polyvinyl chloride (PVC) A 0.80 6.30 93.70 0.00 [12]
L%) 0.74 5.19 94.82 0.00 [10]
v
Low-density polyethylene A 0.30 0.00 99.70 0.00 [13]
L4¢) - - 99.60 0.40 [14]
LDPE
Polypropylene A 0.15 1.22 95.08 3.55 [15]
Ls‘) 0.18 0.16 97.85 1.99 [10]
PP
Polystyrene A 0.25 0.12 99.63 0.00 [16]
Lﬁ‘) 0.30 0.20 99.50 0.00 [13]
PS
Polyethylene (PE) A 0.10 0.04 98.87 0.99 [15]
Acrylonitrile butadiene styrene (ABS) LZ) 0.00 1.12 97.88 1.01 [17]
Polyamide (PA) or Nylons 0.00 0.69 99.78 0.00 [17]
Polybutylene terephthalate (PBT) OTHER 0.16 2.88 97.12 0.00 [10]

very high while the ash content is considered low. These character-
istics indicate that plastics have high potential to produce large
amount of liquid oil through pyrolysis process. Since the results
of plastics proximate analysis are very convincing, the following
discussion would focus more on the process parameters involved
during the pyrolysis process that would have major influence in
the liquid production.

2.1. Polyethylene terephthalate (PET)

PET has become the great choice for plastic packaging for vari-
ous food products, mainly beverages such as mineral water, soft
drink bottle and fruit juice containers. This is due to its intrinsic
properties that are very suitable for large-capacity, lightweight
and pressure-resistant containers. Other applications of PET
include electrical insulation, printing sheets, magnetic tapes, X-
ray and other photographic film [18]. The extensive applications
of PET would cause an accumulation of PET waste in the landfill.
Recycling PET waste was the current practice of handling accumu-
lated plastic waste. However, the bulkiness of the containers
causes high frequency of collections and therefore, increases the
transport costs. To ease the recycling process, the PET waste needs
to be sorted into different grades and colors that make its recovery
inefficient and uneconomical. Hence, other alternative for PET
recovery such as pyrolysis process has been explored and the pro-
duct yield was analyzed by several researchers.

Cepeliogullar and Putun [19] have explored the potential of PET
in pyrolysis process to produce liquid oil using fixed-bed reactor at
500 °C. The heating rate was 10 °C/min and nitrogen gas was used
as the sweeping gas in this experiment. It was observed that the
liquid oil yield was lesser than the gaseous product. The liquid
oil obtained was 23.1 wt% while the gaseous product was 76.9 wt
% with no solid residue left. The low liquid yield could be explained
through the proximate analysis based on Table 1, showing the rel-
atively low volatile content of PET around 86.83% in comparison
with other plastics in which the volatile contents were all above

90%. Unfortunately, almost half of the oil composition contained
benzoic acid which was around 49.93% based on the gas chro-
matography-mass spectroscopy (GC-MS) analysis. The acidic char-
acteristic in pyrolysis oil was unfavorable due to its corrosiveness
that deteriorated the fuel quality [19]. Besides that, benzoic acid
was a general sublime that could clog piping and heat exchanger,
thus need a serious attention if running in industrial scale [20,21].

On the other hand, Fakhrhoseini and Dastanian [5] found
slightly higher liquid oil yield at the same operating temperature
and heating rate. The liquid yield obtained was 39.89 wt%, gaseous
was 52.13 wt% and solid residue was 8.98 wt%. Therefore, it can be
concluded that the liquid oil production from the PET pyrolysis
obtained in the ranges of 23-40 wt% while gaseous yield in the
ranges of 52-77 wt%. Based on these results, PET might be the most
suitable plastic to be used in pyrolysis if gaseous product became a
preference, for instance to provide energy supply to heat up the
reactor at the desired temperature.

2.2. High-density polyethylene (HDPE)

HDPE is characterized as a long linear polymer chain with high
degree of crystallinity and low branching which leads to high
strength properties. Due to its high strength properties, HDPE is
widely used in manufacturing of milk bottles, detergent bottles,
oil containers, toys and more. The various applications contribute
about 17.6% in plastic waste category which is the third largest
plastic type found in municipal solid waste (MSW) [22]. HDPE
wastes have a great potential to be used in pyrolysis process since
it can produce high liquid yield depends on the set up parameters.
Many studies have been conducted on HDPE pyrolysis at different
operating parameters to investigate the product yield obtained.

Ahmad et al. [23] explored the pyrolysis study of HDPE using
micro steel reactor. The pyrolysis temperatures were within 300-
400 °C at heating rate of 5-10 °C/min. Nitrogen gas was used as
the fluidizing medium. From the experiment, they found that the
highest total conversion happened to be at 350 °C with liquid
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was the dominant product yield (80.88 wt%). The solid residue was
very high at 300 °C (33.05 wt%) but the amount was reducing to
0.54 wt% at the highest temperature of 400 °C.

On the other hand, Kumar and Singh [24] have done the thermal
pyrolysis study of HDPE using semi-batch reactor at higher tem-
perature range of 400-550 °C. It was observed that the highest lig-
uid yield (79.08 wt%) and gaseous product (24.75 wt%) obtained at
temperature of 550 °C while wax started to dominate in product
fraction at higher temperature of 500-550 °C. The dark brownish
oil obtained from the pyrolysis had no visible residue and the boil-
ing point was from 82 to 352 °C. This suggested the mixture of dif-
ferent oil component such as gasoline, kerosene and diesel in the
oil that matched the properties of conventional fuel as shown in
Table 2. Besides, the sulfur content in the HDPE pyrolytic oil was
very low (0.019%) that made it cleaner to the environment.

Besides that, Marcilla et al. [26] have also studied the HDPE
pyrolysis at 550 °C using batch reactor. The liquid oil yield was
84.7 wt% and gaseous product around 16.3 wt%. This results pro-
ven that higher liquid oil could be obtained at higher temperature
but there was also a limitation that should be noted. Too high tem-
perature would reduce the liquid oil yield and increased the gas-
eous product since the process had passed the maximum
thermal degradation point. Mastral et al. [27] conducted the HDPE
pyrolysis in a fluidized bed reactor at 650 °C and they found that
the liquid oil production was around 68.5 wt% and 31.5 wt% gas-
eous product. This shows that the liquid was cracked to gaseous
when further heated up at a very high temperature above 550 °C.

2.3. Polyvinyl chloride (PVC)

Unlike other thermoplastics such as polyethylene (PE), poly-
styrene (PS) and polypropylene (PP) which can be softened by
heating and solely derived from oil, PVC is exceptional since it is
manufactured from the mixture of 57% chlorine (derived from
industrial grade salt) and 43% carbon (derived from hydrocarbon
feedstock such as ethylene from oil or natural gas) [28]. The chlo-
rine property makes PVC an excellent fire resistance, thus very
suitable for electrical insulation. The compatibility PVC to be mixed
with many additives makes it a versatile plastic. Regular applica-
tions of PVC include wire and cable insulation, window frames,
boots, food foil, medical devices, blood bags, automotive interiors,
packaging, credit cards, synthetic leather, etc. Even though it has
wide applications, the research done on the PVC pyrolysis found
in the literature was very less due to the dangerous substance that
it tend to release when heated at high temperature.

Miranda et al. [29] conducted the pyrolysis of PVC in a batch
reactor at temperature range of 225-520°C and heating rate of
10 °C/min. The experiment was done under vacuum and total pres-
sure of 2 kPa was applied. Liquid oil obtained was not that high and
varied from 0.45 wt% to 12.79 wt% as the temperature increased.
Tar accumulation was even higher than the liquid oil obtained
and the amount kept increasing up to 19.6 wt%. Hydrogen chloride
(HCI1) was found to be the main product obtained from the exper-
iment with the highest yield of 58.2 wt%. HCI tend to be corrosive

Table 2
Comparison of HDPE pyrolytic oil and conventional fuel properties.

Type of oil HDPE pyrolytic oil properties  Conventional fuel properties
[24] [25]
Boiling point (°C) Cv (MJ/kg) Boiling point (°C) Cv (M]/kg)
Gasoline 82-352 429 40-200 43.4-46.5
Kerosene 150-300 43.0-46.2
Diesel 150-390 42.8-45.8

and toxic when heated moderately that caused damage to the pro-
cess equipment. This was one of the main reasons that led to the
shutdown of the pyrolysis pilot plant in Ebenhausen, Germany
[29].

Therefore, it can be concluded that PVC was not preferable for
pyrolysis since the yield of liquid oil was very minimum. Further-
more, PVC waste accumulated in MSW was very minimal, about
less than 3% in plastic waste category which was very limited
[22]. Additionally, the release of harmful product such as HCI and
the presence of chlorinated compound such as chlorobenzene in
the pyrolysis liquid could be toxic to the environment. To over-
come this, a dechlorination process of PVC was required to reduce
the chlorine content in liquid oil. This process could be achieved
through several methods such as stepwise pyrolysis, catalytic
pyrolysis and pyrolysis with adsorbents added to the PVC sample
[30]. Hence, the pyrolysis of PVC required an additional cost when
an extra dechlorination step was needed which was one of the dis-
advantages to the industry.

2.4. Low-density polyethylene (LDPE)

In contrast to HDPE, LDPE has more branching that results in
weaker intermolecular force, thus lower tensile strength and hard-
ness. However, LDPE has better ductility than HDPE since the side
branching causes the structure to be less crystalline and easy to be
molded. It has an excellent resistance to water, thus widely applied
as plastic bags, wrapping foils for packaging, trash bags and much
more. All these items are commonly used in our daily lives and
therefore, LDPE waste has been accumulated day by day that it is
known as the second largest plastic waste in MSW after PP [22].
As one way to recover energy and reduce waste, pyrolysis of LDPE
to oil product has received much attention by researchers
nowadays.

Bagri and Williams [31] have investigated the LDPE pyrolysis in
fixed-bed reactor at 500 °C with heating rate of 10 °C/min. The
experiment was done for duration of 20 min and nitrogen was used
as fluidizing gas. It was observed that high liquid yield of 95 wt%
was obtained with low gas yield and negligible char. High liquid
oil yield of 93.1 wt% has also been obtained by Marcilla et al.
[26] when the experiment was carried out in a batch reactor at
550 °C, but this time with lower heating rate of 5 °C/min.

There are also some researchers who studied the LDPE pyrolysis
at lower operating temperature less than 500 °C. From the research
conducted by Uddin et al. [32] using batch reactor at 430 °C, the
liquid yield obtained was around 75.6 wt%. Aguado et al. [33] have
obtained a closer yield with Uddin et al. [32] which was 74.7 wt%
when using the same type of reactor at 450 °C. However, the liquid
oil yield could be increased when pressure was applied in the reac-
tor during the process, even though at lower temperature. This was
proven by Onwudili et al. [34] who used pressurized batch reactor
(0.8-4.3 MPa) in LDPE pyrolysis at 425 °C. From the experiment,
they have obtained 89.5% liquid oil, 10 wt% gaseous and 0.5 wt%
char. This indicates that pressure may have an influence on the
composition of pyrolysis product that would be discussed after-
ward in this paper.

