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Pyrolysis based biore�neries have great potential to convert waste such as plastic and
biomass waste into energy and other valuable products, to achieve maximum economic
and environmental bene�ts. In this study, the catalytic pyrolysis of different types of
plastics wastes (PS, PE, PP, and PET) as single or mixed in different ratios, in the
presence of modi�ed natural zeolite (NZ) catalysts, in a small pilot scale pyrolysis reactor
was carried out. The NZ was modi�ed by thermal activation (TA-NZ) at 550� C and acid
activation (AA-NZ) with HNO3, to enhance its catalytic properties. The catalytic pyrolysis
of PS produced a higher liquid oil (70 and 60%) than PP (40 and 54%) and PE (40 and
42%), using TA-NZ and AA-NZ catalysts, respectively. The gas chromatography-mass
spectrometry (GC-MS) analysis of oil showed a mixture of aromatics, aliphatic and other
hydrocarbon compounds. The TA-NZ and AA-NZ catalysts showed a different effect
on the wt% of catalytic pyrolysis products and liquid oil chemical compositions, with
AA-NZ showing higher catalytic activity than TA-NZ. FT-IR results showed clear peaks
of aromatic compounds in all liquid oil samples with some peaks of alkanes that further
con�rmed the GC-MS results. The liquid oil has a high heatingvalue (HHV) range of
41.7–44.2 MJ/kg, close to conventional diesel. Therefore,it has the potential to be used
as an alternative source of energy and as transportation fuel after re�ning/blending with
conventional fuels.

Keywords: catalytic pyrolysis, pyrolysis based biore�ner ies, natural zeolite, plastic waste, aromatic compounds,
modi�ed natural zeolite, catalyst

INTRODUCTION

Plastic waste production and consumption is increasing at an alarming rate, with the
increase of the human population, rapid economic growth, continuous urbanization, and
changes in life style. In addition, the short life span of plastic accelerates the production
of plastic waste on a daily basis. The global plastic productionwas estimated at around
300 million tons per year and is continuously increasing every year (Miandad et al., 2016a;
Ratnasari et al., 2017). Plastics are made of petrochemical hydrocarbons with additives such
as �ame-retardants, stabilizer, and oxidants that make it di�cult to bio-degrade (Ma et al.,
2017). Plastic waste recycling is carried out in di�erent ways, butin most developing
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countries, open or land�ll disposal is a common practice for
plastic waste management (Gandidi et al., 2018). The disposal of
plastic waste in land�lls provide habitat for insects and rodents,
that may cause di�erent types of diseases (Alexandra, 2012).
Furthermore the cost of transportation, labor and maintenance
may increase the cost of recycling projects (Gandidi et al., 2018).
In addition, due to rapid urbanization, the land available for
land�lls, especially in cities, is reducing. Pyrolysis is a common
technique used to convert plastic waste into energy, in the form
of solid, liquid and gaseous fuels.

Pyrolysis is the thermal degradation of plastic waste at
di�erent temperatures (300–900� C), in the absence of oxygen,
to produced liquid oil (Rehan et al., 2017). Di�erent kinds of
catalysts are used to improve the pyrolysis process of plastic
waste overall and to enhance process e�ciency. Catalysts have
a very critical role in promoting process e�ciency, targetingthe
speci�c reaction and reducing the process temperature and time
(Serrano et al., 2012; Ratnasari et al., 2017). A wide range of
catalysts have been employed in plastic pyrolysis processes, but
the most extensively used catalysts are ZSM-5, zeolite, Y-zeolite,
FCC, and MCM-41 (Ratnasari et al., 2017). The catalytic reaction
during the pyrolysis of plastic waste on solid acid catalysts may
include cracking, oligomerization, cyclization, aromatization and
isomerization reactions (Serrano et al., 2012).

Several studies reported the use of microporous and
mesoporous catalysts for the conversion of plastic waste into
liquid oil and char.Uemichi et al. (1998)carried out catalytic
pyrolysis of polyethylene (PE) with HZSM-5 catalysts. The
use of HZSM-5 increased liquid oil production with the
composition of aromatics and isoalkanes compounds.Gaca et al.
(2008) carried out pyrolysis of plastic waste with modi�ed
MCM-41 and HZSM-5 and reported that use of HZSM-
5 produced lighter hydrocarbons (C3–C4) with maximum
aromatic compounds.Lin et al. (2004)used di�erent kinds
of catalysts and reported that even mixing of HZSM-5 with
mesoporous SiO2-Al2O3 or MCM-41 led to the maximum
production of liquid oil with minimal gas production.Aguado
et al. (1997)reported the production of aromatics and aliphatic
compounds from the catalytic pyrolysis of PE with HZSM-5,
while the use of mesoporous MCM-41 decreased the aromatic
compounds produced due to its low acid catalytic activity.
The use of synthetic catalysts enhanced the overall pyrolysis
process and improved the quality of produced liquid oil.
However, the use of synthetic catalysts increased the cost of the
pyrolysis process.

The NZ catalysts can be used to overcome the economic
challenges of catalytic pyrolysis which comes with the use of
expensive catalysts. In recent years, NZ has gained signi�cant
attention for its potential environmental applications. Naturally,
NZ is found in Japan, USA, Cuba, Indonesia, Hungary, Italy,
and the Kingdom of Saudi Arabia (KSA) (Sriningsih et al.,
2014; Nizami et al., 2016). The deposit of NZ in KSA mostly
lies in Harrat Shama and Jabbal Shama and mainly contain
minerals of mordenite with high thermal stability, making it
suitable as a catalyst in plastic waste pyrolysis.Sriningsih et al.
(2014)modi�ed NZ from Sukabumi, Indonesia by depositing
transitional metals such as Ni, Co, and Mo and carried out
pyrolysis of low-density polyethylene (LDPE).Gandidi et al.

(2018) used NZ from Lampung, Indonesia for the catalytic
pyrolysis of municipal solid waste.

