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Abstract
The use of plastic is increasing every year and is a major environmental problem. A possible solution to reduce plastic pol-
lution is to convert it into synthetic fuel, which can be achieved by a pyrolysis process. The catalyst used can influence the 
quality of the pyrolysis products. In the present work, we tested the influence of ZAP USY zeolite on the quality and quantity 
of pyrolysis oils produced from high-density polyethylene, low-density polyethylene, polypropylene, and polystyrene plastic 
from municipal waste. The pyrolysis process was carried out in a laboratory-scale single batch fixed bed pyrolysis reactor at 
the temperature of about 400 °C ± 30 °C. The mass ratio of plastic and catalyst was 10:1. The obtained results show that the 
use of a catalyst reduces the pyrolysis oil production and solid residues’ formation. The use of a catalyst also decreases the 
calorific value, density, surface tension, and kinematic viscosity of the obtained oils slightly. The use of a catalyst increases 
the plastic degradation rate, which is evident from the result of the carbon number distribution. The pyrolysis oils obtained 
by catalytic pyrolysis contain a higher amount of shorter chain molecules than oils obtained by thermal pyrolysis of waste 
plastic. The obtained results of the analyzed pyrolysis oils indicate that they have a high potential for possible use in internal 
combustion engines as an additive to conventional fuels, or as their substitute.
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Introduction

Plastic is a very useful material that has played a significant 
role in our daily lives. In the last few decades, several mate-
rials have been replaced by various plastics. The increasing 
world population, the constant need for economic growth, 
low production cost and short production time are just some 
of the reasons for the rapid increase in the use of plastic 
(Lee et al. 2015). In 2018, more than 359 million tons of 
plastic were produced worldwide. Most of the plastic was 
produced in Asia. Europe accounts for about 17% of global 
plastic production, which was about 62 million tons in 2018 

(Europe and EPRO 2019). Polypropylene (PP), high-density 
polyethylene (HDPE), and low-density polyethylene (LDPE) 
represent about half of all plastics produced in Europe. In 
2018, 29.1 million tons of plastic waste was collected in 
Europe, of which 32.5% was recycled, 42.6% was used in 
energy recovery facilities and 25% was landfilled (Europe 
and EPRO 2019). Landfilling of plastic presents major envi-
ronmental problems, as plastic is usually not biodegradable 
(Benavides et al. 2017). Recycling of plastic also has its 
limitations, as some additives need to be added during the 
process to increase the final quality of the recycled plas-
tic, which limits the endless recycling process of plastic 
(Thompson et al. 2009). According to Zhou et al. (2021), 
merely 2% of recycled plastic is the same quality as the plas-
tic waste which enters the recycling process. On the other 
hand, plastic waste can be used for the production of syn-
thetic fuels. The use of synthetic fuels can reduce depend-
ence on fossil fuel consumption, which accounts for more 
than 90% of total energy consumption in the EU Transport 
sector (EEA 2019).

Synthetic fuels are usually produced from plastic waste 
by pyrolysis. Pyrolysis is a process in which long chains 
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of plastic polymer molecules are degraded thermally into 
less-complex, short chain molecules. This occurs at ele-
vated temperatures and in the absence of oxygen (Anuar 
Sharuddin et al. 2016). A pyrolysis process that does not 
use a catalyst is also known as thermal pyrolysis. The 
pyrolysis gas, oil and solid products are the three main 
products obtained during the pyrolysis process. The pyrol-
ysis process is influenced by the reaction conditions and 
the type of pyrolysis reactor, both of which affect the quan-
tity and quality of the final product (Anuar Sharuddin et al. 
2016). If optimal conditions prevail during the pyrolysis 
process, more than 90% of plastic waste HDPE, LDPE, 
PP and polystyrene (PS) can be converted into pyrolysis 
oil (PO) (Kunwar et al. 2016). Polyvinyl chloride (PVC) 
and polyethylene terephthalate (PET) plastic types have 
lower conversion rates to pyrolysis oils and generally yield 
higher ratios of solid residues and pyrolysis gas. Sogan-
cioglu et al. (2017) performed pyrolysis of HDPE, LDPE, 
PP, PET and PS plastics in a laboratory-scale single batch 
reactor with a fixed bed. The highest amount of PO, almost 
89%, was obtained with HDPE plastic, followed by PP 
plastic, LDPE plastic and PS plastic at 300 °C. Slightly 
lower conversion rates of PO were obtained in the work of 
Santaweesuk and Janyalertadun (2017). They used a rotary 
kiln reactor and were able to recover 80% of the pyrolysis 
oil from PP plastic, 73% from LDPE and 70% from HDPE 
plastic. Very high conversion rates of PP, PS, HDPE and 
LDPE plastics were also obtained by Phanisankar et al. 
(2020). Less than 50% of HDPE plastic was converted to 
pyrolysis oil at 620 °C using a microwave-assisted pyroly-
sis system in the work of Zhou et al. (2021).