2.5. Polypropylene (PP)

PP is a saturated polymer with linear hydrocarbon chain that
has a good chemical and heat resistance. Unlike HDPE, PP does
not melt at temperature below than 160 °C. It has a lower density
than HDPE but has higher hardness and rigidity that makes it
preferable in plastic industry. PP contributes about 24.3% in plastic
wastes category which are the largest amount of plastics found in
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MSW [22]. The diverse applications include flowerpot, office fold-
ers, car bumpers, pails, carpets, furniture, storage boxes and more.
The high demand of PP in daily life causes the amount of PP wastes
to increase each year and therefore, pyrolysis of PP is one of the
methods that can be used for energy recovery. Several researchers
have investigated the pyrolysis of PP at various parameters to mea-
sure the liquid oil yield and properties.

In a study conducted by Ahmad et al. [23] on PP pyrolysis
within 250-400 °C using micro steel reactor, they summarized that
the highest liquid oil was achieved at temperature of 300 °C
around 69.82 wt% with total conversion of 98.66%. The increase
in temperature to 400 °C only reduced the total product conversion
to 94.3% and increased solid residue from 1.34 to 5.7 wt%. This
indicates that coke formation started to dominate at higher tem-
perature. However, Sakata et al. [35] have explored the PP pyroly-
sis at higher temperature of 380 °C. They found higher liquid yield
of 80.1 wt%, 6.6 wt% gaseous and 13.3 wt% solid residue left. On the
other hand, Fakhrhoseini and Dastanian [5] obtained higher liquid
yield about 82.12 wt% when performed PP pyrolysis at 500 °C. Nev-
ertheless, further increase in temperature more than 500 °C only
reduced the liquid yield collected. This was proven by Demirbas
[36] who carried out the PP pyrolysis at extreme temperature of
740 °C in a batch reactor which resulted in 48.8 wt% liquid yield,
49.6 wt’% gaseous and 1.6 wt% char.

2.6. Polystyrene (PS)

PS is made of styrene monomers obtained from the liquid petro-
chemical. The structure consists of a long hydrocarbon chain with
phenyl group attached to every other carbon atom. PS is naturally
colorless but it can be colored by colorants. It is heat resilience and
it offers reasonable durability, strength and lightness that make
this polymer desirable to be used in variety of sectors such as in
food packaging, electronics, construction, medical, appliances and
toys. The wide range of applications signifies the large waste
amount of PS in MSW accumulated each year. Unfortunately, PS
is not included in the roadside recycling program in which the
recycling bins only included glasses, papers, cans, and certain plas-
tics. Even though there is a plastic category, normally people will
not throw the foam food packaging into plastics recycle bin and
they often go to the general bin. Thus, PS is generally not separated
and not economically to collect for recycling due to its low density
polystyrene foam. Hence, the only way the PS waste can be fully
utilized is through pyrolysis process in which it can be turned into
more valuable oil product rather than to end up in the landfills
forever.

Onwudili et al. [34] have investigated the pyrolysis of PS in a
batch pressurized autoclave reactor at 300-500 °C for one hour
duration. The heating rate used was 10 °C/min and the experimen-
tal pressure given was 0.31 MPa up to 1.6 MPa. From the experi-
ment, they found that the PS pyrolysis produced a very high
liquid oil yield around 97.0 wt% at optimum temperature of
425 °C. The maximum amount of gas produced was only 2.5 wt%.

The high yield of liquid oil product was also supported by Liu
et al. [37]. The difference was during this time, the pyrolysis of
PS was conducted using fluidized bed reactor at temperature of
450-700 °C. The highest liquid oil obtained was 98.7 wt% at
600 °C. Nevertheless, the amount of liquid oil produced was also
considered high at lower temperature of 450 °C which was around
97.6 wt% and it differed by only 1.1 wt%. In the case when energy
saving was the priority, lower temperature was preferable as it
could reduce the energy cost incurred. Based on the study done
by Demirbas [36], the liquid oil reduced to 89.5 wt% when the PS
pyrolysis was running at 581 °C in a batch reactor. Therefore, the
PS pyrolysis was not recommended to run at temperature more
than 500 °C to optimize the liquid oil production.

2.7. Mixed plastics

As previously mentioned, pyrolysis process has an added
advantage over the recycling process since it does not need an
intense sorting process. In recycling process, most plastics are
not compatible with each other to be processed together during
recycling. For instance, a slight amount of PVC contaminant pre-
sent in PET recycle stream will degrade the whole PET resin by
becoming yellowish and brittle that requires reprocessing [38].
This shows that recycling process is very sensitive to contaminants
that it requires all plastics to be sorted based on type of resins, col-
ors and transparency. However, pyrolysis process seems to be
more sustainable since liquid oil still can be produced from the
mixed plastics in the feedstock. This has been encountered by sev-
eral researchers who conducted studies of mixed plastics pyrolysis.

Kaminsky et al. [39] studied the pyrolysis of mixed plastic
wastes collected from German households which was composed
approximately 75% of polyolefins (PE, PP) and 25% PS. There was
indeed a small amount of PVC content remained in the material
after the separation step about less than 1 wt% and this was shown
by the presence of the chlorine content in the product yield. The
experiment was conducted in a fluidized bed reactor at 730 °C
which finally produced 48.4 wt% liquid oil. The amount of liquid
oil obtained was very similar to the study conducted by Demirbas
[36] in pyrolysis of polyolefins (PP, PE) and PS mixture collected
from landfill which was approximately 46.6 wt%. The gaseous
and solid yields were reported to be 35 wt% and 2.2 wt% respec-
tively. In terms of the oil composition, it contained 4 ppm chlorine
resulted from the remaining PVC left in the material. However, it
did not deteriorate the oil quality since the minimum chlorine
limit in petrochemical processing was less than 10 ppm. Further-
more, the rest of the chlorine content was found to be the largest
in solid residue. Therefore, the author concluded that the chlorine
content in the feedstock could not be more than 1 wt% to ensure
high quality oil was produced.

The potential of polyolefins mixed plastics in pyrolysis was
also explored by Donaj et al. [40]. The mixed plastics were com-
posed of 75 wt% LDPE, 30 wt% HDPE and 24 wt% PP. The experi-
ment was operated at high temperatures of 650 °C and 730 °C
in a bubbling fluidized bed reactor. The results showed that the
liquid obtained was higher at lower temperature of 650 °C which
was around 48 wt%. However, this oil fraction consisted of 52%
heavy fraction such as heavy oil, wax and carbon black. In con-
trast, it was up to 70% light fraction of liquid contained in the
pyrolysis oil (44 wt%) running at 730°C. This means that the
higher the temperature, the lighter the hydrocarbon liquid or
gaseous produced. Therefore, it should be noted that there was
a tremendous change in the product distribution when the tem-
perature was further increased.

In comparison to the single plastic pyrolysis, it can be seen that
the pyrolysis of mixed plastics produced lower liquid yield less
than 50 wt%. Nevertheless, the quality of oil produced was compa-
rable to the single plastic pyrolysis in terms of the oil composition
that made it ideally suited for further processing in petrochemical
refineries.

3. Process parameters condition

Parameters play major role in optimizing the product yield and
composition in any processes. In plastic pyrolysis, the key process
parameters may influence the production of final end products
such as liquid oil, gaseous and char. Those important parameters
may be summarized as temperature, type of reactors, pressure, res-
idence time, catalysts, type of fluidizing gas and its rate. The
desired product can be achieved by controlling the parameters at
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different settings. In-depth discussions of the operating parame-
ters are reviewed in the following subsections.

3.1. Temperature

Temperature is one of the most significant operating parame-
ters in pyrolysis since it controls the cracking reaction of the poly-
mer chain. Molecules are attracted together by Van der Waals force
and this prevents the molecules from collapsed. When tempera-
ture in the system increases, the vibration of molecules inside
the system will be greater and molecules tend to evaporate away
from the surface of the object. This happens when the energy
induced by Van der Waals force along the polymer chains is greater
than the enthalpy of the C-C bond in the chain, resulted in the bro-
ken of carbon chain [41].

The thermal degradation behavior of the plastics can be mea-
sured using thermogravimetry analyzer. The analyzer produces
two types of graphs which are thermogravimetry analysis (TG)
curve and derivative thermogravimetry analysis (DTG) curve. The
TG curve measures the weight change of substance as function of
temperature and time [24]. On the other hand, the DTG curve gives
the information on the degradation step occurred during the pro-
cess which is indicated by the number of peaks [24]. In the PET
pyrolysis study conducted by Cepeliogullar and Putun [19], they
observed that the main PET degradation started at 400 °C with a
very small weight change occurred when the temperature was in
the range of 200-400 °C. The maximum weight loss of the sub-
stance happened at temperature of 427.7°C. No significant
changes were observed at temperature more than 470 °C. There-
fore, the authors concluded that the thermal degradation of PET
happened at temperature range of 350-520 °C.

As for the HDPE, Chin et al. [42] reported the thermal degrada-
tion started at 378-404 °C and was almost completed at 517-
539 °C based on the thermogravimetry analysis (TG) at different
heating rates in the range of 10-50 °C/min. Higher heating rates
speeds up the weight loss, thus increases the rate of reaction. In
another thermal behavior study carried out by Marcilla et al.
[43], they found that the maximum degradation rate of HDPE
occurred at 467 °C. This important temperature needs to put into
consideration when running the pyrolysis experiment to ensure
the most optimum liquid yield.

On the other hand, PVC may have different thermal behavior
than others when the major weight loss occurred at two different
temperature ranges as reported by Cepeliogullar and Putun [19].
The first temperature range was between 260 and 385 °C in which
maximum weight loss of 62.25% from the initial weight occurred.
The second temperature range happened to be between 385 and
520 °C where about 21.74% weight loss from the original weight.
As the temperature was raised up till 800 °C, the weight loss of
the substance became insignificant (1.62%). Thus, it was concluded
that the degradation temperature of PVC was in the range of 220-
520°C [19].

In LDPE pyrolysis, Marcilla et al. [44]| observed that small
amount of liquid oil formation started at temperature of 360-
385 °C. The maximum liquid yield was collected at 469-494 °C.
Onwudili et al. [34] observed that the oil conversion of LDPE
started at 410 °C. A brown waxy material formed at temperature
below than 410 °C indicated the incomplete conversion of oil. They
concluded that the most optimum temperature to obtain the high-
est liquid was at 425 °C for LDPE. In another study done by Marcilla
et al. [26], they concluded that the most optimum temperature to
obtain high liquid oil was at 550 °C. Further increase in tempera-
ture to 600 °C only reduced the liquid yield obtained [45]. Hence,
it can be summarized that the LDPE thermal degradation occurred
at temperature range of 360-550 °C.

