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a b s t r a c t

The aim of this study was to determine the quality and applications of liquid oil produced by thermal and
catalytic pyrolysis of polystyrene (PS) plastic waste by using a small pilot scale pyrolysis reactor. Thermal
pyrolysis produced maximum liquid oil (80.8%) with gases (13%) and char (6.2%), while catalytic pyrolysis
using synthetic and natural zeolite decreased the liquid oil yield (52%) with an increase in gases (17.7%)
and char (30.1%) production. The lower yield but improved quality of liquid oil through catalytic pyrolysis
are due to catalytic features of zeolites such as microporous structure and high BET surface area. The
liquid oils, both from thermal and catalytic pyrolysis consist of around 99% aromatic hydrocarbons, as
further confirmed by GC-MS results. FT-IR analysis further showed chemical bonding and functional
groups of mostly aromatic hydrocarbons, which is consistent with GC-MS results. The produced liquid
oils can be suitable for energy generation and heating purposes after the removal of acid, solid residues
and contaminants. Further upgrading of liquid oil and blending with diesel is required for its potential
use as a transport fuel.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The recent volatility in crude oil prices, shortages and unsus-
tainable future supply, along with environmental pollution gener-
ated especially by greenhouse gas emissions (GHG), all support the
development of alternatives to petroleum (Gardy et al., 2014;
Demirbas et al., 2016a). Treaties like the Kyoto Protocol and
Agenda 21 are also forcing fossil fuel-based economies towards
renewable energy-based economies (Ouda et al., 2016; Khan et al.,
2016). Renewable energy sources like wind, solar, geothermal,
waste-to-energy (WTE), and biomass are attracting significant
attention to bridge the ever-increasing energy demand and supply
gap (Lam et al., 2016; Demirbas et al., 2016b, c). Technological ad-
vancements, and cost effective techniques along with govern-
mental incentives are further increasing the growth in renewable
energy sector (Nizami et al., 2016a, b; Rathore et al., 2016; Rehan
et al., 2016a).

The pyrolysis of plastic waste has emerged as an effective WTE
technology (Table 1), as a solution for plastic waste management
and to generate energy (liquid oil) and value-added products (char
and gases) (Sharma et al., 2014). The pyrolysis process involves
thermal and catalytic cracking of complex organic molecules into
smaller molecules or short chain hydrocarbons (Demirbas et al.,
2015a; Kartal et al., 2011). The overall process mechanism is
complicated but mainly involves four steps including initiation,
transfer, decomposition and termination (Faravelli et al., 2001).
Computer simulation studies consider hundreds of possible re-
actions happening during the thermal cracking of substrate (Zhang
et al., 2015). The process depends on a series of factors including
temperature, residence time, heating rates, feedstock composition,
presence of moisture or toxic elements and the use and types of
catalysts (Miskolczi et al., 2009; Miandad et al., 2016a, d, e). Simi-
larly, awide range of pyrolysis reactors have been employed such as
fixed bed reactor, tube reactor, rotary kiln reactor, batch, semi-
batch and pyrex batch pyrolysis reactors (Syamsiro et al., 2014).

In catalytic pyrolysis, the plastic waste is depolymerized into an
improved liquid oil at lower temperature (~400 �C) in comparison
to thermal pyrolysis, which is carried out in absence of catalyst at
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higher temperature (~500 �C) (Miandad et al., 2016b). The liquid oil
of thermal pyrolysis is often unstable, low-grade, acid-corrosive,
tarry and discoloured (Al-Salem et al., 2009; Hernandez et al.,
2007). While the catalytic pyrolysis although decreases the liquid
oil yield, but improves its quality (Table 2). The selection of catalyst
in catalytic pyrolysis depends on the desired products such as liquid
oil, char and gases and their quality (Walendziewski and Steininger,

2001).
Polystyrene (PS), polyethylene (PE) and polypropylene (PP) are

the most used plastic types in pyrolysis studies (Miandad et al.,
2016a, b, c; Williams and Bagri, 2004). Zeaiter (2014) obtained
liquid oil from catalytic pyrolysis of high density polyethylene
(HDPE) waste using modified zeolites. The liquid oil can be used in
modified diesel engine vehicles after upgrading its gasoline range

