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ABSTRACT
The widely-used plastics, especially low-density polyethylene (LDPE), have resulted
in a considerable accumulation of plastics in the waste stream, causing a global environmental problem. Therefore, the research aims to examine the thermal and catalytic degradation of waste LDPE plastic using spent fluid catalytic cracking (FCC)
catalyst and compare the properties of the produced liquid oils with commercial
fuels. The potential of converting the most energy from waste plastics to valuable
liquid oil, gaseous, and char was investigated. A batch reactor was used to thermally
and catalytically degrade LDPE at temperatures 350 to 550°C and catalyst to plastic
ratio of 0.10 to 0.25. The physical properties of the produced liquid oils, flash point,
pour point, viscosity, API-gravity, carbon residue, density, etc., were determined using
standard methods. We characterized the chemical properties of produced pyrolysis
liquid oils with Gas chromatography-mass spectrometry (GC-MS). The liquid oil, gas,
and char produced at catalyst to plastic ratio of 0.20 at 500°C were 92.7 wt.%, 6.1
wt.%, and 1.2 wt.% respectively. The thermal pyrolysis at 500°C gave 76.6 wt.%, 20.7
wt.%, and 2.7 wt.% for produced liquid oil, gas, and char, respectively. The GC-MS
shows that the produced LDPE liquid oil contains many hydrocarbons from C7-C29.
The major hydrocarbons common to LDPE are benzene, 1, 3 dimethyl benzene, and
toluene. The produced liquid oil’s properties compare favorably with that of commercial fuels.

1. INTRODUCTION
Plastic solid waste (PSW) is mainly composed of
polyethylene (PE), polypropylene (PP), polystyrene (PS),
polyvinyl chloride (PVC), and polyethylene terephthalate
(PET). Polyethylene is made up of high-density polyethylene (HDPE), low-density polyethylene (LDPE), and linear
low-density polyethylene (LLDPE). They account for about
40 percent of the PSW; hence it is the most common type
of waste material in the waste stream (Onwudili et al.,
2019). PSW causes serious environmental and waste management problems in Nigeria and other countries, including
developed nations. These problems include environmental
flooding, reduction in landfills space, water, and air pollution, blockage of side drains, increase in the spread of
diseases, and an increase in the presence of insects and
dangerous rodents (Aisien et al., 2013). However, the presence of PSW in enormous volumes in landfills, terrestrial
and marine environments could be traced to its durability,
less energy-efficient, inexpensive, non-biodegradable, and
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good applicability nature of plastics (Aisien et al., 2013).
Aisien et al. (2021) reported that one of the most effective
and efficient ways of managing PSW is pyrolysis. Sosa et
al. (2021) and Aisien et al. (2021) stated that pyrolysis is
an environmentally friendly sustainable plastic waste management process and is the most promising resource for
producing commercial fuels (gasoline, diesel, kerosene).
Patni et al., (2013) reported that the pyrolysis or degradation process significantly reduces plastic waste volume,
lowers decomposition temperature, low capital cost, and
increases recoverable energy by producing varieties of
products. Plastic degradation can either be thermal or catalytic, depending on the operating temperatures and the
use of catalyst. Aisien et al., (2021) reported that catalysts
had been widely used in the pyrolysis process to optimize
product distribution, increase product selectivity, upgrade
pyrolysis products and improve hydrocarbon distribution.
Besides, catalytic pyrolysis of plastics produces liquid oil
whose properties are similar to that of commercial fuels
(Sharuddin et al., 2016). Some researchers have studied
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thermal and catalytic pyrolysis of other waste plastics
(Kunwar et al., 2018; Abbas-Abadi et al., 2013, 2014; López
et al., 2017; Singh et al., 2018).
The catalytic pyrolysis of plastic waste using ZSM-5,
red mud, zeolites Y, FCC, and others, produced pyrolysis
oils whose properties compare favorably with commercial
diesel fuel (Miandad et al., 2016; Hernandez et al., 2007).
Moorthy Rajendran et al., (2020) reported catalytic pyrolysis of municipal plastic waste using HUSY, HZSM-5, HMOR,
Zeolite Y, silica, and FCC catalysts produced quality fuels.
The FCC catalysts are fine particles with an average size
of 60 to 100 µm and a bulk density of 0.80 to 0.96 g/cm3.
Also, it has large pore sizes, high temperature, steam stability, high activity, and good resistance to attrition (Chen
et al., 2019). Susastriawan et al., (2020) reported that at
low temperature, the smaller the zeolite size and the higher
the temperature, the higher the liquid fraction yield when
zeolite catalyst was used to degrade polyethylene. Similarly, Onwudili et al., (2019) studied catalytic pyrolysis of
a mixture of plastics using catalysts such as FCC, ZSM-5,
and zeolites Y. They stated that the yield of the liquid fraction decreased with the addition of the catalyst. The liquid
fraction had properties suitable for fuel, although the number of aromatic compounds presents increased. Similarly,
Santos et al., (2018) reported that zeolite USY gave a higher
amount of liquid fraction, and the major components were
alkylbenzenes, naphthalenes, and olefins. Also, Kyong et
al., (2003) stated that liquid oil yield from PP, PE (LDPE and
HDPE), and PS pyrolysis was different.
This research is focused on the applications of low-medium temperature (350-550°C) and moderate catalyst to
plastic ratio (0.1-0.25) on the degradation of LDPE. Therefore, the optimization of LDPE pyrolysis with respect to increase liquid oil yield and quality using low-medium temperature and moderate spent FCC catalyst has not been
previously considered. However, the main essence of this
research is to recover energy in the form of liquid oil from
LDPE waste plastics and reduce this PE waste plastic and
spent FCC catalyst in the environment. Hence, the study
aims to investigate the thermal and catalytic degradation
of waste LDPE plastic using spent FCC catalysts and compare the properties of the produced liquid oil with commercial fuels. The objectives include comparing thermal and
catalytic degradation of LDPE at different temperatures
and catalyst to plastic ratio. Besides, to compare the produced liquid oil properties from LDPE with commercial fuels and evaluate the composition of the liquid oil products.

