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Abstract

Some countries still face daunting challenges of managing ever-increasing waste generated, especially plastic and waste
vehicle tyres. Whilst some developed countries have adopted innovative ways such as catalytic or pyrolytic decomposition
processes for energy or fuel generation from these wastes, developing countries like Ghana still dispose off indiscriminately
around communities or un-engineered dumpsites. Hence, this study sought to transform waste vehicle tyres into fuel which
invariably minimises or eliminates its environmental impact. Particularly, waste vehicle tyres (sourced from dumpsites in
Tarkwa, Ghana) were washed, shredded and decomposed via pyrolysis at high temperature range (~ 450 - 650 °C) using
locally designed and fabricated reactor. The physicochemical properties (such as water content, flashpoint, density, sulphur
content, solids and viscosity) of the pyrolysis oil produced were also examined using the American Society for Testing and
Materials (ASTM) standards and procedures. The results showed that the viscosity, flashpoint and the density of the
pyrolysis oil produced were 0.904 cSt, 34.5 °C, and 850.6 kg/m® (at 15 °C), respectively. The sulphur, water and
solids/particulates contents were 4340.0 ppm, 0.8 vol.%, and 483,495.5 ppm, respectively. It was also observed that the
pyrolysis oil obtained appeared as thick, single-phase liquid with dark colour and strong odour at room temperature.
Relatively, the properties of pyrolysis oil produced without further treatment did not meet the International specification for
diesel fuel, hence its usage would require further treatments such as desulphurisation, decanting, centrifugation and filtration.
Overall, the study has demonstrated that the pyrolysis of waste vehicle tyres into fuel provides an alternative method for
managing end-of-life vehicle tyres and adding value to waste in general.
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1 Introduction greenhouse gases (GHG) emission balance
(Hamelinck and Faaij, 2006; Luque et al., 2008;

The pressure to reduce global reliance and Peralta-Yahya etal., 2012).

consumption rate of fossil fuel as a result of
resource scarcity, sustainability and stringent
environmental requirements has led to the need to
search for alternative energy sources (Cheng and
Timilsina, 2011). This has resulted in several
studies into renewable energy sources such as
solar, wind, hydro, tidal, geothermal and biomass
energy/biofuels (Maschio et al., 1992; Barth, 1999;
Bridgwater et al., 1999). However, interest in
biomass energy or biofuels has been high
especially, due to their applicability in the
transportation sector (Abbaszaadeh et al., 2012;
Mohammadi et al., 2014; lzadi and Rahimnejad,
2014). Thus, biofuels are noted to have unique
properties which are relatively similar to the petro-
based fuels.

Biofuels are now regarded as the most promising
type of renewable energy source for homes and
major industries (e.g., cement, agriculture, mining
and transportation). Hence, it is expected to
account for at least 25-35% of the global transport
fuels by 2050 (Kartha and Larson, 2000). Despite
its potential economic importance, biofuels
currently pose serious threats to food security and
fertile lands. This is because most of the current
biofuels production comes from food crops (such
as corn, soybean and sugarcane) cultivated on
agricultural lands (Demirbas, 2009; Carriquiry et
al., 2011; Timilsina and Shrestha, 2011). In dealing
with the issues concerning land use and food
security, researchers have focused their attention on
biofuel production, especially biodiesel, from

. . organic or crop waste materials.
Biofuels can be produced from organic matter, g P

waste or biomass (such as corn, sugar, corn,
soybean and sugarcane) (Cheng and Timilsina,
2011; Abbaszaadeh et al., 2012). The main types of
biofuels currently produced globally are biodiesel,
bioethanol, biobutanol and biogas. These can be
classified into first, second, third and fourth-
generation biofuels or may also be grouped into
conventional or advanced biofuels depending on
the maturity of the technology as well as