This is the �rst study to investigate the e�ect of modi�ed
Saudi natural zeolite, on product quality and yield from catalytic
pyrolysis of plastic waste. Saudi natural zeolite catalyst was
modi�ed via novel thermal activation (TA-NZ) at 550� C and
acid activation (AA-NZ) with HNO3 to enhance its catalytic
properties. The catalytic pyrolysis of di�erent types of plastics
waste (PS, PE, PP, and PET) as single or mixed in di�erent
ratios, in the presence of modi�ed natural zeolite (NZ) catalysts
in a small pilot scale pyrolysis reactor, was carried out for the
�rst time. The quality and yield of pyrolysis products such as
liquid oil, gas, and char were studied. The chemical composition
of the liquid oil was analyzed by GC-MS. Furthermore, the
potential and challenges of pyrolysis-based biore�neries have
been discussed.

MATERIALS AND METHODS

Feedstock Preparation and Reactor
Start-Up
The plastic waste used as the feedstock in the catalytic pyrolysis
process was collected from Jeddah and included grocery
bags, disposable juice cups and plates, and drinking water
bottles, which consist of polyethylene (PE), polypropylene (PP)
polystyrene (PS), and polyethylene terephthalate (PET) plastics,
respectively. The selection of these plastic materials was made
based on the fact that they are the primary source of plastic
waste produced in KSA. To obtain a homogenous mixture, all
the waste samples were crushed into smaller pieces of around 2
cm2. The catalytic pyrolysis was carried out using an individual
or mixture of these plastic wastes in di�erent ratios (Table 1).
1000 g of feedstock was used, with 100 g of catalyst in each
experiment. Saudi natural zeolite (NZ), collected from Harrat-
Shama located in the northwest of Jeddah city, KSA (Nizami
et al., 2016), was modi�ed by thermal and acid treatment and
used in these catalytic pyrolysis experiments. NZ was crushed
into powder (< 100 nm) in a ball-milling machine (Retsch MM
480) for 3 h using 20 Hz/sec, before modi�cation and its usage
in pyrolysis. For thermal activation (TA), NZ was heated in a
mu�e furnace at 550� C for 5 h, while for acidic activation (AA)
NZ was soaked in a 0.1 M solution of nitric acid (HNO3) for 48 h
and continuously shaken using an IKA HS 501 digital shaker with
50 rpm. Afterward, the sample was washed with deionized water
until a normal pH was obtained.

The experiments were carried out in a small pilot-scale
pyrolysis reactor at 450� C, using a heating rate of 10� C/min
and reaction time of 75 min (Figure 1). The obtained yield of
each pyrolysis product was calculated based on weight, after
the completion of each experiment. The produced liquid oil
characterization was carried out to investigate the e�ect of
feedstock composition on the quality of liquid oil produced in
the presence of modi�ed NZ. TGA was carried out on feedstock
to obtain the optimal process conditions such as temperature and
reaction time (75 min) under controlled conditions. In TGA,a 10
mg of each type of plastic waste was taken and heated with a rate
of 10� C from 25 to 900� C under a continuous �ow of nitrogen (50
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TABLE 1 | Experimental scheme.

Feedstock types Feedstock
quantity (g)

Catalyst
QUANTITY (g)

Feedstock
ratio (%)

Retention
time (min)

Reaction
temp ( � C)

Heating rate
(� C/min)

PS 1,000 100 100 75 450 10

PE 1,000 100 100 75 450 10

PP 1,000 100 100 75 450 10

PS/PE 1,000 100 50/50 75 450 10

PS/PP 1,000 100 50/50 75 450 10

PP/PE 1,000 100 50/50 75 450 10

PS/PE/PP 1,000 100 50/25/25 75 450 10

PS/PP/PE/PET 1,000 100 40/20/20/20 75 450 10

ml/min). The authors of this study have recently published work
on the e�ect of feedstock composition and natural and synthetic
zeolite catalysts without catalyst modi�cation on di�erenttypes
of plastic waste (Miandad et al., 2017b; Rehan et al., 2017).

Experimental Setup
The small pilot scale reactor has the capability to be used as both a
thermal and catalytic pyrolysis, using di�erent feedstocks such as
plastic and biomass materials (Figure 1). In this study, modi�ed
NZ catalysts were added in the reactor with the feedstock.
The pyrolysis reactor can hold up to 20 L of feedstock and
the maximum working safe temperature of up to 600� C can
be achieved with the desired heating rates. Detailed parameters
of the pyrolysis reactor were published earlier (Miandad et al.,
2016b, 2017b). As the temperature increases above certain values,
the plastic waste (organic polymers) converts into monomers
that are transferred to the condenser, where these vapors are
condensed into liquid oil. A continuous condensation system
using a water bath and ACDelco Classic coolant was used to
ensure the condensation temperature was kept below 10� C, and
to ensure the maximum condensation of vapor to liquid oil. The
produced liquid oil was collected from the oil collection tank, and
further characterization was carried out to uncover its chemical
composition and characteristics for other potential applications.

Analytical Methods
The pyrolysis oil was characterized using di�erent
techniques such as gas chromatography coupled with mass
spectrophotometry (GC-MS), Fourier transform infrared
spectroscopy (FT-IR),

Bomb Calorimeter and TGA (Mettler Toledo TGA/SDTA851)
by adopting the standard ASTM methods. The functional groups
in pyrolysis oil was analyzed by a FT-IR, Perkin Elmer's, UK
instrument. The FT-IR analysis was conducted using a minimum
of 32 scans with an average of 4 cm� 1 IR signals within the
frequency range of 500–4,000 cm� 1.

The chemical composition of oil was studied using a GC-
MS (Shimadzu QP-Plus 2010) with FI detector. A capillary GC
30 m long and 0.25 mm wide column coated with a 0.25mm
thick �lm of 5% phenyl-methylpolysiloxane (HP-5) was used.
The oven was set at 50� C for 2 min and then increased up
to 290� C using a 5� C/min heating rate. The temperature of

the ion source and transfer line were kept at 230, and 300� C
and splitless injection was applied at 290� C. The NIST08s mass
spectral data library was used to identify the chromatographic
peaks, and the peak percentages were assessed for their total
ion chromatogram (TIC) peak area. The high heating values
(HHV) of produced liquid oil obtained from di�erent types of
plastic waste were measured following the standard ASTM D
240 method with a Bomb Calorimeter (Parr 6200 Calorimeter)
instrument, while production of gas was estimated using the
standard mass balance formula, considering the di�erence of
weights of liquid oil and char.