2. MATERIALS AND METHODS
2.1 Materials
We collected the waste LDPE from the Irorere Obazee
landfill at Evbuozegbo-Benin, Nigeria. We got the spent
FCC catalyst from Warri refinery and petrochemical company, Warri-Nigeria. The surface area, pore volume, and
average pore size of the spent FCC catalyst obtained are
63.42 m2/g, 0.103 cm3/g, and 7 nm respectively. We got
the pyrolysis plant with an insulated jacketed 5 kg capacity batch pyrolysis reactor from the engineering workshop,
University of Benin, Benin city. We purchased analytical
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grade chemicals from Sigma-Aldrich Co. Ltd. in the UK and
Qualikems Fine Chemical Ltd. India.

2.2 Spent fluid catalytic cracking catalyst characterisation
The spent FCC catalyst samples were degassed at
200oC for 8hr. under vacuum to remove any contaminants.
The catalyst samples’ surface area, pore volume, and
pore size were determined from Braunauer-Emmett-Teller
(BET) technique by nitrogen adsorption and desorption
isotherms from the catalyst at equilibrium vapour pressure
using the static volumetric method. The nitrogen adsorption– desorption isotherms were recorded at 77 K using
a Micrometrics Tristar 3000. The surface area was determined by Brunauer-Emmett-Teller (BET) model (Brunauer
et al., 1938), and Barrett-Joyner-Halenda (BJH) analysis
(Gregg and Sing, 1982) was used to determine the pore volume, pore diameter, and pore size distribution.

2.3 Preparation of plastic materials
The waste LDPE plastics were washed with detergent
and tap water to clean them. We dried the cleaned waste
plastics with sunlight. We shredded, ground, and stored the
ground waste LDPE plastics in a covered plastic container.

2.4 The pyrolysis studies
The experimental pyrolysis plant shown in Figure 1 was
used in this study. It was designed, fabricated, and tested
as described by Aisien et al., (2021). The thermal degradation process started with charging 1 kg of prepared LDPE
plastics into the heating chamber of the pyrolysis reactor
after evacuating it with a vacuum pump. The reactor was
heated at 15°C/min until it reached the desired temperature. The temperature was regulated by employing K-thermocouple and PID controller. The produced gaseous products were made to pass through the outlet tube connected
to the two ice-cold water glass condensers. The condensable liquid products and the solid residues were collected
and weighted. The experiment was each conducted in triplicates for the temperature variations (350-550°C) studied.
Mabood et al., (2010) formula in equations 1 to 3 was used
to evaluate the yield of the products, and the calculation of
the degradation products was based on the weight/mass
after weighing each product on completion of each study.
Standard analysis methods and GC-MS were used to analyze and characterize the physical properties of the produced liquid oil. A similar procedure was used to carry out
catalytic degradation studies. The catalyst to plastic ratio
varied between 0.1 and 0.25.