The quality and quantity of pyrolysis oils can be influ-
enced further by the use of catalysts. The process is com-
monly referred to as catalytic pyrolysis. The most commonly 
used catalysts in a pyrolysis process are red mud, fly ash, 
FCC, ZSM-5, HZSM-5, Y-zeolites, Fe2O3, Al2O3, Ca(OH)2, 
and natural zeolites (Kumaran and Sharma 2020). The main 
differences between catalysts are acidity, BET surface area, 
pore size and crystalline structure. The use of catalysts usu-
ally reduces the energy input of the process and increases the 
formation of the lighter fraction of pyrolysis oils (Kumaran 
and Sharma 2020). In the work of Zhang et al. (2019), sev-
eral different active carbons were tested for the production 
of jet fuel by pyrolysis of LDPE plastic. They concluded that 
the acidity of the activated carbon used is the critical factor 
of the catalyst in the production of jet fuel from LDPE plas-
tic by catalytic pyrolysis. LDPE plastic was also used in the 
work of Singh et al. (2020), where fly ash and zeolite were 
used as catalysts. Both catalysts reduced the formation of 
liquid products and increased the overall gaseous yield. Su 
et al. (2019) tested eutectic salt as a catalyst in the pyrolysis 
of waste packaging polyethylene (WPE). The use of eutectic 
salt in the catalytic pyrolysis of WPE reduces the cracking 

temperature compared to thermal pyrolysis. It also reduces 
the heavy oil component content in the oil product.

Zeolite catalysts differ in the ratio of SiO2 and Al2O3, 
which affects their acidity. Higher acidity (a low SiO2/AI2O3 
ratio), usually leads to lower pyrolysis oil production and 
higher pyrolysis gas production Artetxe et al. (2013); Mian-
dad et al. (2016), tested fresh, spent and regenerated ZSM-5 
zeolite in the catalytic pyrolysis of mixed plastic waste to 
investigate the loss of zeolite activity and its influence on 
the obtained products. The properties of the fresh, spent 
and regenerated zeolite differed in BET surface area, micro-
pore volume (MPV) and micro-pore area (MPA). The BET 
surface area was 412 m2/g for fresh zeolite and 291.6 m2/g 
for spent zeolite. The MPV and MPA for fresh zeolite were 
0.1 cm3/g and 346.1 m2/g, and 1.0E − 03 cm3/g and 3.9 m2/g 
for spent zeolite, respectively. These differences in zeolite 
properties further influence the quality of the pyrolysis 
products obtained. The aromatic content of the pyrolysis 
oils and the fraction of C5–C9 carbon number decreased 
when spent zeolite was used as the catalyst in the pyrolysis 
process. Despite the differences in properties, the use of all 
zeolites increased the amount of gas and decreased the pro-
duction of pyrolysis oil. Their use also affected the increase 
in aromatics in the PO and produced higher amounts of short 
chain chemicals (C5–C9). This phenomenon was also noted 
in the work of Serrano et al. (2005) and is explained by the 
presence of strong acid sites in the zeolite where aromatiza-
tion reactions are favored. The catalyst they used (Serrano 
et al. 2005) again differed in its physicochemical properties. 
The Al-MCM-41 catalyst has the highest BET surface area 
of 1441 m2/g, the highest average pore diameter of 22.8 nm, 
an MPV of 1.023 cm3/g and an SiO2/AlO3 ratio of 40, while 
the HZSM-5 zeolite has the lowest BET of 390 m2/g, the 
average pore diameter of 5.5 nm, an MPV of 0.18 cm3/g 
and an SiO2/AlO3 ratio of 34. The difference between the 
catalyst properties affects the profile of the degradation spe-
cies, which have a lower proportion of aromatic compounds 
and a higher complex mixture of long chain linear, branched 
and cyclic hydrocarbon species when Al-MCM-41 was used 
as the catalyst in the pyrolysis of LDPE plastic. The effect 
of the surface area of BET on the yield of pyrolysis product 
was tested in the work of Rehan et al. (2017), where they 
tested natural zeolite with a BET surface area of 4.3 m3/g 
and synthetic zeolite with a BET surface area of 780 m2/g. 
They concluded that the higher BET surface area of zeolite 
results in a lower pyrolysis oil yield and higher pyrolysis 
gas production. They also concluded that zeolites with dif-
ferent BET surface areas produce pyrolysis oils that have 
slightly different calorific value and chemical composition. 
The influence of zeolite properties on the pyrolysis process 
and PO oil quality was also tested in the work of Marcilla 
et al. (2009). They tested the HUSY zeolite with a higher 
BET surface area of 614 m2/g, weak acidic sites and pore 
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volume of 0.29 cm3/g, along with HSZM-5 zeolite, which 
has a smaller BET of 341 m2/g, smaller pore size volume of 
0.16 cm3/g and both weak and strong acidic sites. The use 
of HZSM-5 zeolite as a catalyst in the pyrolysis process of 
HDPE and LDPE plastics resulted in a higher yield of gases 
and a lower yield of PO compared to HUYS zeolite. The 
mechanism for such a result is related to the differences in 
the acid sites and pore sizes of the zeolite. The larger pore 
size of the HUSY zeolite, compared to HZSM-5, allows the 
formation of bulky coke precursors that lead to rapid deac-
tivation of the role of the HUSY zeolite as a catalyst. The 
differences in zeolite properties affected the properties of 
the pyrolysis products. The use of USY zeolite with a BET 
surface area of 550 m2/g, MPV of 0.1 cm3/g and SiO2/Al2O3 
ratio of 15 in the catalytic pyrolysis of polyethylene and 
polypropylene was tested in the works of Kassargy et al. 
(2017; 2018). They concluded that the use of USY zeolite 
increases the production of gas products and the influence 
on the chemical composition of the obtained pyrolysis oils.