RESULTS AND DISCUSSION

TGA Analysis of Feedstock
TGA was carried out for each type of plastic waste on
an individual basis to determine the optimum temperature
for thermal degradation. All types of plastic waste show
similar degradation behavior with the rapid loss of weight of
hydrocarbons within the narrow range of temperature (150–
250� C) (Figure 2). The maximum degradation for each type
of plastic waste was achieved within 420–490� C. PS and PP
showed single step decomposition, while PE and PET showed
a two-stage decomposition under controlled conditions. The
single step decomposition corresponds to the presence of
a carbon-carbon bond that promotes the random scission
mechanism with the increase in temperature (Kim et al., 2006).
PP degradation started at a very low temperature (240� C)
compared to other feedstocks. Half of the carbon present in
the chain of PP consists of tertiary carbon, which promotes the
formation of carbocation during its thermal degradation process
(Jung et al., 2010). This is probably the reason for achieving
maximum PP degradation at a lower temperature. The PS initial
degradation started at 330� C and maximum degradation was
achieved at 470� C. PS has a cyclic structure, and its degradation
under the thermal condition involves both random chain and
end-chain scission, which enhances its degradation process
(Demirbas, 2004; Lee, 2012).

PE and PET showed a two-stage decomposition process; the
initial degradation started at lower temperatures followedby
the other degradation stage at a higher temperature. PEs initial
degradation started at 270� C and propagated slowly but gradually
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FIGURE 1 | Small pilot scale pyrolysis reactor (Miandad et al., 2016b).

FIGURE 2 | Thermogravimetric analysis (TGA) of PS, PE, PP, and PET plastic waste.

until the temperature reached 385� C. After that temperature,
a sharp degradation was observed, and 95% degradation was
achieved with a further increase of around 100� C. A similar
two-stage degradation pattern was observed for PET plastic
and the initial degradation started at 400� C with a sharp
decrease in weight loss. However, the second degradation
started at a slightly higher temperature (550� C). The initial
degradation of PE and PET may be due to the presence of some
volatile impurities such as the additive �ller used during plastic
synthesis (Dimitrov et al., 2013).

Various researchers have reported that PE and
PET degradation requires higher temperatures compared
to other plastics (Dimitrov et al., 2013; Rizzarelli et al., 2016).
Lee (2012)reported that PE has a long chain branched structure

and that its degradation occurs via random chain scission, thus
requiring a higher temperature, while PET degradation follows
the ester link random scission which results in the formation
oligomers (Dziecio� and Trzeszczynski, 2000; Lecomte and
Liggat, 2006). The initial degradation of PET was perhaps due
to the presence of some volatile impurities such as diethylene
glycol (Dimitrov et al., 2013). Literature reports that the presence
of these volatile impurities further promotes the degradation
process of polymers (McNeill and Bounekhel, 1991; Dziecio�
and Trzeszczynski, 2000). The di�erence in TGA curves of
various types of plastics could be due to their mesoporous
structure (Chandrasekaran et al., 2015). In addition,Lopez et al.
(2011)reported that the use of catalysts decreases the process
temperature. Therefore, 450� C could be taken as the optimum
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FIGURE 3 | Effect of TA-NZ and AA-NZ on the pyrolysis product yield.

temperature, in the presence of activated NZ, for catalytic
pyrolysis of the aforementioned plastic waste.

Effect of Feedstock and Catalysts on
Pyrolysis Products Yield
The e�ect of thermal and acid activation of NZ on the product
yield of the pyrolysis process was examined (Figure 3). The
catalytic pyrolysis of individual PS plastic using TA-NZ and
AA-NZ catalysts showed the highest liquid oil yields of 70 and
60%, respectively, compared to all other types of individual and

combined plastic waste studied. The high yield of liquid oil
from catalytic pyrolysis of PS was also reported in several other
studies (Siddiqui and Redhwi, 2009; Lee, 2012; Rehan et al.,
2017). Siddiqui and Redhwi (2009)reported that PS has a cyclic
structure, which leads to the high yield of liquid oil from catalytic
pyrolysis.Lee (2012)reported that PS degradation occurred via
both random-chain and end chain scissions, thus leading to the
production of the stable benzene ring structure, which enhances
further cracking and may increase liquid oil production.
Furthermore, in the presence of acid catalysts, PS degradation
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followed a carbenium mechanism, which further underwent
hydrogenation (inter/intramolecular hydrogen transfer)and b-
scission (Serrano et al., 2000). In addition, PS degradation
occurred at a lower temperature, compared to other plastics such
as PE, due to its cyclic structure (Wu et al., 2014). On the other
hand, the catalytic pyrolysis of PS produced a higher amount
of char (24.6%) with AA-NZ catalyst than with TA-NZ (15.8%)
catalyst.Ma et al. (2017)also reported the high production of
char from the catalytic pyrolysis of PS with an acidic zeolite(Hb)
catalyst. The high char production numbers were due to the high
acidity of the catalyst, which favors char production via intense
secondary cross-linking reactions (Serrano et al., 2000).

The catalytic pyrolysis of PP produced higher liquid oil
(54%) with the AA-NZ catalyst than the TA-NZ catalyst (40%)
(Figure 3). On the other hand, the TA-NZ catalyst produced
large amounts of gas (41.1%), which may be due to the lower
catalytic activity of the TA-NZ catalyst. According toKim et al.
(2002) catalyst with low acidity and BET surface areas with
microporous structures, favor the initial degradation of PPwhich
may lead to the maximum production of gases.Obali et al. (2012)
carried out pyrolysis of PP with an alumina-loaded catalyst and
reported the maximum production of gas. Moreover, formation
of carbocation during PP degradation, due to the presence of
tertiary carbon in its carbon chain, may also favor gas production
(Jung et al., 2010). Syamsiro et al. (2014)also reported that
catalytic pyrolysis of PP and PS with an acid (HCL) activated
natural zeolite catalyst produced more gases than the process
with a thermally activated natural zeolite catalyst, due toits high
acidity and BET surface area.