2.5 Analytical methods
The standard ASTM methods were used to evaluate the
physical properties of the produced liquid oil. The GC-MS
and ASTM distillation was used to analyse the pyrolysis liquid oil fraction's chemical composition and properties. The
calorific value was determined using the bomb calorimeter.

2.6 Statistical analysis
The Kruskai-Walli H-test (Kruskai and Walli, 1952) or
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1: Schematic diagram of the pyrolysis process.
Figure 1.FIGURE
Schematic
diagram of the pyrolysis process

one-way analysis of variance by ranks using statistical
package for social sciences (SPSS) version 20 with a significance level of p = 0.05 with n = 4 for statistical analysis
of products yield data.
Liquid Yield:

Oil (wt.% ) =

(1)

Char (wt.% ) =

(2)

Gas Yield:
Gas (wt.%) = 100% − (Oil + Residue)

(3)

Residue (Char) Yield:

3. RESULTS AND DISCUSSION

3.1 The effect of temperature on the degradation of
LDPE plastic
The effect of temperature on the yield of pyrolysis products (liquid oil, gas, and char) at temperature range 350 to
550oC are shown in Figure 2. We observed that the yield
of the produced liquid oil from LDPE gradually increased,
while gaseous products decreased as the pyrolysis temperature increased from 350 to 500°C. The results show
a significant difference (p<0.05) in the liquid oil and gases yields between 350 and 500°C. However, an increase
in temperature to 550°C resulted in reduced liquid oil yield
and an increase in gaseous product yield. The reduction
in LDPE liquid oil yield at 550°C might be attributed to the
fact that at 550°C, these plastics have almost wholly degraded (Chin et al., 2014; Marcilla et al., 2009; Onwudili et
al., 2009). This observed trend is a function of the catalyst
to plastic ratio.
Moreover, for the entire temperature variation, the char
yield was minimal and decreased very slightly with tem-

perature. There is no significant difference (p>0.05) in char
yield with temperature. Figure 3 compares products yield
with temperature for thermal and catalytic degradation
of LDPE at 0.2 catalyst to plastic ratio. The T in Figure 3
represents the results of the thermal degradation of LDPE
plastic. We observed that the LDPE products (liquid oil,
gas, and char) yield for catalytic degradation were relatively higher than those from thermal degradation, independent of the prevailing temperature. There is a significant
difference (p<0.05) in produced liquid oil and gas yields
between thermal and catalytic degradation at 500°C. The
maximum temperature for the optimization of liquid oil,
gas, and char yields was 500°C. These observed results
and trends were similar to those reported by Aisien et
al., (2021), Marcilla et al., (2009), Onwudili et al., (2009),
Jung et al., (2010), and Abbas-Abadi et al., (2013). However, some researchers reported reduced overall liquid oil
yield and increased gas and char yields during pyrolysis
of waste plastics (Abbas-Abadi et al., 2014; López et al.,
2017; Demirbas, 2004).