List of acronyms and abbreviations

AD Anaerobic digestion
BET Brunauere-Emmete-Teller
Btu British thermal units
EDS Energy dispersive spectrometer
FT-IR Fourier transform infrared spectroscopy
GC-MS Gas chromatography-mass spectrophotometry
GHG Greenhouse gases
HDPE High density polyethylene
HHV Higher heating values
HR-TEM Higher resolution transmission electron microscopy
ICP Inductively coupled plasma
KSA Kingdom of Saudi Arabia

LCA life cycle assessments
LDPE Low density polyethylene
MSW Municipal solid waste
O2 Oxygen
PE Polyethylene
PP Polypropylene
PS Polystyrene
PTF Plastic-to-fuel
RDF Refuse derived fuel
SAED Selected area electron diffraction
SCAPE School of Chemical and Process Engineering
SEM Scanning electron microscopy
WTE Waste-to-energy
XRF X-ray fluorescence

Table 1
Technical and economical comparison of pyrolysis with other WTE technologies (Ouda et al., 2015, 2016; Nizami et al., 2015c; Sadef et al., 2016; Rahmanian et al., 2015; Eqani
et al., 2016; Munir et al., 2016; Tahir et al., 2015).

WTE technologies Capital cost/ton/year Net operational cost/ton Merits Limitations

Incineration $14.5e$22 $1.5e$2.5 � Up to 80% of volume reduction � Air and water pollution
� Up to 70% of mass reduction � Carcinogenic chemical (dioxins) release
� Large amounts of waste can be treated � Public opposition
� Fast treatment � Produce solid waste (slag)

Pyrolysis $17e$25 $2e$3 � Up to 80% energy recovery from waste � Lower liquid products yields
� Reduced land requirement � Moisture produced from organic matter
� High calorific value products � Coke formation from liquid products
� Liquid products easily separated from vapor phase � By-products cleaning
� Up to 50e90% reduction in MSW volume � Corrosion of pyrolysis metal tubes

Plasma arc gasification $19.5e$30 $2.5e$4 � No GHG emissions � Higher energy consumption
� All waste types can be treated � High capital and operating cost
� Easy technology expansion

Refuse derived fuel
(RDF)

$7.5e$11.3 $0.3e$0.6 � Stabilized waste � Air pollution by RDF fuel
� Reduced waste volume � Ash formation
� RDF pellets having high calorific values � Land requirement

Anaerobic digestion
(AD)

$0.1e$0.14 Minimal � Lower solid produced � Impurities
� High rate anaerobic composting with energy � Not suitable at larger scale
� Nutrient rich digestate as an organic fertilizer � Vulnerability to overloads and shocks
� Cost effective technology � Space requirement

Table 2
Comparison of thermal and catalytic pyrolysis and their impacts on fuel characteristics (Demirbas, 2004).

Parameters Thermal pyrolysis Catalytic pyrolysis Impact on fuel

Classification Classification is simple Technology classification is unclear Poor market acceptance
Temperature High temperature demand leads to production of some

diolefins
Decomposition of feedstock at low
temperature

Effect fuel cost on product selectivity

Reaction time High reaction time Low reaction time is required Effect on fuel cost
Gas formation Increase production of CH4 and C2H6 Increase the concentration of C3 and C4

hydrocarbons
Effect the quantity and quality of gas
production

Solid residue High solid residue production Less solid residue production Effect the quality and quantity of oil
Impurities High impurities in the form of S, N, P, and acid Impurities removed via adsorption Effect on the quality of liquid oil
Aromaticity Less aromatic hydrocarbon formation High aromatic hydrocarbon formation Aromatic cyclization
Paraffins formation Less formation of paraffin Paraffin production via hydrogen transfer Effect on the gasoline selectivity
Reactivity Less reactivity More reactive especially for larger

molecules
Effect on radical formation

Distribution of molecular
weight

Large distribution of hydrocarbon with less short chain
hydrocarbon

High production of short chain
hydrocarbons

Effect on gasoline selectivity
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