The catalytic pyrolysis of PE with TA-NZ and AA-NZ catalysts
produced similar amounts of liquid oil (40 and 42%). However,
the highest amounts of gases (50.8 and 47.0%) were produced
from PE, using AA-NZ and TA-NZ respectively, compared to all
other types of plastic studied. The char production was lowest in
this case, 7.2 and 13.0% with AA-NZ and TA-NZ, respectively.
Various studies also reported the lower production of char from
the catalytic pyrolysis of PE (Xue et al., 2017). Lopez et al. (2011)
reported that catalysts with high acidity enhanced the cracking of
polymers during the catalytic pyrolysis. The increase in cracking,
in the presence of a high acidic catalyst, promotes the production
of gases (Miandad et al., 2016b, 2017a). Zeaiter (2014)carried
out catalytic pyrolysis of PE with HBeta zeolite and reported
95.7% gas production due to the high acidity of the catalyst.
Batool et al. (2016)also reported the maximum production of
gas from catalytic pyrolysis of PE, with highly acidic ZSM-5
catalyst. According toLee (2012)andWilliams (2006), PE has a
long chain carbon structure, and its degradation occurs randomly
into smaller chain molecules via random chain scission, which
may promote gas production. During the pyrolysis of PE, which
holds the C-H and C-C bonds only, initially, macromolecule
backbone breaking occurred and produced stable free-radicals.
Further, the hydrogenation steps occurred, leading to the
synthesis of secondary free-radicals (new stable C-H bond),
which resulted intob-scission and produced an unsaturated
group (Rizzarelli et al., 2016).

The catalytic pyrolysis of PP/PE (50/50% ratio) did not show
any signi�cant di�erence in the overall product yields when using

both AA-NZ and TA-NZ. The liquid oil produced from the
catalytic pyrolysis of PP/PE was 44 and 40% from TA-NZ and
AA-NZ catalysts, respectively. A slight decrease in the liquid oil
yield from AA-NZ could be due to its high acidity.Syamsiro
et al. (2014)reported that AA-NZ with HCl has high acidity
compared to TA-NZ, produced less liquid oil yield and had
high production of gases. Overall catalytic pyrolysis of PP/PE
produced the maximum amount of gas with low amounts of char.
The high production of gas may be due to the presence of PP. The
degradation of PP enhances the carbocation process due to the
presence of tertiary carbon in its carbon chain (Jung et al., 2010).
Furthermore, the degradation of PE in the presence of catalyst
also favors the production of gas with a low yield of liquid oil.
However, when PP and PE catalytic pyrolysis was carried out
separately with PS, a signi�cant di�erence was observed in the
product yield.

There was a signi�cant di�erence in the liquid oil yield of
54 and 34% for catalytic pyrolysis of PS/PP (50/50% ratio) with
TA-NZ and AA-NZ catalysts, respectively. Similarly, a signi�cant
di�erence in the char yield of 20.3 and 35.2% was observed,
whereas the high yield of gases were 25.7 and 30.8% using TA-NZ
and AA-NZ catalysts, respectively.Lopez et al. (2011)and Seo
et al. (2003)reported that a catalyst with high acidity promotes
the cracking process and produces maximum gas production.
Furthermore, the presence of PP also enhances gas production
due to the carbocation process during degradation (Jung et al.,
2010). Kim et al. (2002)reported that PP degradation produces
maximum gas in the presence of acid catalysts.

The catalytic pyrolysis of PS with PE (50/50% ratio) in the
presence of TA-NZ catalyst produced 44% liquid oil, however
52% liquid oil was obtained using the AA-NZ catalyst.Kiran
et al. (2000)carried out pyrolysis of PS with PE at di�erent
ratios and reported that an increase in the concentration of PE
decreased the liquid oil concentration with the increase ingas.
The presence of PS with PE promotes the degradation process
due to the production of an active stable benzene ring from PS
(Miandad et al., 2016b). Wu et al. (2014)carried out TGA of PS
with PE and observed two peaks, the �rst one for PS at a low
temperature, followed by PE degradation at a high temperature.
Moreover, PE degradation follows a free radical chain process
and hydrogenation process, while PS follows a radical chain
process including various steps (Kiran et al., 2000). Thus, even
when considering the degradation phenomena, PS resulted in
higher degradation compared to PE and produced stable benzene
rings (McNeill et al., 1990).

Catalytic pyrolysis of PS/PE/PP (50/25/25% ratio) showed
slightly lower liquid oil yields as compared to catalytic pyrolysis
of all individual plastic types. The oil yield from both catalysts,
TA-NZ and AA-NZ, in this case, is similar, 44 and 40%,
respectively. The char production was higher (29.7%) with the
AA-NZ catalyst than (19.0%) with the TA-NZ catalyst, which
may be due to polymerization reactions (Wu and Williams,
2010). Furthermore, the addition of PET with PS, PE and PP
(20/40/20/20% ratio) reduced the liquid oil yields down to 28
and 30% overall, using TA-NZ and AA-NZ catalysts, respectively,
with higher fractions of char and gas.Demirbas (2004)carried
out pyrolysis of PS/PE/PP and reported similar results for the
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product yield.Adnan et al. (2014)carried out catalytic pyrolysis
of PS and PET using he Al-Al2O3 catalyst with ratios of 80/20%
and reported only 37% liquid oil. Moreover,Yoshioka et al.
(2004) reported the maximum production of gas and char
with negligible liquid oil production from catalytic pyrolysis of
PET. In addition, maximum char production was also reported
when PET catalytic pyrolysis was carried out with other plastics
(Bhaskar et al., 2004). The higher production of char from
PET pyrolysis was due to the carbonization and condensation
reactions during its pyrolysis at a high temperature (Yoshioka
et al., 2004). In addition, the presence of the oxygen atom also
favors the high production of char from catalytic pyrolysis of
PET (Xue et al., 2017). Thilakaratne et al. (2016)reported that
production of benzene-free radicals, with two activated carbons,
is the precursor of catalytic coke from PET degradation.