3.2 The effect of catalyst to plastic ratio on the degradation of LDPE plastic
Figure 4 shows the effect of the catalyst to plastic
ratio on the yield of LDPE pyrolysis products at different
temperatures. As shown in Figure 4, we observed that at
350°C, the liquid oils yields from LDPE gradually increased,
and the gas yields reduced as the catalyst to plastic ratio
increased from 0.1 to 0.2. Also, a further increase of the
catalyst to plastic ratio to 0.25 reversed this trend. A similar
trend was observed with other temperatures, as shown in
Figure 5. There is a significant difference (p<0.05) in the
liquid oils and gases yields between 0 and 0.20 catalyst to
plastic ratio. However, the char yield from LDPE degradation was minimal with no significant difference (p>0.05) as
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the catalyst to plastic ratio increased from 0.1 to 0.25. A
similar trend of results was reported by Aisien et al., (2021);
Abbas-Abadi et al., (2014); Kyong et al., (2003, 2002); and
Sharuddin et al., (2016). They reported a similar effect of
spent FCC catalysts on the yield of the pyrolysis products.
Therefore, we can state that the FCC catalyst enhanced
decomposition or cracking of the LDPE plastic. However,
a reverse trend was reported by Kunwar et al., (2016) and
Miandad et al., (2016). They stated that catalyst causes
an increase in the yield of the gaseous fraction and the
amount of char and reduced liquid fraction.
Moreover, Aisien et al., (2021) and Budsaereechai et al.,
(2019) reported that an increase in the amount of catalyst
to a higher concentration did not significantly affect the
yield and fuel properties of produced liquid oil. This fact is
also confirmed in the degradation of LDPE using FCC catalysts in this study. Hence, it seems unnecessary to use
high FCC catalyst loading. Abbas-Abadi et al., (2014) and
Shraruddin et al., (2016) reported that the FCC catalyst is
one of the best catalysts for the optimization of liquid oil
production from plastic pyrolysis and that spent FCC cata-

lyst still has high catalytic performance with produced liquid oil yield above 80 wt.% for all plastics.

3.3 Effect of FCC catalyst on the products yield and
residence time
The effect of FCC catalyst on the products yield and
residence time from the pyrolysis of LDPE plastic at 350oC
is shown in Table 1. We observed that the liquid oil yield
from LDPE thermal degradation was lower than catalytic
degradation. Besides, the gas and char yields from thermal
degradation of LDPE were higher than catalytic degradation. The residence time for the thermal degradation of
LDPE was higher than that of catalytic degradation. There
is a significant difference (p<0.05) in the reduction in residence time between thermal and catalytic degradation of
LDPE plastic. This shows that the spent FCC catalyst is
very effective in accelerating the LDPE degradation reaction rate. Also, the results showed no significant difference
(p>0.05) in residence time of LDPE degradation with an increase in catalyst to plastic ratio.
However, the residence time of catalytic degradation
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of LDPE reduced with an increased catalyst to plastic ratio. This might be due to the high surface area and acidity
of the spent FCC catalyst. These results agree with other
studies (Aisien et al., 2021; Abbas-Abadi et al., 2014; Kyong
et al., 2003; Jung et al., 2010; Demirbas, 2004; Ahmad et al.,
2014; Sakata et al., 1999; Costa et al., 2010).

LDPE compare favorably with that of commercial fuels.
The summary of the produced liquid oil from LDPE with
temperature variation is shown in Table 3. The results of
produced liquid oil from LDPE at 350oC for viscosity, density, flash point, API gravity, pour point, ash content, carbon
residue and calorific value are 2.47 cSt; 0.88 g.cm-3; 31.8°C;
42°F; -7°C; 0.015%; 0.59% and 40.7 MJkg-I respectively. We
observed a similar trend for other temperatures, and the
fuel properties of the produced liquid oil from LDPE catalytic degradation show irregular variation with increased temperature. Besides, there is no significant difference (p>0.05)
in the fuel properties of the produced liquid oil from LDPE
with an increase in temperature. The results in Tables 2
and 3 were either close to or within the range reported for
commercial fuels (Ahmad et al., 2014; Shakirullah et al.,
2010) Saptoadi and Pratama, (2015). Hence, the values of
the fuel properties of LDPE liquid oil determined are strongly comparable to that of commercial fuels. Shah and Jan
(2014) explained that the fuel properties of the produced
liquid oil compare favorably with the commercial fuels because the liquid oil contains some aromatic hydrocarbons.
Santaweesuk and Janyalertadun (2017) reported that the
small ash content values of the liquid oil show it is free
from metal contamination and high molecular weight soot.
Therefore, we concluded that the fuel properties of the
liquid oil from LDPE were independent of temperature or
catalyst to plastic ratio. These results agree with some researchers' results (Bozbas, 2008; Gaurh and Pramanik 2018).

