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1. Introduction

Fuel oil has been a crucial problem in Indonesia and the world as well. It is an impact of population
growth and the rapid growth of the people's economy, leading to an increase in fuel consumption. This
is inversely proportional to the production of fuel in the country which is unable to fulfil consumer
demands and in the meantime, the oil reserve from production well is declining. Another problem that
is no less crucial is the problem of waste management, especially plastic waste. The classic problem
that occurs is mostly due to limited land for landfills, while waste quantity is increasing along with the
increase in human population and lifestyle changes. Plastics are macromolecules that are formed by a
polymerization process, namely the joining of several simple molecules through a chemical process into
large molecules called polymers [1]. Plastics as a product from petroleum have the same high energy
content as fuels made from petroleum [2]. Table 1 shows the calorific values of various plastic
materials and fuels. Several types of plastic have a calorific value that is almost similar to fuel oils.
Therefore, converting plastic waste into fuel by thermal and catalytic degradation methods is a
promising option for processing plastic waste. Besides we can reduce plastic waste, recycling, and
preserving the environment, we can also produce fuel with quality that resembles conventional fuel oil.

A catalyst is a chemical substance that increases the reaction rate and is involved in a chemical
reaction even though the substance itself does not permanently react [3]. The catalyst can be reused in
the next process by first cleaning and calcining it to remove impurities and open the pores of the
catalyst. With the presence of a catalyst, the activation energy for the cracking reaction to occur is
smaller so that the temperature required for the reactor is lower. This is very different from the thermal
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cracking method (without a catalyst) which requires a much higher reactor temperature because it
requires a large enough heat energy to cut the chain bonds in the polymer.

Table 1. Calorific value of plastics and oils

Material Type Calorific Value (MJ/KkQg)
Polyethylene 43.3-46.5
Polypropylene 46.50
Polystyrene 41.90
Kerosene 46.50

Solar 45.20

Heavy oil 42.50

Crude oil 42.30

Zeolite is a group of minerals produced from hydrothermal processes in alkaline igneous rocks [3].
Several types of zeolites are white, bluish, reddish, brown, and others. This is due to the presence of
iron oxide or other metals. The density of zeolite ranges from 2.0 - 2.3 grams/cm?. Zeolite is classified
into two, namely natural zeolite and synthetic zeolite. Zeolites have adsorbing properties, as cation
exchangers and catalysts or supports. Y synthetic zeolite is widely used as a catalyst in the cracking
process. In some studies, there have been suggestions that natural zeolite catalysts that have been
activated can be used as catalysts in the cracking process because they have a large surface area and an
acidity level that can help crack hydrocarbons [4]. This reactor is widely used because of its simple
construction and easy maintenance, but this does not reduce the ability of the reactor to convert plastic
waste into fuel oil. Feedstock recycling is a better technology where plastic waste is converted into
smaller molecules in the form of liquids or gases to produce fuel and chemicals [2].

2. Method

The research was conducted using test equipment as shown in Figure 1. About 1500 grams of
polyethylene plastic waste as a raw material was put into the reactor which was made of stainless steel
and then tightly closed to prevent leakage. After that, the reactor was heated at a temperature of 450 °C
for approximately 4 hours. This temperature could be achieved by using an electric heater which was
controlled with the help of a thermocouple. The pyrolysis gas was flowed through a pipe and
channelled to a circulating water-cooled condenser with the help of a water pump. Condensed oil was
stored in containers to inspect the quality and quantity. The uncondensable gas was then flowed to the
output pipe which was then ignited to avoid excess air pollution. Similar test equipment has also been
made by planning a reactor with a capacity of 4 kg and a heating temperature of + 300°C using a heater
from an LPG furnace [5]. This pyrolysis was carried out until no more oil flowed out of the container.
The products of this process are char, oil and gas. This present study focused on liquid products in the
form of oil due to its considerable potential as a fuel. The oil was then sent to the laboratory to be
analyzed both physically and chemically to determine its physical characteristics and calorific value.
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Fig. 1.Schematic of test equipment

3. Results and Discussion

3.1. Pyrolysis product composition

The distribution of products resulting from plastic pyrolysis with catalyst has been studied by
several researchers and the results can be seen in Table 2. In general, the use of a catalyst will reduce
the oil and residue fractions but will increase the gas fraction when compared to thermal degradation.
The phenomenon was caused by the oil fraction from thermal degradation having been cracked using a
catalyst so that long hydrocarbon chains were broken into shorter chain bonds. This resulted in an
increase in the gas fraction from the conversion of the oil fraction [2]. Another research also examined
the effect of catalyst mass on the distribution of products, where at the same process temperature, the
greater the mass of the catalyst, the lower the oil fraction and the greater the gas fraction [6]. This was
because the addition of catalyst mass affected the cracking of long hydrocarbon chain bonds into
shorter bonds. Previous researchers have conducted similar research using almost similar equipment
schemes but using a slightly different type of feedstock, namely using a mixture of various types of
plastic [7]-[10]. The research shows that most plastic waste oils were produced from a mixture of 50 %
polyethylene and 50 % polystyrene with an amount of 52.36 % of the total mass of raw materials.