The zeolites are one of most popular catalyst for pyroly-
sis of plastic waste. (Fadillah et al. 2021) As can be seen 
from the above-mentioned literature review, the influence 
of catalysts in the pyrolysis process is not negligible. The 
main objective of the study was the production of useful 
pyrolysis oils from waste HDPE, LDPE, PP and PS plas-
tics types, which are presenting the majority of produced 
plastic waste. With the aim of decreasing solid residue, and 
obtaining better quality and composition of the pyrolysis oils 
produced, pyrolysis was also carried out using ZAP USY 
zeolite with a low SiO2/Al2O3 ratio. The low SiO2/Al2O3 
ratio indicates on higher acidity of used zeolite, which was 
also presented in work of Fadillah et al. (2021) and Kassargy 
et al. (2018). The acidity of catalyst decreases the activation 
energy (Silva et al. 2017) and accelerates the decomposition 
reaction which increases the potential of secondary reac-
tion. So the other objectives of the manuscript was to test 
if used zeolite, with SiO2/Al2O3 ratio (high acidity), can 
minimize the amount of solid residue, decreases activation 
energy, increases the formation of short chain hydrocarbons 
by over-cracking as proven in work of Fadillah et al. (2021) 
and influences the composition of the pyrolysis oils. The 
pyrolysis process was performed in a single batch, fixed 

bed pyrolysis reactor, with and without usage of ZAP USY 
zeolite as a catalyst. The obtained pyrolysis oils were ana-
lyzed further by different test methods and compared with 
diesel and gasoline fuels produced according to the EN 590 
and EN 228 Standards. To the authors’ knowledge, no USY 
zeolite with this specific low SiO2/Al2O3 ratio has been used 
to study its influence on HDPE, LDEP, PP and PS plastic 
degradation during the pyrolysis process. Since the study 
focuses on usage of several types of collected waste plastic, 
the results can give deeper insight into possible usage of 
large amounts of collected plastic waste for obtaining pyrol-
ysis oils, and their potential as an additive to conventional 
fuels, or as their substitute.

The thermal and catalytic pyrolysis processes were per-
formed in the laboratories of the Faculty of Mechanical 
Engineering at the University of Maribor in 2020. The char-
acterization of the pyrolysis oils, with the exception ATR 
FT-IR spectroscopy, was carried out in the laboratories of 
CICT of the Universidad de Jaén.

Materials and methods

Plastic

The plastics used in the present study were collected from 
municipal waste. The collected plastic was sorted accord-
ing to each type of plastic and washed before being cut into 
smaller pieces of approximately 1 × 2 cm in size. The HDPE, 
LDPE, PP and PS types of plastics were used in the pre-
sented study.

Zeolite

The catalyst used in the pyrolysis experiment was zeolite 
ZAP USY, produced by SILKEM d.o.o., with a BET surface 
area of 540 m2/g, MPV of 0.09 cm3/g and SiO2/Al2O3 ratio 
of 13. The main properties of the used zeolite and com-
monly used zeolite are presented in Table 1. During catalytic 
pyrolysis, the mass ratio of plastic/catalyst was 10/1.

Table 1   Characteristics of 
commonly used zeolites

Catalyst name SiO2/Al2O3 
[mol/mol]

BET [m2/g] Na2O [wt %] Pore volume 
[cm3/g]

Refs.

USY 15 550 0.05 0.1 (Kassargy et al. 2017)
HZSM-5 22.2 341 – 0.18 (Miandad et al. 2016)
ZSM-5 24.1 319.4 – 0.23 (Miandad et al. 2016)
n-HZSM-5 28 429 – 0.168 (Serrano et al. 2005)
HZSM-5 34 390 – 0.18 (Serrano et al. 2005)
ZAP USY 13 540 0.13 0.09 This study
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Pyrolysis process

In the present work, pyrolysis was carried out in a labora-
tory-scale single batch pyrolysis reactor with a fixed bed. 
The schematic representation of the experimental setup is 
shown in Fig. 1.

The reactor was made of stainless steel and was heated 
with a 3300 W gas stove. The reactor was thermally insulated 
with a jacket of glass wool. A thermocouple was inserted into 
the reactor to monitor the temperature during the process. 
In the final position, the thermocouple was in direct contact 
with the plastic sample under investigation. The application 
for monitoring the pyrolysis process was created in the pro-
gram LabVIEW. A National Instruments DAQ carrier WLS-
9163 and an NI-9219 module were used for temperature data 
acquisition. Type K thermocouples were used.