3.4 The characteristics of produced liquid oil from
LDPE degradation
3.4.1 Physical properties
Table 2 summarized the fuel properties (viscosity, flash
point, API gravity, density, pour point, ash content, and the
calorific value) of the liquid oil produced from LDPE degradation at different catalyst to plastic ratios. Table 2 also
compares the LDPE produced liquid oil fuel properties with
that of commercial fuels (gasoline, diesel, and kerosene).
We characterized the produced liquid oil to determine its
improved quality and suitability for energy generation and
heating purposes. The results for the produced liquid oil
from catalyst to plastic ratio of 0.1 are 2.43 cSt; 0.86 g.cm3;
32.52°C; 43°F; -6°C; 0.02%; 0.62% and 41.8 MJkg-I for viscosity, density, flash point, API gravity, pour point, ash content, carbon residue, and calorific value respectively. A similar trend was observed for other catalysts to plastic ratios.
Also, the results show that the fuel properties of the produced liquid oil from LDPE catalytic degradation were higher and of better quality than that from thermal degradation.
Besides, the fuel properties of the produced liquid oil from
LDPE catalytic degradation displayed irregular variation
with an increase in catalyst to plastic ratio. Moreover, there
is no significant difference (p>0.05) in the fuel properties of
the produced liquid oil from LDPE with an increase in catalyst to plastic ratio. The fuel properties of the liquid oil from

3.4.2 Chemical properties of the produced liquid oil from
LDPE degradation
Figure 6 shows the comparison between the produced
liquid oil from LDPE degradation at 400°C and commer-

TABLE 1: Products yield distribution and retention time for thermal and catalytic degradation of LDPE plastics at 350oC using a different
catalyst to plastic ratio.
Catalyst to plastic ratio

Liquid oil (wt.%)

Gases (wt.%)

Char (wt.%)

Residence time (min.)

0

63.7

33.3

2

83

0.10

74.4

24

1.6

47

0.15

79.6

19.7

0.9

44

0.20

82.8

16.7

0.7

41

0.25

77.6

20.1

2.6

39

TABLE 2: Comparison of the physical parameters of the produced LDPE liquid oil at different catalyst to plastic ratio.
LDPE plastic
at different
catalyst to
plastic ratio
0.00

Viscosity @
40oC
(cSt)

Density (g/
cm3)

Flash point
(oC)

API gravity @
40oF

Pour point
(oC)

Ash
(wt.%)

Carbon
residue
(wt.%)

Calorific
residue
(MJ/kg)

1.53

0.89

27.23

41

-7

0.01

0.58

41.4

0.10

2.43

0.86

32.52

43

-6

0.02

0.62

41.8

0.15

2.32

0.88

32.4

45

-6

0.01

0.61

42.5

0.20

2.47

0.87

31.8

42

-7

0.015

0.59

40.7

0.25

2.38

0.83

30.9

38

-5

0.03

0.60

41.3

Gasoline

0.775 -1.03

0.72 - 0.736

20.8-42

63.24-65.03

6

0.01

0.62

46.86

Diesel

2.0-5.3

0.83 - 0.85

55-60

34.97-38.98

-

-

0.6

42.51

Kerosene

0.9-2.2

0.78 - 0.82

50-55

41.06-49.91
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45.46
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TABLE 3: Comparison of the physical parameters of produced LDPE liquid oil at different temperature.
LDPE plastic
@ different
temperature
(oC)

Viscosity @
40oC
(cSt)

Density
(g/cm3)

Flash point
(oC)

API gravity @
40oF

Pour point
(oC)

Ash
(wt.%)

Carbon
residue
(wt.%)

Calorific
residue
(MJ/kg)