Effect of Catalysts on the Composition of
Liquid Oil
The chemical composition of liquid oil produced by the catalytic
pyrolysis of di�erent plastic waste using TA-NZ and AA-NZ
catalysts were characterized by GC-MS (Figures 4, 5). The
produced liquid oil composition is a�ected by di�erent types of
feedstock and catalysts used in the pyrolysis process (Miandad
et al., 2016a,b,c). The liquid oil produced from the individual
plastic types such as PS, PP and PE contained a mixture of
aromatics, aliphatic and other hydrocarbon compounds. The
aromatic compounds found in oil, from PS and PE, were higher
than PP using the TA-NZ catalyst. The aromatic compounds
increased in oil from PS and PP but reduced in PE when using the
AA-NZ catalyst. The mesoporous and acidic catalyst leads to the
production of shorter chain hydrocarbon due to its high cracking
ability (Lopez et al., 2011). However, microporous and less acidic
catalysts favor the production of long chain hydrocarbons as
the cracking process occurred only on the outer surface of
the catalysts. Overall, in the presence of catalysts, PE and PP
follow the Random-chain scission mechanism, while PS follows
the unzipping or end chain scission mechanism (Cullis and
Hirschler, 1981; Peterson et al., 2001). The end-chain scission
results in monomer production while random chain scission
produces oligomers and monomers (Peterson et al., 2001).

The liquid oil produced from the catalytic pyrolysis of PE,
when using both catalysts, produced mainly Naphthalene,
Phenanthrene, Naphthalene, 2-ethenyl-, 1-Pentadecene,
Anthracene, 2-methyl-, Hexadecane and so on (Figures 4A,
5A). These results agree with several other studies (Lee, 2012;
Xue et al., 2017). The production of a benzene derivate reveals
that TA-NZ enhances the process of aromatization compared
to AA-NZ. Xue et al. (2017)reported that intermediate ole�ns
produced from catalytic pyrolysis of PE, further aromatized
inside the pores of catalysts. Nevertheless, the aromatization
reaction further leads to the production of hydrogen atoms that
may enhance the aromatization process.Lee (2012)reported that
ZSM-5 produced more aromatic compounds compare to the
mordenite catalyst, due to its crystalline structure.

There are two possible mechanisms which may involve the
degradation of PE in the presence of a catalyst; hybrid ion

abstraction due to the presence of Lewis sites or, due to the
carbenium ion mechanism via the addition of a proton (Rizzarelli
et al., 2016). Initially, degradation starts on the external surface
of the catalysts and later proceeds with further degradationin the
inner pores of the catalysts (Lee, 2012). However, microporous
catalysts hinder the entrance of larger molecules and thus
higher carbon chain compounds are produced from catalytic
pyrolysis of PE with microporous catalysts. In addition, in the
presence of acidic catalysts, due to carbenium mechanism, the
formation of aromatic and ole�n compound production may
increase (Lee, 2012). Lin et al. (2004)reported highly reactive
ole�n production, as intermediate products during the catalytic
pyrolysis of PE, that may favor the production of para�n and
aromatic compounds in produced liquid oil. Moreover, the
presence of an acidic catalyst and free hydrogen atom may lead
to alkylation of toluene and benzene, converting intermediate
alkylated benzene to the production of naphthalene due to
aromatization (Xue et al., 2017).

The liquid oil produced from catalytic pyrolysis of PS with
TA-NZ and AA-NZ, contains di�erent kinds of compounds.
Alpha-Methylstyrene, Benzene, 1,10-(2-butene-1,4-diyl)bis-,
Bibenzyl, Benzene, (1,3-propanediyl), Phenanthrene, 2-
Phenylnaphthalene and so on were the major compounds found
in the produced liquid oil (Figures 4A, 5A). The liquid oil
produced from catalytic pyrolysis of PS, with both activated
catalysts, mainly contains aromatic hydrocarbons with some
para�ns, naphthalene and ole�n compounds (Rehan et al.,
2017). However, in the presence of a catalyst, the maximum
production of aromatic compounds was achieved (Xue et al.,
2017). Ramli et al. (2011)also reported the production of
ole�ns, naphthalene with aromatic compounds from catalytic
pyrolysis of PS with Al2O3, supported with Cd and Sn catalysts.
PS degradation starts with cracking on the outer surface of
the catalyst and is then followed by reforming inside the pores
of the catalyst (Uemichi et al., 1999). Initially, the cracking of
polymer is carried out by the Lewis acid site on the surface of
catalysts to produce carbocationic intermediates, which further
evaporates or undergoes reforming inside the pores of the
catalyst (Xue et al., 2017).

The catalytic pyrolysis of PS mainly produces styrene and
its derivate as the major compounds in the produced liquid oil
(Siddiqui and Redhwi, 2009; Rehan et al., 2017). Conversion
of styrene into its derivate was increased in the presence of
protonated catalysts due to hydrogenation (Kim et al., 2002).
Shah and Jan (2015)and Ukei et al. (2000)reported that
hydrogenation of styrene increased with the increase of the
reaction temperature.Ogawa et al. (1982)carried out pyrolysis
of PS with the alumina-silica catalyst at 300� C and found the
hydrogenation of styrene to its derivate.Ramli et al. (2011)
reported the possible degradation mechanism of PS on acid
catalysts that may occur due to the attack of a proton associated
with Bronsted acidic sites, resulting in the carbenium ion
mechanism, which further undergoesb-scission and is later
followed by hydrogen transfer. Moreover, cross-linking reaction
was favored by strong Bronsted acidic sites and when this
reaction occurred the completing cracking may decrease to some
extent and enhance the production of char (Serrano et al.,
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FIGURE 4 | Continued

2000). Furthermore, silica-alumina catalysts do not have strong
Bronsted acidic sites, though it may not improve the cross-
linking reaction but favor the hydrogenation process. Thus,it
may be the reason that styrene was not found in the liquid oil,

however, its derivate was detected at high quantities (Lee et al.,
2001). Xue et al. (2017)also reported the dealkylation of styrene,
due to the delay in evaporation inside the reactor, which may lead
to an enhanced reforming process and result in the production of
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FIGURE 4 | (A,B) GC-MS of liquid oil produced from different types of plasticwaste with TA-NZ.

a styrene derivate. TA-NZ and AA-NZ contain a high amount
of alumina and silica that leads to the hydrogenation of styrene
to its derivate, resulting in the production of styrene monomers
instead of styrene.