At the beginning of each experiment, the plastic was cut 
into smaller pieces of approximately 2 cm2. 100 g of the 
plastic was weighed and placed in the reactor. If a catalyst 
was used, 10 g of zeolite was weighed and mixed with the 
plastic before it was added to the reactor. The reactor was 
sealed and connected to the condenser using copper tubes. 
The temperature inside the reactor was raised from ambient to 
400 °C ± 30 °C. The vapors of the plastic (pyrolysis products) 
flowed through the condenser, which was cooled with tap 
water flowing in the opposite direction to the plastic vapors. 
The condensate (pyrolysis oil) was collected in an oil recovery 
tank, while the non-condensable gasses were released to the 
atmosphere without further analysis. The pyrolysis process 
was stopped (heat source turned off) when the time interval 
between oil droplets in three consecutive droplets increased 
above 10 s. The solid product remained in the reactor and was 
removed after the pyrolysis processes were completed. The 
pyrolysis oils obtained were analyzed further.

Material analysis and characterization

The density of the pyrolysis oils was determined using a 
portable density meter, Mettler Toledo Density2Go, in a 
temperature range from 15 to 40 °C. The same tempera-
ture range was also used for determining the surface tension 
of the pyrolysis oils, which was measured using a Krüss 
EasyDyne K20 tensiometer. The calorific value of the tested 
oils was determined using a 6050 compensated jacket calo-
rimeter designed by the Parr Company. A TruSpec Micro 
analyzer from LECO was used to determine the carbon (C), 
hydrogen (H), nitrogen (N), and sulfur (S) composition of 
the PO. The carbon number distribution of pyrolysis oils 
was determined using a Thermo Quadrupole GC–MS Model 
DSQ II-Trace Ultra GC analyzer. ATR FT-IR spectra were 
recorded on a Perkin Elmer Spectrum GX spectrometer. The 
ATR accessory (supplied by Specac Ltd, UK) included a 
diamond crystal. A total of 16 scans were recorded for each 
sample, with a resolution of 4 cm−1 at room temperature. 
The spectra of the pyrolysis oils were recorded in the wave 
number range between 4000 and 650 cm−1.

Results and discussion

The results of the pyrolysis process, the properties of the 
obtained pyrolysis oil, its comparison with conventional 
fuels and characterization by GS-MS and FT-IR spectros-
copy are presented in the following chapter.

Ratios of the pyrolysis products

The results of the pyrolysis products obtained experimen-
tally are shown in Table 2. The values in the table present 
the percentage of each pyrolysis product for all tested plastic 

Fig. 1   Schematic representation 
of the experimental setup
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types, with and without a catalyst. The results of catalytic 
pyrolysis are indicated by the abbreviation z.

Pyrolysis oil and solid residue yields were determined 
by weighing the mass of each product obtained and divid-
ing by the total mass of plastic used. Since the gas phase 
was not collected, its mass was calculated from the differ-
ence between the total mass of plastic used and the mass of 
oil and solid residue obtained. We assume that the catalyst 
used did not evaporate and remained in the solid residue. 
Therefore, its mass was subtracted from the total mass of 
the residue remaining in the reaction chamber.

As can be seen from the obtained results, the catalyst 
does not have a uniform effect on the production of pyroly-
sis products. When comparing the results for high-density 
polyethylene, 76.9% of the raw material was converted into 
pyrolysis oil without the catalyst (HDPE), and only 62.7% 
with the catalyst (HDPE_z). The amount of pyrolysis gas 
obtained from HDPE plastic increased from 8.8% to almost 
32.8% when the catalyst was used.

The same trend was observed with the use of low-density 
polyethylene and polypropylene plastic. The use of a catalyst 
decreased the amount of PO from 75.1 to 65.5% when LDPE 
plastic was used, and from 80.6 to 59.9% when using PP 
plastic. The amount of pyrolysis gas was increased by up to 
31.8% when using a catalyst and low-density polyethylene 
(LDPE_z), and by up to 34.7% when using a catalyst and 
polypropylene plastic (PP_z).

The opposite trend was observed when polystyrene plastic 
was used. In this case, thermal pyrolysis of PS plastic con-
verted only 58.6% of the raw plastic to PO, and 81.5% when 
the plastic and catalyst were mixed (PS_z). The amount of 
pyrolysis gas produced decreased from 18.8 (PS) to 8.3% 
when the catalyst was used (PS_z).

The presented results also show that the use of the cata-
lyst reduces the formation of the solid residue. This indi-
cates that the use of USY zeolite as a catalyst enhances 
and promotes the decomposition reactions of plastics into 
oil and gas products, which have a higher potential for 
further use due to the higher heating value than the solid 
residue (Saeaung et al. 2021), but can be less favorable to 
the Petrochemical industry, which favors the production of 
naphtha and other feedstocks (Zhou et al. 2021).

The last line in Table 2 presents the results of time 
reduction when the catalyst was used during the pyroly-
sis process. The results show a significant reduction in 

time for catalytic pyrolysis compared to thermal pyrolysis. 
The highest reduction in reaction time, 34%, was obtained 
when the catalyst and plastic PP were mixed, followed 
by LDPE plastic, with a time reduction of 31%, HDPE 
plastic with a time reduction of 26% and PS plastic with 
a time reduction in a reaction time of 12%. From this, we 
can conclude that use of ZAP USY zeolite as a catalyst 
in the pyrolysis process reduces the required activation 
energy for all tested plastic types. The use of a catalyst 
also increases the conversion ratio of plastic volatiles to 
pyrolysis oil and gas, which resulted in less solid residue.