PP had lower thermal degradation temperature if compared to
HDPE. According to Jung et al. [15] who studied the effect of tem-
perature on HDPE and PP pyrolysis in a fluidized bed reactor, they
found that the main decomposition of HDPE and PP happened
within the range of 400-500°C based on derivative thermo-
gravimetry analysis (DTG) curves. However, it was observed that
the weight loss of PP fraction started to occur at lower temperature
below 400 °C in comparison to the HDPE fraction. Marcilla et al.
[43] discovered that the maximum degradation temperature for
PP was 447 °C while HDPE was 467 °C where the major weight loss
happened. Theoretically, PP degraded faster than HDPE since half
of the carbon in PP chain is tertiary carbon, consequently ease
the formation of tertiary carbocation during the degradation [15].

Among all plastics, PS degraded at the lowest temperature dur-
ing pyrolysis process. Onwudili et al. [34] have investigated the PS
pyrolysis in a batch reactor. From their studies, they found that no
reaction seems to take place at 300 °C. However, they found that PS
degraded completely into highly viscous dark-colored oil at lower
temperature of 350 °C. The highest liquid oil was achieved at
425 °C. The increase of temperature to 581 °C only reduced the lig-
uid oil production and increased gaseous product [36]. Thus, it is
worth noting that the thermal degradation temperature of PS
would be in the range of 350-500 °C approximately.

Therefore, it was proven that the temperature has the greatest
impact on reaction rate that may influence product composition
of liquid, gaseous and char for all plastics from the previous discus-
sion. The operating temperature required relies strongly on the
product preference. If gaseous or char product was preferred,
higher temperature more than 500 °C was suggested. If liquid
was preferred instead, lower temperature in the range of 300-
500 °C was recommended and this condition is applicable for all
plastics.

3.2. Type of reactors

The type of reactors has an important impact in the mixing of
the plastics and catalysts, residence time, heat transfer and effi-
ciency of the reaction towards achieving the final desired product.
Most plastic pyrolysis in the lab scale were performed in batch,
semi-batch or continuous-flow reactors such as fluidized bed,
fixed-bed reactor and conical spouted bed reactor (CSBR). The
advantages and downsides of each reactor would be discussed in
the following subsections.

3.2.1. Batch and semi-batch reactor

Batch reactor is basically a closed system with no inflow or out-
flow of reactants or products while the reaction is being carried
out. High conversion in batch reactor can be achieved by leaving
the reactant in the reactor for an extended time which is one of
its advantages. However, the disadvantages of batch reactor are
the variability of product from batch to batch, high labor costs
per batch and the difficulty of large scale production [46].

In contrast, a semi-batch reactor allows reactant addition and
product removal at the same time. The flexibility of adding reac-
tants over time is an added advantage of the semi-batch reactor
in terms of reaction selectivity. The disadvantage of semi-batch
reactor is similar with the batch reactor in terms of labor cost, thus
it is more suitable for small scale production.

Some researchers preferred to use batch reactors or semi-batch
reactors in plastic pyrolysis laboratory scale experiment due to the
simplest design and ability to control the operating parameters
easily [47-56]. Pyrolysis in batch reactor or semi-batch reactor
normally performed at temperature range of 300-800 °C for both
thermal and catalytic pyrolysis. Some researchers added catalysts
to the plastics to improve hydrocarbon yield and for product
upgrading. In catalytic pyrolysis, the catalyst was mixed together
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with the plastic sample inside the batch reactor. The drawback of
this process would be a high tendency of coke formation on the
surface of the catalyst which reduced the catalyst efficiency over
time and caused high residue in the process. Besides that, it was
also a challenge to separate the residue from the catalyst at the
end of the experiment.

Sakata et al. [35] used batch reactor to study the pyrolysis of PP
and HDPE at 380 °C and 430 °C accordingly using various catalysts
and also without catalyst. The authors found that the liquid oil
obtained from catalytic pyrolysis was even lower than the thermal
pyrolysis for some catalysts. The liquid yield from PP in thermal
pyrolysis was 80.1 wt% and from HDPE was 69.3 wt%. With the
usage of several catalysts such as silica-alumina (SA-1) and
HZSM-5, the liquid yield for both PP and HDPE reduced to 47-
78 wt% and 49.8-67.8 wt% respectively. However, the usage of cer-
tain catalysts such as silica—alumina (SA-2) and mesoporous silica
catalysts (FSM) improved the liquid yield for both plastics slightly
than the thermal pyrolysis with a very small increase of around
1.0-7.0 wt%. Therefore, different catalysts might have different
reactivity to the plastic type. However, it has to be noted that the
tendency of the coke formation on the catalyst surface also might
be one of the reasons that degraded the effectiveness of the cata-
lyst used in batch reactor over time.

Nevertheless, the direct contact of the catalyst with the plastics
in some cases may also improve the liquid yield. Abbas-Abadi et al.
[57] conducted the PP pyrolysis in semi-batch reactor using FCC
catalyst at 450 °C. From the experiment, they found that very high
liquid yield of 92.3 wt% was obtained. Some of the batch and semi-
batch reactors were also equipped with stirrer that running at dif-
ferent speed depends on the required setting as illustrated in Fig. 1.
Seo et al. [58] studied the pyrolysis of HDPE using batch reactor
equipped with stirrer at 450 °C. The stirrer speed was 200 RPM.
Higher liquid oil was obtained than Sakata et al. [35] in thermal
pyrolysis which was around 84.0 wt%. Besides that, the amount
of liquid product obtained through catalytic pyrolysis using similar
catalyst of silica-alumina was also higher than Sakata et al. [35]
which was 78 wt% while Sakata el al. [35] obtained 74.3 wt%.
Therefore, it was clearly seen that the stirrer in the batch reactor

helped to enhance the liquid oil yield by improving the mixing
for the catalysts and plastics inside the reactor. More studies of
semi-batch reactors with stirrer were also done by Abbas-Abadi
et al. [59] and Kyong et al. [60,61].

Therefore, from the literature study, it was concluded that the
batch or semi-batch reactors are the best reactors to be used in
thermal pyrolysis to obtain high liquid yield since the parameters
can be easily controlled. However, these reactors were not sug-
gested for catalytic pyrolysis in consideration of the potential coke
formation on the catalyst outer surface that would disturb the
overall product yield. In addition, batch operation was not suitable
for large scale production since it required high operating cost for
feedstock recharging and thus, it was more appropriate for labora-
tory experiment.

3.2.2. Fixed and fluidized bed reactor

In fixed-bed reactor, the catalyst is usually in palletized form
and packed in a static bed as shown in Fig. 2. It is easy to design
but there are some constraints such as the irregular particle size
and shape of plastics as feedstock that would cause problem during
feeding process. Besides, the available surface area of the catalyst
to be accessed by the reaction is also limited. However, there were
several researches chose to use fixed-bed reactor for the plastic
pyrolysis [19,31,63-66]. In certain conditions, the fixed-bed reac-
tors are merely used as the secondary pyrolysis reactor because
the product from primary pyrolysis can be easily fed into the
fixed-bed reactor which generally consists of liquid and gaseous
phase [46]. Onu et al. [67] and Vasile et al. [68] used two-step pro-
cess on the study of various plastic pyrolysis. However, there are
very few studies being done in two-step process as it is not cost
effective and the results obtained are quite comparable with a
single-step process.

On the other hand, fluidized bed reactor solves some of the
problems occur in fixed-bed reactor. In contrast to fixed-bed reac-
tor, the catalyst in fluidized bed reactor sits on a distributer plate
as illustrated in Fig. 3 where the fluidizing gas passes through it
and the particles are carried in a fluid state. Therefore, there is
better access to the catalyst since the catalyst is well-mixed with
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Fig. 1. Illustration of batch reactor with stirrer equipment [62].
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Fig. 2. Diagram of fixed-bed reactor [62].

the fluid and thus provides larger surface area for the reaction to
occur [69]. This reduces the variability of the process conditions
with good heat transfer. Besides, it is also more flexible than the
batch reactor since frequent feedstock charging can be avoided
and the process does not need to resume often. Hence, as for con-
ventional design scale, fluidized bed reactor would be the best
reactor to be used in the pilot plant due to the lower operating cost.
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Many researches preferred to use fluidized bed reactor in cat-
alytic cracking of plastics over fixed bed reactor [27,37,45,70-76].
Jung et al. [15] chose to use fluidized bed reactor for PP and PE
pyrolysis because it provides almost a constant temperature with
high mass and heat transfer, giving shorter residence time in the
reactor and consequently more uniform spectrum of products.
The plastic pyrolysis in fluidized bed reactors were carried out nor-
mally at temperature as low as 290-850 °C for both thermal and
catalytic process. The comparison between HDPE and PP in cat-
alytic degradation in fluidized bed reactor was studied by Luo
et al. [77] using silica—alumina catalyst. The author reported that
the liquid produced by PP was 87 wt% while HDPE produced lower
at 85 wt% liquid composition at 500 °C. This result was expected
since HDPE had higher strength properties than PP.

Therefore, fluidized bed reactor is concluded to be the best reac-
tor to perform catalytic plastic pyrolysis since the catalyst can be
reused many times without the need of discharging, considering
catalyst is a very expensive substance in the industry. Besides, it
is more flexible than the batch reactor since frequent feedstock
charging can be avoided for continuous process and the process
does not need to resume often. Hence, fluidized bed reactor would
be the most suitable reactor for large scale operation in terms of
economic point of view.

3.2.3. Conical spouted bed reactor (CSBR)

Conical spouted bed reactor (CSBR) provides good mixing with
the ability to handle large particle size distribution, larger particles
and difference in particle densities [46]. There were some research-
ers used CSBR for their catalytic cracking of plastic experiments
|78-83]. Olazar et al. [81] claimed that CSBR had lower attrition
and low bed segregation than the bubbling fluidized bed. It also
had high heat transfer between phases and minor defluidization
problem when handling sticky solids. However, a variety of techni-
cal challenges during operation of this reactor have been encoun-
tered such as catalyst feeding, catalyst entrainment and product
(solid and liquid) collection that make it less favorable [46]. Addi-
tionally, its complicated design that requires many pumps to be
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Fig. 3. Diagram of fluidized bed reactor [62].
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Fig. 4. Diagram of CSBR in HDPE pyrolysis using zeolite catalyst [84].

used in the system makes it unfavorable due to the high operating
cost involved.

Elordi et al. [84] used CSBR to conduct HDPE pyrolysis with HY
zeolite catalyst at 500 °C that resulted in 68.7 wt% gasoline fraction
(C5-C10) and the process was illustrated in Fig. 4. The gasoline had
an octane number of RON 96.5 which was closed with the standard
gasoline quality. On the other hand, Arabiourrutia et al. [82]
explored the waxes yield and characterization from HDPE, LDPE
and PP pyrolysis at 450-600 °C using the CSBR. According to them,
CSBR had the versatility of handling sticky solid that was hard to
handle in fluidized bed reactor. The spouted bed design was partic-
ularly suitable for low temperature pyrolysis to obtain wax. The
authors observed that the amount of waxes yield decreased with
the temperature. At higher temperature, more waxes are cracked
into liquid or gaseous product. HDPE and LDPE waxes production
were very similar around 80 wt% while PP produced higher waxes
at lower temperature about 92 wt¥%.