In general, biodiesels are monoalkyl esters, that can
be derived from vegetable oils, animal fat, alcohols
of lower molecular weights (e.g., ethanol and
methanol), organic waste (e.g., waste vehicle tyres,
agro waste) in the presence of catalysts (either
basic or acidic catalysts in homogeneous or
heterogeneous forms) (Tabatabaei et al., 2011,
Sharma et al., 2008). Now, biodiesel is rapidly
gaining worldwide attention as a good alternative
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fuel for diesel engines due to its moderate exhaust
emissions, sustainability and biodegradability
(Sharma et al., 2008). However, little is known of
the economic and technical viability of higher
generation technologies such as waste-oriented and
algal-fuels (Demirbas, 2009; Carriquiry et al.,
2011; Timilsina and Shrestha, 2011). Therefore,
studies focused on waste-oriented and algal-fuels
production from waste such as car tyres, plastic
waste is warranted.

Globally, it is estimated that about 1.5 billion tyres
are produced yearly, which invariably enters the
waste stream representing a major waste and
environmental problem due to its complex
composition (Williams, 2013; Islam and Nahian,
2016). Vehicle tyres contain long-chain polymers
(butadiene, isoprene, and styrene-butadiene) which
are cross-linked with sulphur to enhance greater
resistance to degradation (Evans and Evans, 2006).
Some modern pneumatic tyres comprise synthetic
and natural rubber (50%), carbon black (21.5%),
fabric (5.5%), metal wire (16.5), chemical
constituents (e.g., silica, zinc oxide, sulphur) (1%)
and, other carbon-based materials and additives
(7.5 %) (Evans and Evans, 2006). Due to the
complex nature of tyres constituents, it is difficult
to utilize one disposal method to deal with waste
tyres hence pose serious health and environmental
threats.

Some of the traditional and modern ways of
managing waste vehicle tyres over the years
include landfilling, indiscriminate  dumping,
stockpiling, open-air  burning, incineration,
crumbing, remoulding/recycling as well as energy
recovery through pyrolysis (Swain, 2013;
Galvagno and Cornacchia, 2002). It is worth noting
that disposal methods such as landfilling,
indiscriminate dumping, stockpiling, open-air
burning, and incineration are commonly used in
most developing countries. This is because they are
regarded as relatively cheaper and easier methods
of getting rid of these tyres. Unfortunately, these
methods also present some of the biggest health
and environmental challenges associated with
waste management. For instance, the bulky nature
and the inability to compact the tyres (i.e., 75% of
the space a tyre occupies is void), implies that large
land space is required for its disposal (Islam and
Nahian, 2016; Rodriguez et al., 2001). Moreover,
the wvoid spaces of the tyres when buried
underground tend to capture gases such as methane
which has a tendency to burn abruptly with a vast
explosion. Those indiscriminately dumped on the
surface also tend to collect rainwater and serve as
good breeding ground for mosquitoes or other
bacteria. This causes various harmful diseases to
human beings. Those burnt openly or in
incinerators also tend to generate harmful
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emissions/gases such as polyaromatic
hydrocarbons (PAHS), benzene, styrene, butadiene,
phenol-like substances, CO,, CO, SO,, and NO,
which cause excessive damage to human health as
well as environmental pollution (Reisman, 1997;
Rodriguez et al., 2001; Islam and Nahian, 2016).

Due to the aforementioned challenges faced when
these traditional methods are employed coupled
with the ever-increasing number of the tyres
produced vyearly, the race to find alternative
approaches is warranted. Conversion of these waste
tyres to energy through pyrolysis is one of the
technologies that has received much attention
recently (Islam and Nahian, 2016; Williams, 2013;
Rodriguez, 2001; Williams and Besler, 1995). This
is as a result of the dual benefits the technology
offers; thus, it gives safer way of reducing waste
tyres in the environment as well as utilizing it as a
major source of producing alternative fuel to
petro/fossil-fuel.