Pyrolysis oil characterization

In order to use pyrolysis oils as fuel, they must meet the 
physical properties prescribed in the EN 590 Standard for 
diesel fuel and EN 228 for gasoline fuel. The following 
chapter presents the properties of the obtained pyrolysis 
oils. Table 3 presents the characteristics of the obtained 
PO and required values for European Standards.

Pyrolysis oil density

Fuel density has a significant effect on the fuel injection 
process in internal combustion engines, since the speed 
of sound of the fuel is a function of the square root of 

Table 2   The results of pyrolysis 
products’ ratios

HDPE HDPE_z LDPE LDPE_z PP PP_z PS PS_z

Oil [%] 76.9 62.7 75.1 65.5 80.6 59.9 58.6 81.5
Solid [%] 14.2 4.5 15.8 2.7 11.5 5.4 22.6 10.2
Gas [%] 8.9 32.8 9.1 31.8 7.9 34.7 18.9 8.3
Time reduction [%] 25.7 30.8 34.3 12.3

Table 3   Characteristics of the obtained PO and values for European 
Standards

Plastic Type Density at 
15 °C [kg/m3]

Viscosity at 
40 °C [mm2/s]

Lower heating 
value [MJ/kg]

HDPE 788.40 2.08 45.00
HDPE_z 773.30 1.47 44.40
LDPE 787.40 1.96 46.02
LDPE_z 770.10 1.24 43.15
PP 789.00 2.00 44.38
PP_z 783.40 1.47 43.49
PS 924.30 1.03 40.93
PS_z 916.80 1.05 40.14
EN 590 820–845 2.4–4 43.4
EN 228 720–775 – 44.4
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the fuel density. This is particularly important in com-
pression ignition engines with mechanically controlled 
injection systems. If the start injection is delayed, which 
can happen at lower fuel density, the start of combus-
tion can be delayed, which can, further, affect slower 
combustion rate, shorter ignition delay, higher pres-
sure and higher temperature in the combustion cham-
ber (Torres-Jimenez et al. 2011; Shareef and Mohanty 
2020). If the fuel density increases, the injection timing 
can be advanced, resulting in faster combustion, higher 
ignition delay, and lower pressure and temperature in 
the combustion chamber (Shareef and Mohanty 2020; 
Shameer and Ramesh 2018).

These changes further affect engine performance and 
emissions’ formation. Fuel density further affects the 
injected fuel mass. When the mass of injected fuel is 
reduced, which can happen when fuel density is lower, 
the nominal engine power is reduced, and vice versa.

The results of the obtained PO densities at different ambi-
ent temperatures are presented in Fig. 2.

The density of the pyrolysis HDPE oil at 15 °C was 
788.9 kg/m3. The pyrolysis oils from LDPE and PP plas-
tic waste have densities of 787.4 kg/m3 and 789 kg/m3 at 

15 °C. The highest density of PO was obtained with PS 
plastic waste and was 924.3 kg/m3 at 15 °C. The presented 
results show that the PO obtained from the plastic wastes of 
HDPE, LDPE and PP provided lower densities than those 
specified in the EN 590 Standard for diesel fuel, Table 3 and 
Fig. 2. Comparing the results with the density specified in 
the Gasoline Fuel Standard EN 228, the obtained pyroly-
sis oils had slightly higher densities at 15 °C, Table 3 and 
Fig. 2. The pyrolysis oil produced from PS plastic had higher 
densities compared to the values given in the Standard for 
both diesel and gasoline fuels. The obtained PO densities 
are in agreement with the results obtained by other authors 
where the same types of plastic were used for production 
of pyrolysis oils (Kumaran et al. 2020; Singh et al. 2020; 
Kassargy et al. 2017).

As the test temperature was increased, the density of the 
pyrolysis oil decreased, which follows normal fuel behavior. 
By using the catalyst, the PO density decreased at all tem-
peratures, which is in agreement with the results of Singh 
et al. (2020) and Kassargy et al. (2017). The decrease in PO 
density, in the case of catalytic pyrolysis, was more or less 
the same for all pyrolysis oils obtained, by 1% for PP and 
PS plastics, 2% for HDPE plastic and 3% for LDPE plastic. 
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Fig. 2   Pyrolysis oil density at different temperatures
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Since the density of pyrolysis oils is slightly lower, the injec-
tion delay can be expected in engines with mechanically 
controlled injection systems. Due to the lower density of 
pyrolysis oil, a slightly lower mass of fuels will be injected 
if the injection duration will not be increased.

Pyrolysis oil surface tension

Surface tension has a major effect on fuel spray distribution. 
When the surface tension is increased, it can increase the 
internal forces in the fuel, which further increases the length 
of the spray and decreases its cone angle. Higher surface 
tension of the fuel increases the mean Sauter diameter of 
the spray droplets, which slows down their break-up and 
evaporation (Liu et al. 2019).

The results obtained for all pyrolysis oils at different tem-
peratures are presented in Fig. 3.

The experimental values of surface tension are shown in 
Fig. 3. These results are in agreement with, or slightly lower 
than, the surface tension values for diesel fuel obtained in 
the work of Ren et al. (2007) and Chhetri and Watts (2013). 