3.2.4. Microwave-assisted technology

The recent interest in microwave technology offers a new tech-
nique for waste recovery via pyrolysis process. In this process, a
highly microwave-absorbent material such as particulate carbon
is mixed with the waste materials. The microwave absorbent
absorbs microwave energy to create adequate thermal energy in
order to achieve the temperatures required for extensive pyrolysis
to occur [85]. Microwave radiation offers several advantages over
the conventional pyrolysis method such as rapid heating, increased
production speed and lower production costs. Unlike conventional
methods, microwave energy is supplied directly to the material
through the molecular interaction with the electromagnetic field,
thus no time is wasted to heat up the surrounding area [86].
Despite the advantages of microwave heating, there is also a major
limitation which preventing this technology from being widely
explored in industrial scale such as the absence of sufficient data
to quantify the dielectric properties of the treated waste stream.
The efficiency of microwave heating depends heavily on the dielec-
tric properties of the material. For instance, plastics have low

dielectric constant and the mixture with carbon as the microwave
absorber during pyrolysis may improve the energy absorbed to be
converted into heat in shorter time [85]. Therefore, the heating
efficiency may differ for each material and it has been a great chal-
lenge to the industries.

The microwave heating was explored by Undri et al. [87] in
pyrolysis process of polyolefin wastes (HDPE and PP) using two
types of microwave absorbers which were carbon and tires. Differ-
ent microwave power was used ranging from 1.2 to 6.0 kW. From
the results obtained, the highest liquid yield for HDPE was 83.9 wt
% while PP was 74.7 wt%. It was observed that both experiments
were using carbon as the microwave absorber with microwave
power ranging from 3 to 6 kW. High power reduced the residence
time of the polymers in the oven, thus more polymers were con-
verted into liquid rather than non-condensable gases. Using tires
as the microwave absorber increased the solid residue amount
up to 33 wt%, in which accountable only to other substances in tire
that could not be pyrolyzed. In comparison with using carbon as
the microwave absorber, the solid residue accumulated was as
low as 0.4 wt% due to cocking process. Carbon material was a good
microwave absorbent that has high capacity to absorb and convert
microwave energy into heat. Therefore, emphasis needs to be given
on the microwave power and absorber type in order to maximize
the liquid yield in microwave-induced pyrolysis process.

In other study, Ludlow-Palafox and Chase [88] have conducted a
microwave-induced pyrolysis on two different materials: HDPE
pallets and toothpaste packaging which was in combination of alu-
minum and polyethylene laminates. Carbon was used as the micro-
wave absorber with 5 kW microwave power. This experiment was
quite different from others since a quartz vessel reactor with
180 cm in diameter, equipped with 6 RPM impeller was placed
inside the microwave. The product yield resulted from HDPE pyrol-
ysis was recorded at temperature of 500-600 °C. Liquid oil col-
lected was around 79-81 wt%, gaseous 19-21 wt% and 0 wt% of
solid residue formed. For the aluminum and polyethylene lami-
nates, no specific amount of product was reported. However, the
authors mentioned that there was no significant difference in the
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product yield produced from the laminates and the HDPE pellets at
the same operating temperatures. Only the average molecular
weight was slightly higher but the molecular weight distribution
for both cases were similar. In fact, the aluminum did not influence
the product yield since it was easily separated by sieving and be
seen as a shiny clean surface. During the experiment, they
observed a compound known as titanium dioxide which appeared
as white powder adhered to the reactor side wall. Titanium oxide
clearly presented in the painted surface of the toothpaste tube.
This shows that this substance had no influence in the pyrolysis
product since it was separated from the organic content of the lam-
inate during pyrolysis. In conclusion, a real waste such as the
toothpaste packaging was successfully pyrolyzed through
microwave-induced pyrolysis method.

Several parameters that influenced the microwave heating per-
formance in plastic pyrolysis such as the effect of nitrogen flow
rate, different absorber type and microwave rotation design were
also explored by Khaghanikavkani [89]. The in-depth reviews of
microwave heating in pyrolysis have also been done by Fernandez
et al. [86], Lam and Chase [85] and Undri et al. [90].

3.3. Pressure and residence time

The effect of pressure to the HDPE pyrolysis product was stud-
ied by Murata et al. [91] in a continuous stirred tank reactor at ele-
vated temperature of 0.1-0.8 MPa. Based on the studies, they
discovered that the gaseous product increased tremendously from
around 6 wt% to 13 wt% at 410 °C but only a small increase from
4wtk to 6wtk at 440 °C as the pressure went up from 0.1 to
0.8 MPa. This shows that pressure had high influence to the gas-
eous product at higher temperature. Pressure also affected the car-
bon number distribution of the liquid product by shifting to the
lower molecular weight side when it was high. Besides, pressure
also had a significant effect on the rate of double bond formation.
As reported by Murata et al. [91], the rate of double bond formation
decreased when pressure increased and this suggested that pres-
sure directly affected the scission rate of C-C links in polymer.
They also discovered that pressure had greater impact on residence
time at lower temperature. However, as the temperature increased
more than 430 °C, the effect of pressure to the residence time
became less apparent.

Residence time can be defined as average amount of time that
the particle spends in the reactor and it may influence product dis-
tribution [27]. Longer residence time increases the conversion of
primary product, thus more thermal stable product is yielded such
as light molecular weight hydrocarbons and non-condensable gas
[88]. Nevertheless, there is a temperature limitation in the process
that may influence the product distribution where until that
instant, the residence time has not much effect on the product dis-
tribution. Mastral et al. [92] studied the effect of residence time
and temperature on product distribution of HDPE thermal cracking
in fluidized bed reactor. It was found that higher liquid yield
obtained at longer residence time (2.57 s) when the temperature
was not more than 685 °C. However, the residence time had less
influence on the liquid and gaseous yield at higher temperature
above 685 °C.

Therefore, it was concluded that pressure and residence time
are both temperature dependence factors that may have potential
influence on product distribution of the plastic pyrolysis at lower
temperature. Higher pressure increased the gaseous product yield
and affected the molecular weight distribution for both liquid and
gaseous products but only apparent at high temperatures. Based on
the literature review, most researchers conducted their plastic
pyrolysis studies at atmospheric pressure and focused more on
the temperature factor. The residence time was not brought up
to attention while carrying out the experiment since the effect

would become less apparent at higher temperatures. Moreover,
in terms of economic viewpoint, additional units such as compres-
sor and pressure transmitter need to be added into the overall sys-
tem, thus increase the operation cost if the factor of pressure is
considered. However, it should be noted that these two factors
should be put under consideration based on the product distribu-
tion preference especially when running at temperature below
450 °C.

3.4. Catalysts

3.4.1. Catalyst importance in pyrolysis of plastics

Catalyst speeds up chemical reaction but remains unchanged
towards the end of the process. Catalysts are widely used in indus-
tries and researches to optimize product distribution and increase
the product selectivity. Hence, catalytic degradation is particularly
interesting to obtain product of great commercial interest such as
automotive fuel (diesel and gasoline) and C2-C4 olefins, which
have a huge demand in petrochemical industry [80]. When catalyst
is used, the activation energy of the process is lowered down, thus
speeds up the rate of reaction. Therefore, catalyst reduces the opti-
mum temperature required and this is very crucial since the pyrol-
ysis process requires high energy (highly endothermic) that
hinders its commercial application. The usage of catalyst may help
in saving energy as heat is one of the most expensive costs in
industry. Besides that, catalyst was also used by many researchers
for product upgrading to improve the hydrocarbon distribution in
order to obtain pyrolysis liquid that had similar properties to the
conventional fuel such as gasoline and diesel.

3.4.2. Type of catalysts

There are two types of catalyst which are homogeneous (only
one phase involve) and heterogeneous (involves more than one
phase). Homogeneous catalyst used for polyolefin pyrolysis has
mostly been classical Lewis acid such as AlCl; [93,94]. However,
the most common type of catalyst used is heterogeneous since
the fluid product mixture can be easily separated from the solid
catalyst. Hence, heterogeneous catalyst is economically preferable
because various catalysts are quite costly and their reuse is
demanded. Heterogeneous catalyst can be classified as nanocrys-
talline zeolites, conventional acid solid, mesostructured catalyst,
metal supported on carbon and basic oxides [95]. Some examples
of nanocrystalline zeolites are HZSM-5, HUSY, HB and HMOR which
are extensively used in the researches of plastic pyrolysis. Besides,
the non-zeolites catalysts such as silica—alumina, MCM-41 and sil-
icalite have also received much attention in current researches.
Hence, the three types of catalysts that are widely used in plastic
pyrolysis which are zeolites, FCC and silica—alumina catalysts
would be discussed in the next subsections.

3.4.2.1. Zeolite catalyst. Zeolites are described as crystalline alumi-
nosilicate sieves having open pores and ion exchange capabilities
[96,97]. The structure is formed by three-dimensional framework
where oxygen atoms link the tetrahedral sides. It is built by differ-
ent ratio of SiO,/Al,03 depends on its type. The ratio of SiO,/Al,05
determines the zeolite reactivity which affects the final end pro-
duct of pyrolysis.

Artetxe et al. [79] proven that the ratio of SiO,/Al,03 of the
HZSM-5 zeolite highly affected the product fraction yield in HDPE
pyrolysis. Low ratio of SiO,/Al,05 indicated the high acidity of the
zeolite. The highest acidic catalyst (SiO,/Al;05=30) was more
active in cracking waxes, thus producing higher light olefins and
lower heavy fraction of C12-C20 compared than the lowest acidic
catalyst (SiO,/Al,03 = 280). The reduction of SiO,/Al,03 ratio from
280 to 30 improved the yield of light olefins from 35.5 to 58.0 wt
% and decreased the yield of C12-C20 from 28.0 to 5.3 wt%.
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Table 3
Comparison of fuel properties of gasoline fraction obtained using three type of HZSM-
5 with different ratio of Si0O,/Al,03 [79].

Si0,/Al,03 Octane number Olefins (vol%) Aromatics (vol%) Benzene (vol%)

30 94.1 33.1 433 4.2
80 86.7 61.2 135 13
280 85.9 68.9 6.9 0.46
Required 95 <18 <35 <1

Besides, the reduction of SiO,/Al,05 ratio in zeolite also raises the
yield of light alkanes and aromatics. Table 3 compares the fuel
properties of gasoline fraction obtained with three type of HZSM-
5 zeolite which having different ratio of SiO,/Al,03. As depicted,
the highest acidity catalyst with the lowest ratio of SiO,/Al;03
led to a higher octane number with high content of aromatics
and benzene, but lower concentration of olefins. Even though the
octane number was lower and the olefins, aromatics and benzene
standard exceeded the specification established by European
Union (EU), the absence of sulfur in the gasoline composition made
it possible to be blended with refinery stream to achieve the stan-
dard outlined by EU.