Pyrolysis  involves thermal breakdown or
decomposition of biomass (e.g., agro waste) and
other organic waste materials (such as car tyres and
plastics) by heat in the absence of oxygen, which
results in the production of char (solid), bio-oil
(liquid), and fuel gaseous products (Williams and
Besler,1995, Bhatia et al., 1999; Lima et al., 2004).
The pyrolysis of biomass has been studied with the
ultimate objective of recovering biofuel with a
medium-low heating value (Maschio et al., 1992;
Barth, 1999; Bridgwater et al., 1999). Production
of biofuel via the pyrolytic technologies is
currently considered extremely important by
several developed and industrialised countries due
to; (i) the technology is environmentally friendly
since carbon dioxide cycle occurs in combustion
process hence contribute to sustainability, (ii) the
biofuel could easily be obtained from several
biomass sources and (iii) both the biomass source
and biofuel are biodegradable (Puppan, 2002;
Demirbas, 2006). Notably, the share of biofuel in
the automotive fuel market is predicted to grow
very fast in the next decade due it its environmental
merits (Kim and Dale, 2005; Demirbas and Balat,
2006).

Despite the advancement of energy recovery
technologies such as pyrolysis, countries like
Ghana still battles with its plastic and tyre waste
management. Thus, most of these wastes are either
stockpiled, burned in open air or indiscriminately
dumped around the communities, hence poses
human health threat and environmental pollution.
Moreover, work that seeks to explore the effective
management of waste tyres generated in Ghana is
limited. Therefore, studies that seek to find
alternative methods of dealing with these waste
tyres in Ghana is very important. In this work, a
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local pyrolytic reactor was designed/fabricated and
used in the production of pyrolysis /bio-oil from
waste car tyres obtained from some communities in
Ghana. Some physicochemical properties of the
pyrolysis oil produced were also characterised.

2 Resources and Methods Used

2.1 Materials

Waste car tyres (Fig. 1) referred as “feedstock”
used in this study were collected from local auto
mechanic shops from Tarkwa, Ghana. Prior to their
usage, the tyres were cleaned thoroughly with
water, shredded into pieces and air-dried for 48 h

(Fig. 2).

Fig. 2 48-h air-dried, shredded waste vehicle
tyres Feedstock

2.2 Pyrolysis decomposition process

Fig. 3 shows the pyrolysis reactor that was locally
fabricated and used for this research. Generally, ~1
kg of the shredded feedstock was fed into the
reactor chamber and externally heated in the
absence of oxygen. The volatile components of the
feedstock were then captured and condensed into
liquid oil through the condensation copper pipes.
Residence time for the entire pyrolysis process was
~180 min but the first drop of the liquid oil into the
condensate collection container was observed in
the first 60 min of heating. The process was carried
out within the temperature ranges of 450 - 650°C.
The temperature was measured using UNI-T
UT300S IR thermometer. Generally, three products

Insulated
stainless Steel
reactor

LPG Cylinder
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Local LPG-
powered oven

were obtained in the pyrolysis process; tyre
pyrolysis oil, pyro gas and char. The tyre pyrolysis
oil and char obtained are shown in Fig. 4.

Fig.4 (A) Bio Char and (B) Pyrolysis Oil
Produced From Decomposition Process

2.3 Characterisation of Pyrolysis oil

The chemical and physical properties of the
pyrolysis oil produced were analysed according to
the standard methods of the American Society for
Testing and Materials (ASTM). The flashpoint was
measured using Pensky-Martens closed cup tester
according to ASTM D93 method, whilst the water
content was determined by ASTM D6751 standard
using the volumetric Karl Fischer Titration system.
The kinematic viscosity was measured by ASTM
D445 standard using automatic  kinematic
viscometer, sulphur content by ASTM D3177 using
Energy Dispersive X-ray Fluorescence
Spectrometry and density by the ASTM D4052
method using a digital density meter. The particle
counts or solids content of the oil was also
determined by ASTM D7579 standard using
methanol solid filtration system.