The values they obtained for diesel fuel were 28.6 mN/m at 
28 °C (Ren et al. 2007), 25.84 mN/m at 20 °C in (Chhetri and 
Watts 2013), and 23.8 mN/m at 20 °C in (Liu et al. 2019). The 
values for gasoline were slightly lower. Liu et al. (2019) deter-
mined a surface tension of 22 mN/m at 20 °C for gasoline.

The results of PO surface tension are highly dependent on 
the temperature of the measurement. As the temperature of 
the oil increases, its surface tension decreases. The catalyst 
decreased the surface tension of the obtained pyrolysis oils 
from HDPE, LDPE and PP plastic waste, while it increased 
the surface tension of PO from PS plastic waste. The reduc-
tion in surface tension of pyrolysis oil from HDPE was in the 
range of 9 to 12% when the catalyst was used, depending on 
the test temperature. The LDPE plastic experienced a surface 
tension reduction of 10 to 14% at different temperatures. The 
decrease in surface tension of PP pyrolysis oils ranged from 
1 to 5% when the catalyst was used. At 30 °C, the catalyst 
caused the reverse trend and increased the surface tension of 
PP pyrolysis oil. The increase in surface tension of pyrolysis 
oils was obtained when the catalyst was used at all test tem-
peratures for PS pyrolysis oils. The increase was in the range 
of 8 to 10%, depending on the test temperature.
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Fig. 3   Pyrolysis oil surface tension at different temperatures
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According to the good agreement between the surface ten-
sion of the oils obtained in thermal pyrolysis and conventional 
fuels, no major influence on spray development and break-up 
is expected if pyrolysis oil were used in internal combustion 
engines. Slightly lower spray lengths and wider spray angles 
can be expected with the use of pyrolysis oils obtained during 
the catalytic pyrolysis due to their lower surface tension.

Pyrolysis oil calorific value

The calorific value (CV) of fuels determines how much 
energy is released when the fuel is burned. Higher values 
lead to higher heat release, and vice versa. Figure 4 shows 
the results of the obtained PO gross calorific values.

The results in Fig. 4 show that all pyrolysis oils have a 
high calorific value, comparable to the calorific value of diesel 
(42.8–43.4 MJ/kg) and gasoline (44.4 MJ/kg) (Kassargy et al. 
2017; Lešnik et al. 2016). When comparing the results for 
thermal pyrolysis, the highest calorific value of pyrolysis oil, 
46 MJ/kg, was obtained for the LDPE plastic waste, followed 
by HDPE pyrolysis oil with a CV of 46 MJ/kg, PP pyrolysis 
oil with a CV of 44.4 MJ/kg and PS with 40.9 MJ/kg. The 
catalytic pyrolysis oils had slightly lower calorific values. The 
highest CV in catalytic pyrolysis was obtained when using 
HDPE plastic, 44.4 MJ/kg, followed by PP plastic with a CV 
of 43.5 MJ/kg and LDPE plastic with a CV of 43.2 MJ/kg. 
The lowest calorific value was again obtained by PS plastic, 
which resulted in a pyrolysis oil with a CV of 40.1 MJ/kg.

The obtained results agree well with the results of other 
authors, where a catalyst and the same plastic types were 
used. Kumaran et al. (2020) produced PO from several dif-
ferent types of plastic waste using dolomite and zeolite as 
catalysts. The calorific value of the delivered oils was in the 
range of 41.7–44.2 MJ/kg. Only LDPE plastic was used in 

the work of Sing et al. (2020). The obtained pyrolysis oil 
had a calorific value of 40.37 MJ/kg, which is slightly less 
than in our study. The use of PP and PE plastics in catalytic 
pyrolysis using USY zeolite, with properties similar to our 
zeolite, resulted in a CV of 45.8 MJ/kg for PP and 45.1 MJ/
kg for PE plastic in the work of Kassargy et al. (2017).

Pyrolysis oil viscosity

Fuel viscosity is also a very important parameter. According 
to Kim et al. (2019), higher fuel viscosity affects a lower 
injection rate, longer ignition delay, lower needle lift speed 
and slower increase in the cross-sectional area of the fuel 
flow. This can further affect the nominal engine rated power 
and emission formation. Changes in fuel viscosity also affect 
fuel spray injection parameters. Higher fuel viscosity results 
in longer spray type penetration depth and a narrower spray 
cone angle (Achebe et al. 2020). The results of kinematic 
viscosity for the obtained oils are presented in Fig. 5.

The presented results of the kinematic viscosity of the 
pyrolysis oils show that the use of the catalyst decreased the 
viscosity of the majority of obtained pyrolysis oils. This can 
be attributed to changes in the composition of the PO obtained 
during catalytic pyrolysis which promote the formation of 
short chain molecules, Figs. 6 and 7. The same mechanism 
was also presented in the work of Miandad et al. (2016).

The lowest decrease in kinematic viscosity upon catalyst 
pyrolysis was obtained when PS plastic was used and ranged 
from 4.9 to 8.4%, depending on the temperature. The highest 
decrease in kinematic viscosity, 37.8%, was obtained with 
catalyst pyrolysis of LDPE plastic at a 35 °C test temperature.