Besides HZSM-5, some more examples of zeolite catalyst are
HUSY and HMOR which are widely used in plastic catalytic pyrol-
ysis. Garfoth et al. [70] investigated the efficiency of different zeo-
lite catalysts to the HDPE pyrolysis which were HZSM-5, HUSY and
HMOR with polymer to catalyst ratio of 40 wt%. In their studies, it
was found that HZSM-5 had higher catalytic activity than HUSY
and HMOR, referring to the very less residue left by HZSM-5
around 4.53 wt% while HUSY and HMOR were leaving about
7.07 wt% and 8.93 wt% residues behind respectively. This shows
that HZSM-5 able to maximize the total product conversion in
plastic pyrolysis over other zeolites.

In terms of product selectivity, different zeolites may have dif-
ferent product preferences. Marcilla et al. [98] studied the HZSM-5
and HUSY performance on HDPE and LDPE at constant temperature
of 550 °C and 10 wt% polymer to catalyst ratio in a batch reactor.
Higher liquid oil was recovered when using HUSY catalyst
(HDPE = 41.0 wt%, LDPE = 61.6 wt%) compared with HZSM-5 cata-
lyst (HDPE = 17.3 wt%, LDPE =18.3 wt%) Oppositely, higher gas-
eous product obtained when wusing HZSM-5 catalyst
(HDPE = 72.6 wt%, LDPE = 70.7 wt%). This proves that different cat-
alysts have different product selectivity. The same trend of product
selectivity was also reported by Lin and Yen [71] on PP pyrolysis
using the HZSM-5 and HUSY zeolites.

Seo et al. [58] also investigated the effect of HZSM-5 in HDPE
pyrolysis with catalyst to polymer ratio of 20 wt% at 450 °C. They
observed that HZSM-5 produced very less liquid yield around
35 wt% but higher gaseous product of 63.5 wt%. Hernindez et al.
[99] obtained even lesser liquid yield around 4.4 wt% and 86.1 wt
% gaseous product when running the HDPE pyrolysis at 500 °C with
same catalyst to polymer ratio as Seo et al. [58]. Lin and Yen [71]
also obtained very small amount of liquid product in PP pyrolysis
at 360 °C with catalyst to polymer ratio of 40 wt% using HZSM-5
and HUSY zeolite catalysts. The liquid yield obtained was only
2.31wt% and 3.75 wt% respectively. Nevertheless, HZSM-5 had
higher resistance to coking than HUSY catalyst when the product
stream such as isobutane and isopentanes remained unaffected
throughout the process while the olefins (butane and pentene)
increased [71,100,101].

Besides that, the usage of zeolite catalyst in pyrolysis of real
municipal plastic waste may also help to reduce the impurities in
the oil produced and this was proven in the study conducted by
Miskolczi et al. [102]. In this study, the source of waste HDPE
and PP were collected from agriculture and packaging sectors. Both

plastics were washed and shredded before pyrolysis. From the
properties  analysis, both  plastics contained  sulfur
(HDPE = 238 mg/kg, PP =35 mg/kg). However, more impurities
such as nitrogen, phosphorus and calcium (963 mg/kg, 47 mg/kg,
and 103 mg/kg) additionally found in the HDPE waste obtained
from the agriculture. The impurities were most probably come
from the fertilizer which contained ammonium nitrate and super-
phosphate which could be accumulated on the HDPE waste that
failed to be removed by washing procedure. The catalytic pyrolysis
was done at 520 °C in the presence of 5 wt% HZSM-5 catalyst. After
the pyrolysis was done, the used catalyst structure was analyzed
by SEM and EDAX. Results showed that trace of sulfur, nitrogen
and phosphorus were attached on the catalyst surface besides of
the silica—alumina structure of HZSM-5 zeolite (silica, aluminum,
oxygen, magnesium, potassium, sodium and calcium). This indi-
cates the elements of impurities came from the waste plastic. Nev-
ertheless, the impurities attached on the catalyst surface did not
affect the product properties because the properties were rather
affected by the grain diameter or catalyst pore structures. In fact,
the catalyst obtained from the waste plastic pyrolysis could be
re-used since the pore diameter was found to be similar with the
fresh catalyst [102]. In term of liquid oil properties, the usage of
catalyst helped to reduce the impurities content in the oil. This
was clearly shown in the results when the sulfur content in HDPE
waste pyrolysis reduced tremendously from 75 mg/kg to 37 mg/kg
with the usage of HZSM-5 catalyst. The same reduction trend was
also observed for nitrogen and phosphorus content. No calcium
content was found in the gasoline and light oil fraction, while it
could be only found in the heavy oil fraction.

Besides direct cracking of plastics, some researchers have also
analyzed the zeolite catalyst performance in two-step reaction
process involving thermal and catalytic reactors sequentially
[68,103]. Aguado et al. [33] have explored the catalytic conversion
of LDPE in two-step reaction process consisted of batch and fixed
bed reactor. The thermal cracking of plastic would take place in
the batch reactor and in the meanwhile, the vapors generated were
carried over to the fixed-bed reactor where the 10 wt% HZSM-5
catalyst was placed. The pyrolysis was conducted within 425-
475 °C. From the results, it was observed that the catalytic reform-
ing over zeolite catalyst led to a significant increase of the gas frac-
tion. The gaseous product had risen to 74.3 wt% at the highest
temperature whereas only 21.9 wt% of liquid hydrocarbons was
collected. Therefore, the trend of result observed was very similar
to the direct catalytic cracking which produced high gaseous pro-
duct over the usage of HZSM-5 catalyst.

As a final conclusion, it is worth noting that the usage of zeolite
catalyst in plastic pyrolysis only maximized the production of vola-
tile hydrocarbon. As for higher efficiency and longer cycle time
usage, HZSM was recommended since the deactivation rate of
the catalyst was extremely low and thus, more efficient for
regeneration.

3.4.2.2. FCC catalyst (fluid catalytic cracking). FCC catalyst is made of
zeolite crystals and non-zeolite acid matrix known as silica-alu-
mina with the binder [97,104-106]. The main component of FCC
catalyst for over 40 years is Zeolite-Y due to its high product selec-
tivity and thermal stability [107]. FCC catalyst is normally used in
the petroleum refining industry to crack heavy oil fractions from
crude petroleum into lighter and more desirable gasoline and lig-
uid petroleum gas (LPG) fractions [107].

FCC catalyst that has been used is often known as ‘spent FCC
catalyst’ and usually can be obtained from commercial FCC process
in petroleum refineries. It comes with different level of contamina-
tion yet still valuable and can be reused in the pyrolysis process.
Kyong et al. [60] investigated the effect of spent FCC catalyst on
the pyrolysis of HDPE, LDPE, PP and PS in stirred semi-batch reac-
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tor at 400 °C. 20 g of catalyst was added into 200 g of reactants and
heated up at rate of 7 °C/min. As a result, all plastics produced
more than 80 wt% liquid oil with PS being the highest (around
90 wt% liquid yield). The liquid yields based on the plastic types
were arranged in this order: PS> PP > PE (HDPE, LDPE). The gas-
eous product yield had a reverse order with that of liquid in this
following order: PE > PP > PS. This shows that PS was less cracked
to the gaseous product since PS contained benzene ring that cre-
ated more stable structure. Overall, it is concluded that spent FCC
catalyst still has high catalytic performance with the liquid yield
obtained above 80 wt% for all plastic samples. Additionally, it is
more cost effective since it is a ‘reused’ catalyst.

The effectiveness of spent FCC catalyst over thermal pyrolysis of
HDPE without catalyst was further explored by Kyong et al. [108]
using exactly the same parameters as Kyong et al. [60] but this
time with higher temperature of 430 °C. From the experiment, it
was found that the liquid oil yield was increased slightly from
75.5 to 79.7 wt% while the gaseous product reduced slightly from
20.0 to 19.4 wt% when the catalyst was used. However, the amount
of solid residue left reduced drastically from 4.5 to 0.9 wt% with
presence of the catalyst. Moreover, the catalytic pyrolysis also low-
ers down the reaction temperature of HDPE when the initial liquid
formation was observed at about 350°C. In the non-catalyzed
pyrolysis, the initial liquid only formed after 30 min at 430 °C. This
implies that the usage of spent FCC catalyst in thermal pyrolysis
increased the rate of reaction besides improving the overall pro-
duct conversion.

Apart from that, the limitation of the polymer ratio to the cata-
lyst also needs to be considered in order to maximize the pyrolysis
product conversion. Different ratio of HDPE to FCC catalyst was
investigated by Abbas-Abadi et al. [57] from the range of 10 to
60 wt% at constant temperature of 450 °C using the semi-batch
stirred reactor. From the study, it was found that the best optimum
ratio for higher conversion to liquid yield was at 20 wt% catalyst/
polymer ratio. The liquid product obtained was very high at
91.2 wt% with gaseous and coke around 4.1 wt% and 4.7 wt%
respectively. As the catalyst/polymer ratio was increased more
than 20 wt%, more coke and gas were produced, thus liquid pro-
duction was minimized. This shows that there was a certain con-
straint of the catalyst/polymer ratio to enhance the product
conversion especially liquid oil yield and reduced coke formation
on the catalyst.

Besides that, different condition of FCC may also influence the
product distribution of plastic pyrolysis. For instance, steaming
FCC catalyst would change the catalyst structure and composition.
This was proven by Olazar et al. [81] who conducted a study on
fresh, mild and severe steaming of FCC catalyst. The mild steaming
was carried out at 760 °C for 5 h and the severe steaming at 816 °C
for 8 h. The result showed that the catalytic performance of FCC
has improved by steaming. Severe steaming of FCC increased the
production of diesel fraction (comprised of C10+ hydrocarbon)
and reduced the gaseous fraction (comprised of C1-C4 hydrocar-
bon). On the other hand, the fresh FCC catalyst produced less diesel
fraction while very high gaseous product. The product yield was
summarized in Table 4.

The effectiveness of FCC catalyst to the different types of plas-
tics was studied by Kyong et al. [60] at 400 °C with the catalyst/
polymer ratio of 10 wt%. They observed that the liquid yield

Table 4
Product distribution of FCC in fresh and steaming state [81].
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produced were in the range of 80-90 wt% for HDPE, LDPE, PP and
PS. This result shows that FCC able to maximize the liquid oil yield
in pyrolysis process for most plastic types. Abbas-Abadi et al. [57]
also obtained very high liquid oil yield about 92.3 wt% in PP pyrol-
ysis at 450 °C with 10 wt% catalyst/polymer ratio.

In conclusion, the usage of FCC catalyst in plastic pyrolysis was
encouraged to maximize the liquid oil production. Additionally, the
usage of ‘spent FCC catalyst’ was an added advantage in terms of
economical view. However, it should be noted that catalyst/poly-
mer ratio cannot be more than 20 wt% to avoid the domination
of coke and gaseous product.

3.4.2.3. Silica-alumina catalyst. Silica-alumina catalyst is an amor-
phous acid catalyst that contains Bronsted acid sites with an ioniz-
able hydrogen atom and Lewis acid site, an electron accepting sites.
The acid concentration of silica alumina catalyst is determined by
the mole ratio of SiO,/Al,03. Unlike zeolite, the acid strength of sil-
ica-alumina is determined oppositely in which the high ratio of
SiO,/Al,03 indicates the high strength of acidity. For instance,
SA-1 (SiO,/Al,03=4.99) has higher acidity than SA-2 (SiO,/
Al,03 = 0.27) and both of them are the commercial silica—alumina
available in the market [109].