3 Results and Discussion

3.1 Designing and Fabrication Considera-
tion of the Pyrolysis Reactor

Pyrolysis is a complex, thermo-chemical process
that decomposes or depolymerises organic material
(such as used car tyres and plastic wastes) under
oxygen-free conditions (Williams and Besler,
1995; Bhatia et al., 1999; Lima et al., 2004). The
products of pyrolysis include oils, gases and char.
The process is often carried out in a reactor. Due to
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financial, environmental and social factors, various
reactors are designed to suit the users’
requirements. In this study, a pyrolytic reactor was
designed and fabricated based on the theoretical
model as shown in Fig. 5.

Fig. 5 A 3D lllustration of the Pyrolysis Reactor
Used

In designing and fabrication of the pyrolytic
reactor, the following assumptions were made; (i)
the pyrolysis process occurs within a temperature
ranges of 300 - 700 °C, (ii) the thermal
decomposition of a general vehicular tyre generate
gases/volatile substances, hence reduces the
original weight by 30% and (iii) the decomposition
time of the tyre ranges between 60 — 240 min
depending on the temperature and reactor’s
material type. The assumptions were in agreement
with reported study by Roy and Darmstdt (1999).

Generally, the pyrolytic reactor was made of
stainless steel unit which consisted of insulated,
cylindrical chamber of inner diameter of 110 mm,
outer diameter of 115 mm and height of 300 mm. A
1500 mm long condensation copper pipe and coil
was connected to the cylindrical chamber to
provide enough retention time for condensation and
maximum recovery of the oil. The heating of the
reactor was achieved using local LPG powered
oven as shown in Fig. 3.

3.2 Characteristics of the pyrolysis oil

The pyrolysis oil obtained appeared as thick, dark-
brown, single-phase liquid with strong odour at
30°C (room temperature). The strong odour may be
due to the high aromatic substance (Islam and Beg,
2004). The physical and chemical properties of the
oil were further characterised and the results are
presented in Tables 1 and 2, respectively.

3.2.1 Physical Properties of the pyrolysis oil

Results for physical properties of the pyrolysis oil
produced are shown in Table 1. The kinematic
viscosity of the pyrolysis oil at 40 °C measured was
0.904 cSt. The viscosity value of the pyrolysis oil
was relatively lower than the standard permissible
(both lower and upper limits) values. Notably, the
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lower kinematic viscosity of the pyrolysis oil could
have two effects on its application. Thus, the lower
viscosity of the pyrolysis oil may make it easier to
pump, atomise and achieve finer droplets when
used in fuel injectors as well as easy flow through
pipelines, injector nozzles, and orifices (Islam and
Beg, 2004; Radovanovic et al., 2000). Contrary,
the lower viscosity observed can also lead to easy
evaporation of the oil which may result in fuel
injection difficulties during pre-heating of the
engine (Demirbas, 2007).

The flashpoint of the pyrolysis oil measured was
34.5 °C. Relatively, the flashpoint was significantly
lower than the permissible standard lower limit
value of > 110 °C. The lower flashpoint (34.5 °C)
obtained shows that the pyrolysis oil produced is
highly flammable, hence in terms of storage and
transportation, a fire-free and highly ventilated
environment must always be ensured. Notably, the
flashpoint has a little or negligible effect on engine
performance but it is important for meeting
legislation requirements for fuel transportation and
storage (Demirbas, 2009).

The density of the pyrolysis oil produced was 850
kg/m® at 15 °C, which was slightly lower than the
standard values that ranged between 860 and 900
kg/m®. Generally, the fuel density affects engine
calibration and power, as the fuel mass injected
/stroke varies with fuel density (Islam and Beg,
2004; Radovanovic et al., 2000; Demirbas, 2007).
Thus, engine combustion and emission are highly
linked to fuel density. Notably, an increase in the
fuel density results in increased fuel viscosity,
which invariably affects the emission of
particulates (e.g., PM,s) into the environment
(Islam and Beg, 2004; Radovanovic et al., 2000;
Islam and Nehian, 2016), as discussed above.