The results show that, as the test temperature increased, 
the kinematic viscosity of the pyrolysis oil decreased, which 
follows normal fuel behavior.

Fig. 4   Pyrolysis oil calorific 
values
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The Standard for diesel fuel, EN 590, specifies the 
required kinematic viscosity of the fuel, which should be in 
the range of 2 to 4.5 mm2/s at 40 °C (Kassargy et al. 2018). 
According to them, thermal pyrolysis of HDPE, LDPE and 
PP plastic oils fulfilled the required viscosity for diesel fuel, 
while, in all other cases, the obtained viscosity of PO was 
lower than required by the Standard. Lower viscosity can 
increase the fuel injection rate and shorten ignition delay. The 
obtained kinematic viscosities of PO were slightly lower than 
in the work of Sing et al. (2020), where LDPE plastic was 
used. Slightly higher kinematic viscosities, compared to our 
values, were obtained in Santaweesuk et al. (2017), where 
LDPE, HDPE and PP plastic types were used, while Kurni-
awati et al. (2021) obtained the same value of kin. viscosity 
when using HDPE plastic in the thermal pyrolysis process.

Pyrolysis oil elementary composition

To understand the quality of pyrolysis oil better, informa-
tion is needed about the chemical composition of the oil. 
The chemical composition of the fuel can affect its calorific 
value, emission formation during combustion, etc. Since 
the content of nitrogen and sulfur in all PO oils is almost 

negligible (less than 0.1% for N and less than 0.5% for S), 
the focus was on the amount of C and H.

The results of pyrolysis oil’s elementary composition are 
presented in Table 4.

From the presented results of the PO elemental composition, 
it can be concluded that the use of the catalyst leads to a reduc-
tion in the carbon and hydrogen content in the pyrolysis oils.

The C/H ratio of all HDPE, LDPE and PP pyrolysis oils 
was similar to the ratio found in diesel and gasoline fuels, 
6.2–6.3, while both pyrolysis oils produced from PS had a 
C/H ratio greater than 10.

The results also show that carbon and hydrogen make up 
the most of the composition of pyrolysis oils. Since all plastics 
contain a considerable amount of additives, such as plasticizers, 
flame retardants, stabilizers, fillers, reinforcements (Hahladakis 
et al. 2018), we assume that they account for up to 100% of the 
difference in the composition of the obtained pyrolysis oils.

Pyrolysis oil carbon number distribution

The results of carbon number distribution are shown in Fig. 6.
As can be seen from the carbon number distribution results, 

the oils obtained from thermal pyrolysis of HDPE, LDPE and 
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Fig. 5   Pyrolysis oil kinematic viscosity
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PP plastic wastes contained hydrocarbons with longer chains 
and higher molecular weights compared to oils obtained from 
catalytic pyrolysis of the same types of plastics. The high-den-
sity polyethylene contained hydrocarbons with a wide range 
of carbon numbers (6–36), with the highest area percentage of 
C19 (15.9%), C16 (9.4%), and C15 (8.4%) molecules. The cata-
lytic pyrolysis of HDPE plastic had a narrower range of carbon 
number distribution (5–10) with a lower proportion of higher 
hydrocarbons. The highest area percentage of HDPE_z pyroly-
sis oil was obtained at C8 (28.4%), followed by C7 (16.7%) 
and C9 (15.7%). More or less the same trend was obtained for 
LDPE_z pyrolysis oil, with the highest area percentage of C8 
(22.7%), C7 (15.6%) and C9 (15.1%). Non-catalytic pyrolysis of 
low-density polyethylene again yielded oil with a wider carbon 
number distribution and with a higher area percentage at C8 
(13.9%), followed by C19 (11.5%) and C7 (9.6%). The higher 
area percentage for PP plastic was obtained for C9 (17.3%), C18 
(14%) and C13 (12.6%) for non-catalytic pyrolysis, and for C9 
(26.5%), C8 (23.3%) and C7 (12.7%) for catalytic pyrolysis of 
waste polypropylene plastic. The oils obtained with both pyro-
lyses of PS waste plastic contained a similar carbon number 

distribution, with maximum area percentage at C8 (41.8% for 
PS and 41.6% for PS_z), followed by C9 (20.1% for PS and 
17.1% for PS_z) and C16 (8.1% for PS and 8.8% for PS_z).

According to Marcilla et al. (2009), the typical carbon 
number distribution for gasoline is in the range of C4 to 
C12 and from C12 to C24. Comparing these values with 
the results of pyrolysis oils, it can be seen that non-catalytic 
pyrolysis oils from HDPE, LDPE and PP plastic waste pro-
duce oils that have a similar C number distribution to diesel 
fuel. The oils obtained from the catalytic pyrolysis of poly-
propylene, high and low-density polyethylene, have a carbon 
number distribution similar to gasoline.

In work of Kassargy et al. (2017), the USY zeolite, with 
slightly higher SiO2/Al2O3 ratio (lower acidic) compared 
to ours, produced a similar carbon number distribution of 
pyrolysis oils obtained from PE and PP plastic. Comparing 
the results, one can see that the slightly lower acidic of their 
zeolite resulted in production of longer chain molecules with 
a C number higher than 10. This shows that the lower SiO2/
Al2O3 ratio of zeolite used in the presented work promoted 
the cracking of plastic and produced short chain molecules.