Different strength of acidity in catalyst has great influence in
the final end product of plastic pyrolysis. Sakata et al. [109]
explored the effect of catalysts acidity (SA-1, SA-2, ZSM-5) on the
product distribution of HDPE pyrolysis. The experiment was per-
formed at 430°C in a semi-batch reactor where 1g of catalyst
was mixed with 10 g of HDPE. The acidity of the catalysts are
tested using NH3 temperature programmed desorption (TPD) and
were in this following order: SA-1 >ZSM-5 > SA-2. As a result, it
was observed that SA-2 catalyst with lower acidity produced
higher amount of liquid oil (74.3 wt%), followed by SA-1 (67.8 wt
%) and ZSM-5 (49.8 wt%). ZSM-5 possessed strong acid sites, thus
produced more gaseous products than the other two acid catalysts
but very less liquid yield. Uddin et al. [32] have also studied the
effect of SA-2 to HDPE and LDPE at the same temperature and cat-
alyst/polymer ratio. The results that they obtained for liquid oil
yield were not far with the one obtained by Sakata et al. [109].
HDPE and LDPE pyrolysis each produced 77.4 wt% and 80.2 wt%
respectively when SA-2 catalyst was used. HDPE structure was
stronger than LDPE due to its linear chain, thus the lower amount
of liquid yield obtained was expected.

Besides HDPE and LDPE, Sakata et al. [35] have investigated the
effectiveness of silica-—alumina catalyst on PP at 380 °C, but this
time with different catalyst contact mode: liquid phase and vapor
phase. As for the liquid phase, the catalyst was mixed together
with the PP pallets and loaded into the batch reactor. Oppositely
for vapor phase, the catalyst was placed on the stainless steel net
suspended 10 cm from bottom of the reactor. From their study,
they found that the catalyst in liquid mode produced higher liquid
product (68.8 wt%) since the wax residue decomposed into lighter
hydrocarbon over silica-alumina catalyst. On the other hand,
higher gaseous product (35 wt%) found from the catalyst in vapor
phase since the hydrocarbon further decomposed into gaseous
product over silica-alumina catalyst. Therefore, catalyst mode
was also an important factor that needs an attention since it influ-
enced the final product distribution in plastic pyrolysis.

Type of FCC catalyst C1-C4 (gaseous) (wt%)

C5-C9 (medium gasoline) (wt%)

C10+ (diesel) (wt%)

Fresh FCC 52
Mild steaming 25
Severe steaming 5
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Besides catalyst contact mode, the reactivity of catalyst can also
be optimized under certain range of temperatures. Luo et al. [77]
performed the HDPE and PP pyrolysis using silica—alumina catalyst
at higher temperature of 500 °C in fluidized bed reactor. The liquid
oil obtained for HDPE was about 85.0 wt% while PP was around
90 wt% which was higher than the studies conducted by Sakata
et al. [35] and Uddin et al. [32]. This shows that temperature also
plays an important role in maximizing the catalyst performance
in order to increase the liquid oil production in plastic pyrolysis
process.

As a final conclusion, the best catalyst to optimize liquid oil pro-
duction in plastic pyrolysis would be FCC catalyst. FCC catalyst able
to produce high liquid yield above 90 wt% for HDPE and PP pyrol-
ysis while the highest product yield by silica-alumina for HDPE
and PP was within the range of 85-87 wt% [57,59,77]. This shows
that these two catalysts were comparable in terms of the liquid
oil production but FCC had better catalytic performance. Besides
that, the ‘spent FCC catalyst’ can also be used instead of fresh
FCC that made it more economically attractive.

3.5. Type and rate of fluidizing gas

Fluidizing gas is an inert gas (also known as carrier gas) which
only engaged in transportation of vaporized products without tak-
ing part in the pyrolysis. There are many type of fluidizing gas that
can be used for the plastic pyrolysis such as nitrogen, helium,
argon, ethylene, propylene and hydrogen. Each type of fluidizing
gas has different reactivity based on its molecular weight. Abbas-
Abadi et al. [57] reported that the molecular size of the carrier
gas helped in determining the product composition and also
dependent on the temperature. Table 5 shows that the molecular
weight of the carrier gas did affect the product distribution of cat-
alytic PP pyrolysis. The lighter gas able to produced high amount of
condensed product which was liquid oil. As depicted in Table 5, H,
produced the highest liquid yield of 96.7 wt% while without any
carrier gas, only 33.8 wt% liquid was yielded. This proves the
importance of carrier gas in enhancing the product yield in pyrol-
ysis process. Besides that, it was also observed that the reactivity of
the carrier gas influenced the coke formation. H, coke yield was
very minimal which was about 0.3 wt%, followed by ethylene,
helium and propylene. Ethylene and nitrogen were having the
same molecular weight. However, ethylene seems to produce
higher amount of liquid yield and lower coke formation than nitro-
gen. This is because ethylene is more reactive than nitrogen that it
could shift the equilibrium to produce more liquid yield [57]. Nev-
ertheless, of all those gases, nitrogen was commonly used by most
researchers as fluidizing gas in plastic pyrolysis since it was easier
and safer to handle than the high reactivity gas like hydrogen and
propylene due to their flammability hazard. Besides, even though

Table 5

helium able to produce high liquid yield after hydrogen, it was
rarely used since the availability was limited and more expensive
than nitrogen.

Besides type of fluidizing gas, the fluidizing flow rate also may
influence the final product distribution. Lin and Yen [71] investi-
gated the effect of different fluidizing gas rate on product distribu-
tion of PP pyrolysis over HUSY catalyst at 360 °C. They found that
the rate of degradation dropped instantly at the lowest fluidizing
flow rate of 300 ml/min. The contact time for primary product is
high at lower flow rate, causing the formation of coke precursor
(BTX) to increase with the secondary product obtained even
though the overall degradation rate is slower [110]. This was indi-
cated by the high residue left when lower fludizing flow rate was
applied. The gasoline and hydrocarbon gases fraction were also
maximized at the highest fluidizing flow rate of 900 ml/min.
Hence, the type and rate of fluidizing gas are also very important
in plastic pyrolysis as they clearly influence product distribution
as discussed above.

4. Characteristics of plastic pyrolysis oil
4.1. Physical properties

Table 6 summarized the fuel properties of the liquid oil pro-
duced in pyrolysis process. The experimental calorific value of
HDPE, PP and LDPE are all above 40 M]/kg and were considered
high for energy utilization. According to Ahmad et al. [23], the cal-
culated calorific value for both HDPE and PP were above 45 M]J/kg,
and thus very closer to the commercial fuel grade criteria of gaso-
line and diesel. The calorific value of PS was commonly lower than
the polyolefin plastic due to the existence of the aromatic ring in
the chemical structure which had lesser combustion energy than
the aliphatic hydrocarbon [34]. Overall, PET and PVC had the low-
est calorific value below 30 MJ/kg due to the presence of benzoic
acid in PET and chlorine compound in PVC that deteriorated the
fuel quality. Benzoic acid also consisted of aromatic ring that
explained the low calorific value in PET.

API gravity was the method used for measuring the density of
the petroleum relative to water which was established by the
American Petroleum Institute (API) and was also known as specific
gravity [116]. The API gravity of HDPE and PP were 27.48 and 33.03
respectively while the densities were 0.89 and 0.86 g/cm> accord-
ingly [23]. The API gravity of PVC was very close to the diesel API
gravity value which was 38.98. On the other hand, the API gravity
of LDPE was approaching the gasoline standard value which was
47.75. Therefore, all of these values were comparable to the com-
mercial diesel fuel except LDPE which was comparable to the stan-
dard gasoline. In terms of density, all values seem comparable with
the commercial standard value of both gasoline and diesel.

The effect of carrier gas on the product yield and the condensed product composition [57].

Carrier gas Molecular Condensed Non- Coke yield Olefins Paraffins Naphthenes Aromatics Olefins/paraffin
weight product yield (%) condensable (%) (%) (%) (%) (%) ratio
product yield
(%)
H, 2 96.7 3 0.3 30.86 46.53 20.54 2.07 0.66
He 4 94.7 3.2 21 43.32 3341 19.29 3.98 1.3
N> 28 92.3 4.1 3.6 44.63 32.87 17.23 5.27 1.36
Ethylene 28 93.8 5.1 1.1 41.76 34.76 19.75 3.73 1.2
Propylene 42 87.8 9.7 2.5 42.36 31.85 20.92 487 1.33
Ar 37 84.8 9.8 5.4 45.21 25.27 21.93 7.59 1.78
No carrier gas 51.3 33.8 14.9 n.d.” n.d. n.d. n.d. n.d. n.d.

T: 450 °C, stirrer rate: 50 r min~', catalyst/PP = 0.1.
¢ Not determined.
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Table 6
Fuel properties of plastic pyrolysis oil.

Physical properties Type of plastics (experimental typical value)

Commercial standard value

(ASTM 1979)

PET [19,111] HDPE [23] PVC [19,112] LDPE [113] PP [23] PS [114,115] Gasoline [23] Diesel [23]
Calorific value (M]/kg) 28.2 40.5 21.1 39.5 40.8 43.0 42.5 43.0
API gravity @ 60 °F n.a 27.48 38.98 47.75 33.03 n.a 55 38
Viscosity (mm?/s) n.a 5.08° 6.36" 5.56¢ 4.09° 1.4¢ 1.17 1.9-4.1
Density @ 15 °C (g/cm?) 0.90 0.89 0.84 0.78 0.86 0.85 0.780 0.807
Ash (wt%) n.a 0.00 n.a 0.02 0.00 0.006 - 0.01
Octane number MON (min) n.a 85.3 na n.a 87.6 n.a 81-85 -
Octane number RON (min) n.a 95.3 n.a n.a 97.8 90-98 91-95 -
Pour point (°C) na -5 na n.a -9 —67 - 6
Flash point (°C) na 48 40 41 30 26.1 42 52
Aniline point (°C) n.a 45 na n.a 40 n.a 71 77.5
Diesel index n.a 31.05 n.a n.a 34.35 n.a - 40

n.a., not available in the literature.
2 Viscosity at 40 °C.
b Viscosity at 30 °C.
¢ Viscosity at 25 °C.
4 Viscosity at 50 °C.

The viscosity on the other hand was defined as a measurement
of the fluid resistance to flow. Viscosity is very crucial in petroleum
industry since it determines how easy the oil can flow from the
reservoir to the well during extraction process and also plays a cru-
cial role in fuel injection process [23,116]. In Table 6, the viscosity
values were determined at different temperatures as denoted at
the bottom of the table. Based on Table 6, it depicted the value
of kinematic viscosity of all plastics were very close with the vis-
cosity of diesel except for PS which the viscosity value was closer
to the gasoline viscosity. In terms of ash content, HDPE and PP
had negligible ash content and these indicated that the HDPE
and PP pyrolysis oil was free from any metal contamination. The
ash content in PS was also lower than the standard diesel which
was less than 0.01 wt%. LDPE had slightly higher ash content of
0.02 wt% but the value was still tolerable since the difference
was very minimal.