The catalytic pyrolysis of PP produced a complex mixture
of liquid oil containing aromatics, ole�ns and naphthalene
compounds. Benzene, 1,10-(2-butene-1,4-diyl)bis-, benzene, 1,10-
(1,3-propanediyl)bis-, anthracene, 9-methyl-, naphthalene,
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2-phenyl-, 1,2,3,4-tetrahydro-1-phenyl-, naphthalene,
phenanthrene etc. were the major compounds found in the liquid
oil (Figures 4A, 5A). These �ndings are in line with other studies
that carried out catalytic pyrolysis of PP with various catalysts
(Marcilla et al., 2004). Furthermore, degradation of PP with AA-
NZ resulted in the maximum production of phenol compounds.
The higher production was perhaps due to the presence of high
acidic sites, as it favors phenol compound production. Moreover,
the presence of a high acidic site on catalysts enhanced the
oligomerization, aromatization and deoxygenation mechanism
that led to the production of poly-aromatic and naphthalene
compounds.Dawood and Miura (2002)also reported the high
production of these compounds from the catalytic pyrolysis of
PP with a high acidic modi�ed HY-zeolite.

The composition of oil from the catalytic pyrolysis of PP
with PE contains compounds found in the oil from both
individual plastic type feedstocks.Miandad et al. (2016b)
reported that feedstock composition also a�ects the quality
and chemical composition of the oil. The produced liquid
oil from catalytic pyrolysis of PE/PP contains aromatic,
ole�n, and naphthalene compounds. The major compounds
found were; benzene, 1,10-(1,3-propanediyl)bis-, mono(2-
ethylhexyl) ester, 1,2-benzenedicarboxylic acid, anthracene,
pentadecane, phenanthrene, 2-phenylnaphthalene and so on
(Figures 4B, 5B). Jung et al. (2010)reported that the aromatic
production from PP/PE catalytic pyrolysis might follow the
Diels–Alder reaction mechanism and is then followed by
dehydrogenation. Furthermore, catalytic pyrolysis of PP and
PE carried out individually with PS, mainly produced aromatic
compounds due to the presence of PS. The produced liquid
oil from PS/PP contains benzene, 1,10-(1,3-propanediyl)bis,
1,2-benzenedicarboxylic acid, disooctyl ester, bibenzyl,
phenanthrene, 2-phenylnaphthalene, benzene, (4-methyl-1-
decenyl)- and so on (Figures 4A, 5A). PS catalytic pyrolysis with
PE mainly produced liquid oil with major compounds of azulene,
naphthalene, 1-methyl-, naphthalene, 2-ethenyl, benzene, 1,10-
(1,3-propanediyl)bis-, phenanthrene, 2-phenylnaphthalene,
benzene, 1,10-(1-methyl-1,2-ethanediyl)bis- and some other
compounds as well (Figures 4B, 5B). Miskolczi et al. (2006)
carried out pyrolysis of PS with PE with a ratio of 10 and 90%,
respectively, and reported the maximum production of aromatics
even at a very low ratio of PS.Miandad et al. (2016b)reported
that thermal pyrolysis of PE with PS without a catalyst, resulted
in the conversion of PE into liquid oil with a high composition
of aromatics. However thermal pyrolysis of the only PE without
a catalyst converted it into wax instead of liquid oil due to its
strong long chain branched structure (Lee, 2012; Miandad et al.,
2016b). Wu et al. (2014)carried out TGA of PS with PE and
reported that the presence of PS favors the degradation of PE,
due to the production of stable benzene rings.

The chemical composition of pyrolysis oil, by di�erent
functional groups, was studied using FT-IR. The obtained data
revealed the presence of aromatics and aliphatic functional
groups in the oil (Figures 6, 7). A very strong peak at 696
cm� 1 was observed in most of the liquid oils obtained using
both catalysts, which corresponds to the high concentration

of aromatic compounds. Two more peaks, that are obvious,
were visible at around 1,456 and 1,495 cm� 1 for C-C with
single and double bonds, corresponding to aromatic compounds.
Furthermore, at the end of the spectrum, strong peaks at 2,850,
2,923, and 2,958 cm� 1 were observed in all types of liquid
oils except the PS, corresponding to the C-H stretch of alkanes
compounds. Overall, the liquid oil obtained from catalytic
pyrolysis of di�erent plastic waste using the AA-NZ catalyst,
showed more peaks than the samples from the TA-NZ catalysts.
These extra peaks corresponded to aromatics, alkanes and alkene
compounds. This indicates that, as expected, the AA-NZ had
better catalytic properties than the TA-NZ. Various researchers
have reported similar results, that liquid oil produced from PS
was dominant with aromatics.Tekin et al. (2012)and Panda
and Singh (2013)also reported the presence of aromatics with
some alkanes and alkenes from catalytic pyrolysis of PP.Kunwar
et al. (2016)carried out the thermal and catalytic pyrolysis of
PE and reported that produced liquid oil contained alkanes and
alkenes as a major functional group. Overall, the FT-IR analysis
provided more insight into the chemical composition of liquidoil
produced, from catalytic pyrolysis of di�erent plastic waste, using
modi�ed NZ catalysts and further con�rmed our GC-MS results.

Potential Applications of Pyrolysis
Products
The liquid oil produced from the catalytic pyrolysis of di�erent
types of plastic feedstock has a high number of aromatic,
ole�n, and naphthalene compounds that are found in petroleum
products. Moreover, the HHV of the produced liquid oil has
been found in the range of 41.7–44.2 MJ/kg (Table 2) which
is very close to the energy value of conventional diesel. The
lowest HHV of 41.7 MJ/ kg was found in liquid oil obtained
from PS using the TA-NZ catalyst, whereas the highest HHV
of 44.2 MJ/kg was from PS/PE/PP using the AA-NZ catalyst.
Thus, the pyrolysis liquid oil produced from various plastic
wastes has the potential to be used as an alternative source
of energy. According toLee et al. (2015)and Rehan et al.
(2016), the production of electricity is achievable using pyrolysis
liquid oil in a diesel engine.Saptoadi and Pratama (2015)
successfully used pyrolytic liquid oil as an alternative in a
kerosene stove. Moreover, the produced aromatic compounds
can be used as raw material for polymerization in various
chemical industries (Sarker and Rashid, 2013; Shah and Jan,
2015). Furthermore, various researchers utilized the produced
liquid oil as transportation fuel after blending with conventional
diesel at di�erent ratios. The studies were carried out to explore
the potential of produced liquid oil in the context of engine
performance and vehicle exhaust emission.Nileshkumar et al.
(2015)and Lee et al. (2015)reported that 20:80% blend ratio
of pyrolytic liquid oil and conventional diesel, respectively, gave
similar engine performance results than conventional diesel.
Moreover, at the same blended ratio the exhaust emissions were
also similar, however the exhaust emissions increased withthe
increase in the blended amount of pyrolysis oil (Frigo et al., 2014;
Mukherjee and Thamotharan, 2014).
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FIGURE 5 | Continued