In order to investigate the influence of the catalyst on the 
tested plastic degradation rate, the amount of area fraction 
up to carbon number C10 is shown in Fig. 7.

The results presented in Fig. 7 show that the use of the 
catalyst increased the rate of degradation of the plastics, 
resulting in a higher proportion of short chain molecules 
up to the C10 carbon number. This is indicated by the 
higher area fraction for all the plastics in the case of cata-
lytic pyrolysis. The highest increase in degradation rate was 
seen for HDPE plastic, followed by LDPE and PP plastics. 
The higher degradation rate and higher proportion of short 
chain molecules influenced the lower fuel density, surface 

Fig. 7   Area % up to C10
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Table 4   Pyrolysis Oil elementary composition

C [%] H [%] C/H ratio

HDPE 66.7 10.7 6.3
HDPE_z 52.1 8.3 6.3
LDPE 72.4 11.6 6.2
LDPE_z 54.0 8.6 6.3
PP 64.5 10.2 6.3
PP_z 53.0 8.1 6.5
PS 67.4 6.6 10.2
PS_z 54.8 5.3 10.3
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tension and viscosity of the catalytic pyrolysis oils presented 
in Figs. 2, 3 and 5.

ATR FT‑IR spectroscopy

The results of the FT-IR spectra for oils obtained during 
thermal pyrolysis are shown in Fig. 8, and the results for 
catalytic pyrolysis are shown in Fig. 9. The spectrum of 
conventional diesel fuel without additives was added for 
better comparison.

The spectrum of conventional diesel fuel (D2), pyroly-
sis oils of HDPE, LDPE and PP plastics with and with-
out the use of the catalyst showed the typical signals 
of aliphatic hydrocarbons in the range of 2960 cm−1 to 
2850 cm−1, at 1460 cm−1 and at 1375 cm−1, respectively, 
due to the presence of –CH3 and –CH2 groups.

According to the literature data (Su et al. 2019), the 
olefins in the FT-IR spectra show the following typical 
signals; a signal at 3078 cm−1 attributed to the antisym-
metric stretching of –CH2; two signals, one at 990 cm−1 
and the other at about 910 cm−1, are typical of a monosub-
stituted double bond (R- CH=CH2), a signal at 720 cm−1 

representing a cis-disubstituted double bond, and the peak 
at 965  cm−1. Typical olefin peaks around 3079  cm−1, 
1643 cm−1, 991 cm−1 and 910 cm−1 were observed only 
in the spectra of thermally produced pyrolysis oils, Fig. 8. 
We can conclude that ZAP USY zeolite had some effect 
in limiting the formation of olefins.

The =C–H stretch in aromatics is observed at 
3100–3000 cm−1 and is at a slightly higher frequency than the 
–C–H stretch in alkanes. Aromatic hydrocarbons show signals 
in the 1600–1585 cm−1 and 1500–1400 cm−1 ranges, which 
are due to carbon–carbon stretching vibrations in the aromatic 
ring. These signals were detected in pyrolysis oils in the PS 
FT-IR spectrum, the red spectrum in Figs. 8 and 9.

From the ATR FT-IR spectra, we found that the catalytic 
pyrolysis oils of HDPE, LDP and PP plastics produced mainly 
paraffins (alkanes), while the thermal pyrolysis oils of these 
plastics also contained a small amount of olefins (alkenes). We 
believe that the presence of double bonds in alkenes influences 
higher density, higher surface tension and higher kinematic 
viscosity of HDPE, LDPE and PP pyrolysis oils.

Catalytic and thermal pyrolysis oils obtained from PS 
plastics consist mainly of aromatic hydrocarbons.

Fig. 8   ATR FT-IR spectrum of 
thermal pyrolysis oils of differ-
ent plastics and conventional 
diesel fuel
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Conclusion

The presented work discusses the influence of ZAP USY 
zeolite on the yield and quality of pyrolysis oils obtained 
from HDPE, LDPE, PP and PS plastic waste using a lab-
oratory-scale fixed bed single batch pyrolysis reactor. The 
obtained results indicate that the use of ZAP USY zeolite 
decreased the required activation energy of all plastic waste, 
which resulted in decreased amounts of solid residue and 
increased gas production. The used zeolite also increased the 
degradation rate of plastics and promoted their decomposi-
tion, which resulted in the production of hydrocarbons with 
shorter chain length during catalytic pyrolysis. The FT-IR 
spectroscopy analysis showed that catalytic pyrolysis pro-
duced oils which consist mainly of alkanes, while thermal 
pyrolysis also produced a small amount of alkenes. This 
further influences the obtained pyrolysis oils’ composition 
and quality. Nevertheless, all the obtained pyrolysis oils had 
similar properties to gasoline and diesel fuel, which sup-
ports their possible use in internal combustion engines as 
an additive to conventional fuels. In addition, the usage of 
pyrolysis oils obtained from plastic waste can help to reduce 
the environmental impact by reducing the amount of plastic 
waste sent to landfill.
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