Besides that, the research octane number (RON) and motor
octane number (MON) which was important to characterize the
anti-knock quality for the gasoline range (C6-C10) was also deter-
mined. The high octane number indicates the better anti-knock
quality that the fuel possesses. Knock is usually caused by the rapid
combustion of gasoline in an engine that produces an explosive
noise and degrades the engine performance over time [117]. There-
fore, the anti-knock quality is very important to avoid engine dam-
age. The MON and RON value for HDPE pyrolysis oil was 85.3 and
95.3 respectively. PP pyrolysis oil had higher MON and RON value
which were 87.6 and 97.8 accordingly. The RON value for PS also
matched the range of standard gasoline value which was in the
range of 90-98. This suggests that the octane number of HDPE,
PP and PS were comparable with commercial gasoline
(MON = 81-85, RON = 91-95).

Pour point is known as the temperature at which the fluid stops
to flow [118]. Generally, the increase in viscosity may cause the
fluid losses its flow characteristic. Liquid fuel that has lower pour
point has lesser paraffin content but greater aromatic content
[119]. HDPE, PP and PS pyrolysis oil had lower pour point around
-5, =9°C and —67 °C respectively than the commercial diesel
which having the pour point of 6 °C. This indicates that the pyrol-
ysis oil obtained from plastic pyrolysis were rich with aromatic
content. This relates to the lower calorific value of HDPE, PP and
PS pyrolysis oil in comparison with the commercial gasoline and
diesel.

One of the important properties in fuel handling to prevent fire
hazard during storage was the flash point. Flash point of the liquid

is defined as the lowest temperature at which the liquid may
vaporize and form a mixture in the air that ignites when an exter-
nal flame is applied [120]. The flash point of HDPE, PVC and LDPE
pyrolysis oil were very close to the commercial gasoline. This indi-
cates that the flash point of those three plastics was comparable to
the light petroleum distillate fuel. The flash point of PP and PS were
lower than both commercial gasoline and diesel. This shows that
PP and PS pyrolysis oil easier vaporized and thus need an extra pre-
caution when handling.

Aniline point is a temperature at which the aniline compound
(CeHsNH;) forms a single phase with the liquid oil [121]. Lower
aniline point indicates the higher existence of aromatic compound.
Oppositely, the higher aniline point indicates the higher amount of
paraffin compound in the oil. Olefin has the aniline point in
between those aromatic and paraffin value [121]. Referring to
Table 6, the aniline point of HDPE and PP pyrolysis oil were 45 °C
and 40 °C respectively which were much lower than the commer-
cial gasoline and diesel. Gasoline and diesel were both having ani-
line point of 71 °C and 77.5 °C. This once again proves that the
pyrolysis oil obtained from HDPE and PP was rich with aromatic
compounds.

Diesel index evaluates the ignition quality of the diesel fuel in
which the higher diesel index of the fuel indicates the higher qual-
ity of the fuel [122-124]. The diesel index of the HDPE pyrolysis oil
was 31.05 while PP was 34.35. Even though the diesel index was
not meeting the ASTM 1979 standard, the mixing of additives to
fuel oil can improve the ignition quality of the diesel fuel and
has shown growing acceptance nowadays [125]. Therefore, Ahmad
et al. [23] concluded that liquid product produced by HDPE and PP
met the commercial fuel grade and suggested to be a blend of gaso-
line and diesel hydrocarbon range.

4.2. Chemical properties

Table 7 shows the main chemical compound from the plastic
pyrolysis. The liquid oil composition was usually characterized
using the FTIR and GC-MS equipment for detailed analysis. In
PET pyrolysis, Cepeliogullar and Putun [19] reported that almost
half of the liquid oil around 49.93% contained benzoic acid com-
pound. The corrosiveness of the acid made it unfavorable to be
used in thermochemical conversion system. As the reaction pro-
ceeded during pyrolysis, PET tended to lose more aliphatic com-
pound than the aromatic compound and this resulted in higher
liquid yield than PVC. According to Cepeliogullar and Putun [19],
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Table 7
Main oil composition from the pyrolysis of plastics.
PET [19] HDPE [15] PVC [19] LDPE [45] PP[15] PS [34]
1-Propanone 1-Methylcyclopentene Azulene Benzene 2-Methyl-1-Pentene Benzene
Benzoic acid 3-Methylcyclopentene Naphthalene, 1-methyl- Toluene 3-Methylcyclopentene Toluene
Biphenyl 1-Hexene Biphenyl Xylene 1-Heptene Ethylbenzene
Diphenylmethane Cyclohexene Naphthalene, 1-ethyl- Dimethylbenzene 1-Octene Xylene
4-Ethylbenzoic acid 1-Heptene Naphthalene, 1-(2-propenyl)- Trimethylbenzene C4-C13 hydrocarbon  Styrene
4-Vinylbenzoic acid 1-Octene Naphthalene, 2,7-dimethyl- Indane Over C14 hydrocarbon Cumene
Fluorene 1-Nonene Naphthalene, 1,6-dimethyl- Indene Benzene Propylbenzene
Benzophenone 1-Decene Naphthalene, 1,7-dimethyl- Methylindenes Toluene 2-Ethyltoluene
4-Acetylbenzoic acid 1-Undecene Naphthalene, 1,4-dimethyl- Naphthalene Xylene Naphthalene
Anthracene 1-Tridecene Naphthalene, 1,6,7-trimethyl- Methylnaphthalenes Ethybenzene Diphenylmethane
Biphenyl-4-carboxylic acid C4-C13 hydrocarbon  9H-Fluorene Ethylnaphthalene Indene Anthracene
1-Butanone Over C14 hydrocarbon Naphthalene, 1-(2-propenyl)- Dimethylnaphthalene Biphenyl 1,2-Diphenylethane
m-Terphenyl Benzene Phenanthrene, 1-methyl Acenaphthylene 2,2-Diphenylpropane
Toluene Fluoranthene, 2-methyl- Acenaphthene 1,3-Diphenylpropane
Xylene 1H-Indene, 2,3-dihydro-5-methyl- Trimethylnaphthalenes Phenylnaphthalene

Naphthalene, 2-phenyl-

Fluorene
Tetramethylnaphthalene

Diphenylbenzene
Triphenylbenzene

PET pyrolysis yielded 23.1 wt% liquid oil while PVC only produced
12.3 wt% liquid oil. This shows that the liquid yield of PET almost
doubled the PVC. The low liquid yield in PVC indicated the high
production of gaseous product during the pyrolysis. The structure
of PVC that comprised of the halogen (Cl~) with high electronega-
tivity explained the situation. High temperature during the pyrol-
ysis would cause the dehydrochlorination process to occur,
consequently increased the gaseous product and reduced the liq-
uid oil yield [126]. The release of hydrochloric acid and chlorine
compound during the PVC pyrolysis indicated that the liquid oil
was not suitable to be used as fuel since it depreciated the fuel
quality. Based on Table 7, it was clearly seen that most of the
PVC compound was decomposed to naphthalene and its derivative
around 33.55% [19].

In PP and HDPE pyrolysis oil, Jung et al. [15] observed that the
liquid oil contained primarily aliphatic, monoaromatic and pol-
yaromatic compounds. As for the PP fraction, the increase in the
temperature reduced the aliphatic concentration in the oil to
2.9 wt% at 746 °C. In contrast, high aliphatic concentration was
found in HDPE pyrolysis oil around 20 wt% at 728 °C. This indicates
the complexity of the HDPE structure to degrade during thermal
degradation process. Besides that, the BTX aromatics in PP pyroly-
sis oil (53 wt%) were found higher than in the HDPE fraction (32 wt
%) at the same temperature as mentioned previously. The most
abundant compound comprised in the BTX aromatics was the ben-
zene. The concentration of benzene and toluene increased with the
temperature except xylene compound which did not have a signif-
icant difference with the temperature. In terms of hydrocarbon
product distribution, paraffins were the main product observed
(66.55%) for PP derived liquid compared than HDPE (59.70%).
Hence, PP pyrolytic oil was more value added than the HDPE
derived liquid since paraffins released extra energy for combustion
than other hydrocarbon groups such as olefins and naphthenes.

As for the LDPE derived liquid oil, Williams and Williams [45]
reported that the aliphatic compound which consisted of alkanes,
alkenes and alkadienes was the main composition found. As the
temperature increased, the aliphatic concentration was in decreas-
ing trend. However, the aromatic compound showed an opposite
trend in which the aromatic concentration increased with the tem-
perature. Among the aromatic compound, benzene and toluene
concentration showed a dramatic increase as the temperature
increased except xylene and this observation matched the trend
observed in PP and HDPE pyrolysis as reported by Jung et al.
[15]. However, it should be noted that the chemical concentration
depends strongly on the pyrolysis operating temperature. Accord-
ing to Williams and Williams [45], the oil contained no aromatic

and polyaromatic hydrocarbon at temperature of 500-550 °C. Nev-
ertheless, a significant increase in the single ring aromatic com-
pound and polycyclic aromatic compound (PAH) happened when
the temperature increased to 700 °C that comprised around 25%
of the liquid oil composition.

For PS pyrolysis oil, Onwudili et al. [34] reported that the ben-
zene, toluene and ethyl benzene were three main components in
the PS oil product that increased with the temperature. On the
other hand, styrene monomer kept decreasing with the tempera-
ture and this suggest that the styrene radical formed during the
degradation process of PS was very reactive. Liu et al. [37] also
reported the same observation. The styrene and monoaromatics
were among the major components in the liquid oil product that
they covered around 80 wt% in the liquid fraction. These compo-
nents were categorized in the low boiling point fraction of less or
equal to 200 °C [37].

5. By-products of the plastic pyrolysis

Pyrolysis of plastics also produces char and gas as by-products.
The proportion of by-product in pyrolysis strongly depends on sev-
eral parameters such as temperature, heating rate, pressure and
residence time. Some information about the by-products gener-
ated is discussed below.

5.1. Char

Generally, slow heating rate at very low temperature and long
residence time maximizes the char formation in pyrolysis process.
Even though the char formation in fast pyrolysis process is com-
monly low, it is worth noting the properties and usage of the char
to fully maximize the potential of plastic pyrolysis. Jamradloedluk
and Lertsatitthanakorn [127] analyzed the char properties
obtained from the pyrolysis of HDPE plastic waste. From the prox-
imate analysis, volatile matter and fixed carbon were found to be
the main components of the char (>97 wt%) while moisture and
ash were the minorities. These components were closely related
to the proximate analysis of the raw plastic as tabulated in Table 1,
showing that most plastics were composed from almost 99 wt% of
volatile matter. The calorific value of the char was about 18.84 MJ/
kg. Furthermore, the low sulfur content made it suitable to be used
as fuel, for instance in combustion with coal or other wastes.