Table 1 Kinematic Viscosity, flash point and
density of the pyrolysis oil produced

Properties Pyr(c)JiIIy5|s *Standard
viscosity (cSt) @
40°C 0.904 35-5
Flash point (°C) 345 >101
Density  (kg/m°) 850.6 860 — 900
@ 15°C

*International standard (EN 14214) requirements for biodiesel
3.2.1 Chemical properties of the pyrolysis oil

Table 2 shows the sulphur, water and solid/particle
contents of the pyrolysis oil produced. The results
showed that the pyrolysis oil produced had sulphur
content of 4340.0 ppm, which was extremely
higher than the permissible sulphur content range
(3.5 - 5 ppm). The higher sulphur content recorded
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for the pyrolysis oil can be linked to the chemical
composition of tyre feedstock which contained ~ 1
wt.% sulphur (Evans and Evans, 2006). Generally,
the higher sulphur content is not preferable due to
the environmental challenges associated with it.
Oxidation of sulphur in the oil during combustion
may result in the generation of sulphur dioxide
(SO,) which are often emitted into the environment
(Islam and Nehian, 2016). Moreover, some of the
SO, may also condensate or oxidised in the
presence of water in the atmosphere to form
sulphuric acid haze particles or sulphate aerosol.
These sulphate particles form major components of
PM, 5. Exposure to the SO, and PM, 5 are noted to
account for negative health issues related to
respiratory and heart diseases, globally (Islam and
Nehian, 2016). Therefore, the pyrolysis oil
produced in this study needs to be treated via
desulphurisation process before usage.

The water content of the pyrolysis oil produced
was 0.8 vol.% (8000 ppm). This is relatively higher
than the permissible maximum quantity of 0.05
vol.% (500 ppm). Effectively, the pyrolysis oil
produced is expected to exhibit lower energy
density and flame temperatures as a result of its
higher water content. This may result in poor
combustion, high particulate emissions and ignition
difficulties, especially when used in diesel engines
(Oasmaa et al. 2001; Oasmaa et al., 2005).

The solids content of the pyrolysis oil was
483,495.5 ppm. Relatively, the solids content of the
pyrolysis oil was extremely higher than the
standard value of 2500 ppm. Utilisation of the oil
with the higher solid content would be detrimental
to equipment, particularly injectors in engines and
turbine blades (Oasmaa et al. 2001; Oasmaa et al.,
2005). Additionally, the higher solid content is also
expected to lead to higher particulate emission
(Oasmaa et al., 2005), hence further treatment
method that reduces the solids content of the oil is
required. It is worth mentioning that the waste tyres
used were extremely dirty and worn-out, hence the
debris/dirt particles may have accounted for the
higher solids content of the resultant pyrolysis oil.

Table 2 Sulphur, Water and Solid Contents of
the Pyrolysis Oil

Properties Pyrc?illysw *Standards
Sulphur content (ppm) 4340.0 50
Water Content (vol.%) 0.8 0.05 max
Sold ppm 483,495.5 2,500
content
(Particle | C0de
count) (um) 26/24/18 18/16/13

(4/6/14)

4 Conclusions

In this study, a pyrolysis reactor was successfully
designed and fabricated for the decomposition of
the waste vehicle tyres. The pyrolysis oil produced
was a single-phase liquid (with no separation
between the aqueous and organic phases) with
relatively lower density (850.6 kg/m®) (at 15 °C),
flashpoint (34.5 °C) and viscosity (0.904 cSt).
However, the water (0.8 vol.%), solids (483,495.5
ppm) and sulphur (4340.0 ppm) contents were also
relatively higher than international standards for
diesel. This means that using the pyrolysis oil as a
fuel would require preliminary treatments such as
desulphurisation, decanting, centrifugation and
filtration. The treated pyrolysis oil could be used
alone or blended with other diesel fuels to achieve
maximum performance. For instance, the blending
is expected to reduce the viscosity of the resulting
blend which would consequently improve the
atomisation that would ensure a complete burnout
of the fuel. Moreover, tyre-derived pyrolysis oils
can be considered a valuable component for use
with conventional fuels based on their fuel
properties.
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