The residue (char) left after the pyrolysis process can
be utilized for several environmental applications. Several
researchers activated the char via steam and thermal activation

(Lopez et al., 2009; Heras et al., 2014). The activation process
increased the BET surface area and reduced the pore size of
the char (Lopez et al., 2009). Furthermore,Bernando (2011)
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FIGURE 5 | (A,B) GC-MS of liquid oil produced from different types of plasticwaste with AA-NZ.

upgraded the plastic char with biomaterial and carried out
the adsorption (3.6–22.2 mg/g) of methylene blue dye from
wastewater.Miandad et al. (2018)used the char obtained from
pyrolysis of PS plastic waste to synthesize a novel carbon-metal

double-layered oxides (C/MnCuAl-LDOs) nano-adsorbent for
the adsorption of Congo red (CR) in wastewater. Furthermore,
the char can be used as a raw material for the production of
activated carbon as well.
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FIGURE 6 | FT-IR analysis of liquid oil produced from catalytic pyrolysis with TA-NZ.

FIGURE 7 | FT-IR analysis of liquid oil produced from catalytic pyrolysis with AA-NZ.
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TABLE 2 | High Heating Values (HHV) of pyrolysis oil from various feedstocks
using TA-NZ and AA-NZ catalysts.

Feedstock TA-NZ (MJ/kg) AA-NZ (MJ/kg)

PS 41.7 42.1

PP 43.4 42.9

PE 42.9 43.5

PS/PP 42.5 42.9

PS/PE 42.6 43.7

PP/PE 44.1 43.7

PS/PE/PP 42.4 44.2

PS/PE/PP/PET 41.9 43.7

Limitations of GC-MS Analysis of Pyrolysis
Oil
There are some limitations in conducting the accurate
quantitative analysis of chemical components in pyrolysis
oil using GC-MS. In this study, we used the mass percentage of
di�erent chemicals found in oil samples, calculated based on
the peak areas identi�ed by a normal phase DP5-MS column
and FID. The identi�ed peaks were matched with the NIST
and mass bank spectra library. The compounds were chosen
based on the similarity index (SI> 90%). Further comparison
with known (CRM) standards enabled con�rmation of the
identi�ed compounds. The used column and detectors were
limited only with hydrocarbons. In reality however, oil from
most plastic waste has a complex chemical structure and may
contain other groups of unidenti�ed chemicals such as sulfur,
nitrogen, and oxygen-containing hydrocarbons. This is why
a more in-depth and accurate qualitative chemical analysis
is needed to fully understand the chemistry of pyrolysis oil,
using advanced calibration and standardization and using
di�erent MS detectors like SCD and NCD as well as di�erent
GC columns.

The Potential and Challenges of Pyrolysis
Based Biore�neries
Waste biore�neries are attracting tremendous attention asa
solution to convert MSW and other biomass waste into a
range of products such as fuels, power, heat and other valuable
chemicals and materials. Di�erent types of biore�neries, such
as an agriculture-based biore�nery, animal waste biore�nery,
wastewater biore�nery, algae-based biore�nery, plastic waste
re�nery, forestry-based biore�nery, industrial waste biore�nery,
and Food waste biore�nery etc., can be developed depending on
the type and source of waste (Gebreslassie et al., 2013; De Wild
et al., 2014; Nizami et al., 2017a,b; Waqas et al., 2018). These
biore�neries can play a signi�cant role to reduce waste-related
environmental pollution and GHG emissions. Furthermore, they
generate substantial economic bene�ts and can help achievea
circular economy in any country.

A pyrolysis based biore�nery can be developed to treat a range
of biomass waste and plastic waste to produce liquid and gas

fuels, energy, biochar, and other higher value chemicals using an
integrated approach. The integrated approach helps to achieve
maximum economic and environmental bene�ts with minimal
waste production. There are many challenges and room for
improvement in pyrolysis-based biore�neries, that need to be
addressed and optimized to ensure maximum bene�ts. Although
pyrolysis oil holds more energy than coal and some other fuels,
pyrolysis itself is an energy-intensive process, and the oil product
requires more energy to be re�ned (Inman, 2012). This means
that pyrolysis oil may not be much better than conventional
diesel or other fossil-based fuels in terms of GHG emissions,
though much detailed research studies on mass and energy
balance across the whole process's boundaries are needed to
con�rm this. To overcome these process energy requirements,
more advanced technologies can be developed using the
integration of renewable energies such as solar or hydro with
pyrolysis-based biore�neries, to achieve maximum economic and
environmental bene�ts.

The availability of plastic and biomass waste streams as
feedstocks for pyrolysis based biore�neries, is another major
challenge, since recycling is not currently very e�cient, especially
in the developing countries. The gases produced from pyrolysis
of some plastic waste such as PVC are toxic, and therefore
pyrolysis emission treatment technology has to be further
re�ned to achieve maximum environmental bene�ts. The
pyrolysis oil obtained from various plastic types need to be
cleaned signi�cantly before it is used in any application, to
ensure minimal environmental impact. The high aromatic
contents of the pyrolysis oil is good and some aromatic
compounds such as benzene, toluene, and styrene can be
re�ned and sold in an already established market. However,
some of the aromatic hydrocarbons are known carcinogens
and can cause serious human health and environmental
damage. Serious consideration is therefore needed in
this regard.