Besides that, the char formation was found to be increased with
the temperature and this trend was observed by Jung et al. [15] in
pyrolysis of PE and PP wastes. The char formation was increased
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from 2 wt% to 4 wt% in PP pyrolysis and from 0.7 wt% to 2 wt% in
PE pyrolysis as the temperature was raised from 668 °C to
746 °C. Unfortunately, the char obtained from both plastics con-
sisted mainly of inorganic matters up to 98.9 wt% which originated
from the inorganic substance in the feed fraction. In this case, the
high inorganic matters caused the application of char as fuel to be
difficult. However, it still has potential to be used as road surfacing
and as a building material [15].

Nevertheless, char can also be used as an adsorbent in water
treatment to remove heavy metal through an upgrading treatment.
A multistep upgrading of chars was studied by Bernando [128] in a
co-pyrolysis of PE, PP and PS plastic wastes, pine biomass and used
tires. The adsorption properties of the upgraded chars were exam-
ined and the result indicated that the chars were mainly meso-
porous and macroporous material with adsorption capacities for
methylene blue dye in the range of 3.59-22.2 mg/g. This indicates
that the upgraded chars should have good adsorption properties
towards bulky molecules. Therefore, the upgrading treatments per-
formed on the chars allowed carbonaceous residue from pyrolysis
to be reused as precursors for adsorbents to be obtained. Other
potential applications of pyrolysis char include using as feedstock
in production of activated carbon and as solid fuel for boilers [86].

5.2. Gas

According to Prabir [129], high temperature and long residence
time were the best condition to maximize gas production in pyrol-
ysis process. However, these conditions are opposite with the
parameters to maximize oil production. Generally, gas production
in pyrolysis process of polyolefins and PS plastics were quite low in
the range of 5-20 wt% and it is strongly depends on the tempera-
ture and type of plastics used in pyrolysis. The effect of tempera-
ture and plastic types were further studied by Onwudili et al.
[34] in a pyrolysis of LDPE, PS and their mixture. At 350 °C, it
was discovered that the gas product from the mixture was more
than the pyrolysis of individual plastic. The gas continued to
increase to 8.6 wt% at 425° where at this point, the gas product
was higher than pyrolysis of PS alone but lower than LDPE. At
the same temperature, pyrolysis of PS produced some amount of
char but not any significant gas product. However, the pyrolysis
of LDPE did produce more gas but no char at this temperature.
Hence, the authors noted that the amount of gas produced from
the mixture was significantly contributed by the LDPE component,
whereas char formation related closely to PS. At 450 °C, the gas
production increased continuously to 12.8 wt% for the plastic
mixture.

On the other hand, the pyrolysis of PET and PVC plastics pro-
duced large amount of gases in comparison to other polyolefin
plastics and PS. Cepeliogullar and Putun [19] discovered that the
amount of gas produced in pyrolysis of PET (76.9 wt%) and PVC
(87.7 wt%) waste plastics were much higher than the liquid yield
at 500 °C. The same trend was observed by Fakhrhoseini and
Dastanian [5] in the pyrolysis of PET at the same temperature
when 52.13 wt% of gas product collected from the process. This
indicates that PET and PVC decomposed mainly to gas product at
this temperature. PET used very less energy content to convert into
other chemical structures and this mechanism caused more
gas production in the pyrolysis process. Conversely, a dehydrochlo-
rination step might occur during the pyrolysis of PVC that caused
a high amount of gas to be released rather than the liquid
product.

The gas composition depends on the composition of feedstock
material. Williams and Williams [130] studied the pyrolysis of
HDPE, LDPE, PP, PS, PET and PVC individually and they found that
the main gas components produced during pyrolysis of each plastic
were hydrogen, methane, ethane, ethene, propane, propene,

butane and butene. However, PET produced additional gas compo-
nents of carbon dioxide and carbon monoxide while hydrogen
chloride was also produced by PVC. The gas produced in pyrolysis
process also has significant calorific value. Jung et al. [15] reported
that the gas produced from the pyrolysis of PE and PP alone had
high calorific value between 42 and 50 MJ/kg. Thus, the pyrolysis
gas had high potential to be used as heating source in pyrolysis
industrial plant. Additionally, the ethene and propene can be used
as chemical feedstock for the production of polyolefins if separated
from other gas components. The pyrolysis gas can also be used in
gas turbines to generate electricity and direct firing in boilers with-
out the need for flue gas treatment [86].

6. Discussion on plastic pyrolysis scenarios

This review showed that many researches have been done to
study the potential of plastic pyrolysis process in order to produce
valuable products such as liquid oil and the results were convinc-
ing. This technique offers several advantages such as enhancing the
waste management system, reducing the reliability to fossil fuels,
increasing energy sources and also prevents the contamination to
the environment. The technique can be executed at different
parameters that resulted in different liquid oil yield and quality.
Besides that, this technique offers great versatility and better eco-
nomic feasibility in terms of the process handling and the variabil-
ity of the product obtained.

As mentioned in the paragraph above, various parameters could
influence the liquid oil yield and the most critical factor was the
temperature. Different plastics may have different degradation
temperature depends on their chemical structures. Therefore, the
effective temperatures for the liquid optimization in pyrolysis
also varied for each plastic and it also strongly dependent on other
process parameters. Such parameters include the type of catalyst
used, the ratio of catalyst/polymer and also type of reactors
operated.

Table 8 summarized the optimum temperature required to
optimize liquid oil yield in thermal and catalytic pyrolysis at differ-
ent conditions. Other affected parameters include the type of reac-
tors, pressure, heating rate and pyrolysis duration for each type of
plastics. All experiments carried out were using nitrogen gas as the
fluidizing medium. Based on Table 8, PET and PVC are two plastics
that produced very low yield of liquid oil in comparison with other
plastic types, which made these plastics infrequently explored by
researchers. It also should be noted that not all plastic types are
recommended for pyrolysis. PVC was not preferred in pyrolysis
since it produced the major product of harmful hydrochloric acid
and very low yield of liquid oil. Additionally, the pyrolysis oil also
contained chlorinated compound that would degrade the oil qual-
ity and also toxic to the environment.

As summarized in Table 8, it can be concluded that the most
effective temperature to optimize the liquid oil yield in plastic
pyrolysis would be in the range of 500-550 °C for thermal pyroly-
sis. However, with the usage of catalyst in the pyrolysis, the opti-
mum temperature could be lowered down to 450 °C and higher
liquid yield was obtained. In most plastics, the usage of catalyst
in the process might improve the liquid oil yield, but PS was excep-
tional. This is because PS degraded very easily without the needs of
any catalysts to speed up the reaction and yet 97 wt% of oil was
produced [34]. Therefore, PS was the best plastic for pyrolysis since
it produced the highest amount of liquid oil production among all
the plastics. As for the polyolefin plastic type, LDPE produced the
highest liquid oil yield (93.1 wt%), followed by HDPE (84.7 wt%)
and PP (82.12 wt%) in thermal pyrolysis. However, with addition
of catalyst such as FCC and at the right operating temperature,
the liquid yield could be further maximized to above 90 wt%.
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Table 8
Summary of studies on plastic pyrolysis.
Reference’ Type of Reactor Process parameters Yield Others
plastic Temperature (°C) Pressure Heating rate Duration Oil Gas  Solid
(°C/min) (min) (wt%) (wtk) (wtk)
[19] PET Fixed bed 500 - 10 - 231 769 0
[5] PET - 500 1 atm 6 - 38.89 52.13 8.98
[23] HDPE  Horizontal steel 350 - 20 30 80.88 17.24 1.88
[60] HDPE  Semi-batch 400 1 atm 7 - 82 16 2 Stirring rate 200 RPM,
FCC catalyst 10 wt%
[48] HDPE  Batch 450 - - 60 745 5.8 19.7
[59] HDPE  Semi-batch 450 1 atm 25 - 912 41 4.7 Stirring rate 50 RPM,
FCC catalyst 20 wt%
[77] HDPE  Fluidized bed 500 - - 60 85 10 5 Silica alumina catalyst
[26] HDPE  Batch 550 - 5 - 847 163 0
[27] HDPE  Fluidized bed 650 - - 20-25 68,5 315 0
[19] pPVC Fixed bed 500 - 10 - 123 877 O
[29] PVC Vacuum batch 520 2 kPa 10 - 12.79 034 28.13 Also yield HCl = 58.2 wt%
[34] LDPE Pressurized batch 425 0.8-4.3 MPa 10 60 895 10 0.5
[32] LDPE Batch 430 - 3 - 756 8.2 7.5 Also yield wax = 8.7 wt%
[5] LDPE - 500 1 atm 6 - 80.41 1943 0.16
[31] LDPE Fixed bed 500 - 10 20 95 5 0
[26] LDPE  Batch 550 - 5 - 931 146 ©
[45] LDPE Fluidized bed 600 1 atm - - 51.0 242 0 Also yield wax = 24.8 wt%
[23] PP Horizontal steel 300 - 20 30 69.82 28.84 1.34
[35] PP Batch 380 1 atm 3 - 80.1 6.6 133
[60] PP Semi-batch 400 1 atm 7 - 85 13 2 Stirring rate 200 RPM,
used FCC catalyst 10 wt%
[57] PP Semi-batch 450 1 atm 25 - 923 4.1 3.6 Stirring rate 50 RPM,
used FCC catalyst 10 wt%
[5] PP - 500 1 atm 6 - 82.12 17.76 0.12
[36] PP Batch 740 - - - 488 496 1.6
[60] PS Semi-batch 400 1 atm 7 - 920 6 4 Stirring rate 200 RPM, used FCC
catalyst, cat/poly = 10 wjw
[34] PS Pressurized batch 425 0.31-1.6 MPa 10 60 97 250 05
[49] PS Batch 500 - - 150 96.73 327 O Used Zn catalyst, cat/poly = 5 wjw
[36] PS Batch 581 - - - 89.5 99 0.6 64.9 wt% of liquid comprised of
styrene
" All experiments used nitrogen gas as fluidizing medium.
7. Conclusion References

This review has provided concise summary of plastic pyrolysis
for each type and a discussion of the main affecting parameters
to optimize liquid oil yield. Based on the studies on literatures,
pyrolysis process was chosen by most researchers because of its
potential to convert the most energy from plastic waste to valuable
liquid oil, gaseous and char. Therefore, it is the best alternative for
plastic waste conversion and also economical in terms of opera-
tion. The flexibility that it provides in terms of product preference
could be achieved by adjusting the parameters accordingly. The
pyrolysis could be done in both thermal and catalytic process.
However, the catalytic process provided lower operating tempera-
ture with greater yield of liquid oil for most plastics with the right
catalyst selection. The sustainability of the process is unquestion-
able since the amount of plastic wastes available in every country
is reaching millions of tons. With the pyrolysis method, the waste
management becomes more efficient, less capacity of landfill
needed, less pollution and also cost effective. Moreover, with the
existence of pyrolysis method to decompose plastic into valuable
energy fuel, the dependence on fossil fuel as the non-renewable
energy can be reduced and this solves the rise in energy demand.
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