350

2.47

0.88

31.8

42

-7

0.015

0.59

40.7

400

2.50

0.89

32.2

43

-6

0.01

0.60

39.8

450

2.48

0.91

31.3

41

-7

0.01

0.61

39. 2

500

2.46

0.90

30.2

40

-5

0.00

0.60

38.1

0.775 -1.03

0.72-0.736

20.8-42

63.24- 65.03

-

-

46.86

Diesel

Gasoline

2.0-5.3

0.83-0.85

55-60

34.97-38.98

6

0.01

42.51

Kerosene

0.9- 2.2

0.78-0.82

50-55

41.06-49.91

-

-

45.46

cial fuels. The results show that the boiling point range for
LDPE liquid oil lies between diesel and gasoline for 40-70%
distillate recovery (Figure 5). This further affirms the suitability of LDPE liquid oil for energy production. These results
agree with that of Graurh and Pramanik, (2018), who characterized pyrolysis liquid oil from polyethylene. They stated
that the boiling point range gives information on the fuel's
composition, properties, and behavior.
3.4.3 Chemical composition of the produced liquid oil from
LDPE degradation
We determined the chemical composition of the produced liquid oil by GC-MS characterization (Shimadzu.
2011). The GC-MS results are represented in Table 4 and
Figures 7 and 8. The results show that the liquid oil from
LDPE degradation is complex hydrocarbons with carbon
atoms ranging from C7 to C29. We observed that the LDPE
produced liquid oil comprise paraffin (alkanes), olefins
(alkene), naphthenes (cycloalkane), and aromatics classes. As shown in Figure 7, the results are paraffin (27.5%),
olefins (50%), naphthenes (12.5%), and aromatics (10%) for
produced LDPE liquid oil. Also, results shown that C7-C10,
(37.5%); C11-C15, (35.5%); C16-C20, (12.5%) and >C20, (12.5%)
were got from LDPE liquid oil. Moreover, we observed that
the liquid fraction products range as gasoline range (C4C12), diesel range (C12-C23), kerosene range (C10-C18), and
motor oil range (C23-C40). The results obtained are gaso350

Liquid oil (LDPE)
Kerosene

ASTM Temperature (oC)

300

line, (60%), diesel, (45%), kerosene, (52.5%), and motor oil,
(7.5%) for LDPE liquid oil. This report is in agreement with
that of Jung et al., (2010). However, from the perspective of
high percentage of olefins in the produced liquid oil when
compared with commercial oils, the quality of the liquid oil
is lower than that of commercial oils.
Figure 8 shows the GC-MS plots of LDPE produced liquid oil at optimal conditions of 500oC and 0.2 catalyst to
plastic ratio. The composition of the LDPE-produced liquid
oil is in Table 4. We observed that the liquid oil from LDPE
degradation consists of many different hydrocarbons. The
significant LDPE- produced liquid oil compounds include
1,3 dimethyl Benzene, Toluene, Naphthalene, 1-methyl,
Indene 1,12-Tredecadiene, Cis-9-Tetradecadiene, 9-Tricosene, 1,19-Eicosadiene, 4-Undecene, 2-Dodecene, and
Cyclododecane. These results agree with reports of some
researchers (Abbas-Abadi et al., 2014; Kyong et al., 2003,
2002; Sarker and Rashid, 2013). However, they were a few
variations in the primary hydrocarbon compounds from
pyrolysis of LDPE, as reported by some other researchers
(Sharuddin, 2016; Sarker and Rashid, 2013; Al-Salem, 2017;
Mianda et al., 2019) Miandad et al., (2019) explained this
difference. They report that plastic types, catalyst types
and amount, temperature, and reaction time are essential
determinants of the chemical composition of liquid oil
from the pyrolysis of plastics.
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Figure 8. GC-MS of the pyrolysis oil from LDPE at 450⁰C and 0.2 catalyst to plastic ratio

FIGURE 8: GC-MS of the pyrolysis oil from LDPE at 450°C and 0.2 catalyst to plastic ratio.

4. CONCLUSIONS
The following conclusions can be drawn:
1. The temperature variation and the application of spent
FCC catalysts significantly impact LDPE degradation's
products (liquid oil, gas, and char) yield.
2. The liquid oil yield from thermal degradation of LDPE
was lower than that from catalytic degradation. However, the reverse is the case for gas and char yields.
3. The maximum temperature and catalysis to plastic ratio for optimizing LDPE were 500°C and 0.20, respectively.
4. The liquid oil, gas, and char produced at 500°C and catalyst to plastic ratio of 0.20 were 92.7 wt.%, 6.1 wt.%,
and 1.2 wt.% respectively.
5. The fuel properties of the produced liquid oil from LDPE
compare favorably with those of commercial fuels. The
composition and quality of the produced liquid oil from
LDPE were similar to gasoline and diesel.

6. The results obtained are gasoline, (60%), diesel, (45%),
kerosene, (52.5%), and motor oil, (7.5%) for produced
LDPE liquid oil.
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