Other aspects for optimization of pyrolysis based
biore�neries, such as new emerging advanced catalysts
including nano-catalysts, have to be developed and applied
in pyrolysis processes in order to increase the quality and
yield of products, and to optimize the overall process. The
market for pyrolysis based biore�nery products should be
created/ expanded to attract further interest and funding, in
order to make this concept more practical and successful.
Similarly, more focus is needed to conduct further researchand
development work on enriching the biore�nery concept and to
tap into its true potential. Furthermore, it is vital to conduct
a detailed economic and environmental impact assessment
of biore�neries during a design stage, using specialized tools
such as the life-cycle assessment (LCA). The LCA can analyze
the environmental impact of the biore�nery and all products
by conducting detailed energy and material balances of all
life stages including raw material extraction and processing,
manufacturing, product distribution, use, maintenance, and
disposal/recycling. The outcomes of LCA will help to determine
the sustainability of biore�neries, which is crucial in making the
right decision.
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CONCLUSIONS

Catalytic pyrolysis is a promising technique to convert plastic
waste into liquid oil and other value-added products, using a
modi�ed natural zeolite (NZ) catalyst. The modi�cation of NZ
catalysts was carried out by novel thermal (TA) and acidic (AA)
activation that enhanced their catalytic properties. The catalytic
pyrolysis of PS produced the highest liquid oil (70 and 60%)
compared to PP (40 and 54%) and PE (40 and 42%), using
the TA-NZ and AA-NZ catalysts, respectively. The chemical
composition of the pyrolysis oil was analyzed using GC-MS,
and it was found that most of the liquid oil produced a high
aromatic content with some aliphatic and other hydrocarbon
compounds. These results were further con�rmed by the FT-
IR analysis showing clear peaks corresponding to aromatic and
other hydrocarbon functional groups. Furthermore, liquid oil
produced from di�erent types of plastic waste had higher heating
values (HHV) in the range of 41.7–44.2 MJ/kg similar to that
of conventional diesel. Therefore, it has the potential to beused
in various energy and transportation applications after further
treatment and re�ning. This study is a step toward developing
pyrolysis-based biore�neries. Biore�neries have a great potential
to convert waste into energy and other valuable products and
could help to achieve circular economies. However, there are
many technical, operational, and socio-economic challenges, as

discussed above, that need to be overcome in order to achievethe
maximum economic and environmental bene�ts of biore�neries.

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and/or the supplementary �les.

AUTHOR CONTRIBUTIONS

RM performed the pyrolysis experiments and helped in
manuscript write up. HK, JD, JG, and AH have carried out the
detailed characterization of the process products. MR and ASA
have analyzed the data and written parts of the manuscript. MAB,
MR, and A-SN have corrected and edited the manuscript. ASA
and IMII supported the project �nancially and technically.

ACKNOWLEDGMENTS

MR and A-SN acknowledge the Center of Excellence in
Environmental Studies (CEES), King Abdulaziz University
(KAU), Jeddah, KSA and the Ministry of Education, KSA for
�nancial support under Grant No. 2/S/1438. Authors are also
thankful to Deanship of Scienti�c Research (DSR) at KAU for
their �nancial and technical support to CEES.

REFERENCES

Adnan, A., Shah, J., and Jan, M. R. (2014). Polystyrene degradation
studies using Cu supported catalysts.J. Anal. Appl. Pyrol. 109, 196–204.
doi: 10.1016/j.jaap.2014.06.013

Aguado, J., Sotelo, J. L., Serrano, D. P., Calles, J. A., and Escola,J. M.
(1997). Catalytic conversion of polyole�ns into liquid fuels overMCM-
41: comparison with ZSM-5 and amorphous SiO2–Al2O3. Ener fuels11,
1225–1231. doi: 10.1021/ef970055v

Alexandra, L. C. (2012).Municipal Solid Waste: Turning a Problem Into
Resourceewaste: The Challenges Facing Developing Countries, Urban Specialist.
World Bank. 2–4 p.

Batool, M., Shah, A. T., Imran Din, M., and Li, B. (2016). Catalytic
pyrolysis of low density polyethylene using cetyltrimethyl ammonium
encapsulated monovacant keggin units and ZSM-5.J. Chem.2016:2857162.
doi: 10.1155/2016/2857162

Bernando, M. (2011). “Physico-chemical characterization of chars produced in
the co-pyrolysis of wastes and possible routes of valorization,”
in Chemical Engineering(Lisboa: Universidade Nova de Lisboa),
27–36.

Bhaskar, T., Kaneko, J., Muto, A., Sakata, Y., Jakab, E., Matsui, T., et al. (2004).
Pyrolysis studies of PP/PE/PS/PVC/HIPS-Br plastics mixed with PET and
dehalogenation (Br, Cl) of the liquid products.J. Anal. Appl. Pyrolysis72, 27–33.
doi: 10.1016/j.jaap.2004.01.005

Chandrasekaran, S. R., Kunwar, B., Moser, B. R., Rajagopalan, N., and
Sharma, B. K. (2015). Catalytic thermal cracking of postconsumer waste
plastics to fuels. 1. Kinetics and optimization.Energy Fuels29, 6068–6077.
doi: 10.1021/acs.energyfuels.5b01083

Cullis, C. F., and Hirschler, M. M. (1981).The Combustion of Organic Polymers.
Vol. 5. London: Oxford University Press.

Dawood, A., and Miura, K. (2002). Catalytic pyrolysis of c-irradiated
polypropylene (PP) over HY-zeolite for enhancing the reactivity
and the product selectivity. Polym. Degrad. Stab. 76, 45–52.
doi: 10.1016/S0141-3910(01)00264-6

De Wild, P. J., Huijgen, W. J., and Gosselink, R. J. (2014). Lignin pyrolysis for
pro�table lignocellulosic biore�neries.Biofuels Bioprod. Biore�ning8, 645–657.
doi: 10.1002/bbb.1474

Demirbas, A. (2004). Pyrolysis of municipal plastic wastes for recovery
of gasoline-range hydrocarbons.J. Anal. Appl. Pyrolysis72, 97–102.
doi: 10.1016/j.jaap.2004.03.001
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