Table 2. Product distribution of HDPE pyrolysis at a temperature of 450 °C with catalysts

Product Results Oil (wt%o) Gas (wt%) Residue (wt%o)
Thermal 84.00 13.00 3.00
ZSM-5 (powder) 35.00 63.50 1.50
Zeolit Y (powder) 71.50 27.00 1.50
Zeolit Y (pellets) 81.00 17.50 1.50
Mordenite (pellets) 78.50 18.50 3.00
Silika-alumina (powder) 78.00 21.00 1.00
Alumina (powder) 82.00 15.90 2.10
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Several works have also researched plastic waste pyrolysis using this method with a similar
catalyst. The resulting liquid or oil fraction consists of gasoline, diesel and heavy oil components [11].
The gas fraction components produced mostly consisted of propane and propene which shows that the
product gas was almost equivalent to LPG gas, where the main component was propane gas. The use of
natural zeolite catalysts for catalytic degradation is a promising option due to the high price of
commercial catalysts which can result in high operational costs for fuel production from plastic waste
[12]-[14].

The distribution of liquid products from the thermal and catalytic degradation processes is shown in
Fig. 2 below. More than 60 % of the total mass of processed plastic waste is liquid or oil products [15].
This proves that this degradation process is capable of turning plastic waste into a liquid product in the
form of oil. For the thermal degradation process, it produces 0.975 kg of oil or about 65%, while for the
natural zeolite catalytic degradation process, it produces 0.885 kg of oil or about 59%, and for the Y
zeolite catalytic degradation process it produces 0.915 kg of oil or about 61%. The data shows that the
thermal degradation process produces oil with the largest proportion among the other degradation
processes. The data also states that the use of a catalyst reduces oil production but increases gas
production, this is because the catalyst plays an active role in breaking long-chain hydrocarbon chains
into shorter hydrocarbons. This result was also confirmed by other researchers who did the same thing
where the use of a zeolite catalyst would reduce the quantity of oil but would increase the quantity of
gas [16]. Thus, this data gives us information about how we determine the proportion of the product we
prefer. If we prefer more oil production, it is better to use a thermal degradation process, so if we prefer
more gas products, we use a catalytic degradation process.
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Fig. 2. Composition of plastic waste pyrolysis products

3.2. Physical Characteristics

In addition to several chemical properties, the physical properties of oil from plastic waste must
also be studied to determine its characteristics if it is to be applied in internal combustion engines such
as gasoline or diesel engines. In general, plastic waste oil can be used to substitute diesel fuel in diesel
engines either as a single fuel or as a mixture with diesel fuel with a certain percentage. This is
evidenced by the calorific value which is not much different when compared to diesel fuel. However,
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several characteristics must be improved to improve performance. A lower viscosity value than diesel
fuel will greatly affect the performance of fuel atomization and vaporization which will result in fuel
consumption, emissions and deposits on the engine. The viscosity that is too low will allegedly cause
problems with the injectors, such as leaks and greater energy for pumping fuel.

The analysis states that plastic waste oil has a specific gravity (SG) value similar to the specific
gravity of diesel engine fuel. This is also in accordance with what was done by previous researchers
who stated that the physical properties of plastic waste oil show a lower density compared to diesel fuel
[17]. The specific gravity value for thermal degradation is 0.8052; for natural zeolite catalytic
degradation of 0.8137; for catalytic degradation of Y zeolite of 0.8050; and biodiesel of 0.8445. The
value of specific gravity is closely related to density. Specific gravity is the ratio of the density of a
fluid to the density of water at a certain temperature [18].

Density is the ratio between the mass and volume of a fluid. That is, a fluid can have a large mass
for a small volume size. This can be advantageous because, in a small volume, the fluid has a large
mass content so the energy contained in the fluid is also large for a limited volume. Plastic waste oil
also has a higher pour point than diesel. This will have an effect if using this fuel in areas with
relatively low air temperatures because it will result in fuel freezing. The flash point of plastic waste oil
is also far below that of diesel. This is certainly very dangerous because the lower the flash point, the
more flammable the fuel will be. It will affect fuel storage, where a storage area is needed with a
temperature setting below the flash point of the fuel to ensure safety in storage.

3.3. Calorific Value and Energy Equilibrium

Fig. 3 shows the testing results of the calorific value of each oil sample resulting from thermal and
catalytic degradation from plastic waste. The test results showed that catalytic pyrolysis oil with zeolite
Y contained the highest calorific value of 47,980 kJ/kg, followed by catalytic pyrolysis oil with natural
zeolite with a heating value of 44,900 kJ/kg and thermal pyrolysis oil with a heating value of 43,800
kJ/kg. Meanwhile, the heating value for biodiesel is 45,000 kJ/kg. These data show that the use of a
catalyst increases the calorific value of the liquid product or oil resulting from the pyrolysis of plastic
waste.
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Fig. 3. Calorific value of oil from the degradation of plastic waste
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Both thermal and catalytic degradation have been shown to be capable of converting polyethylene
plastic waste into useful liquid fuels. Although there is still gas that cannot be condensed which is then
ignited to reduce air pollution, this clearly shows that flammable hydrocarbons can be produced from
the degradation process of plastic waste. The resulting liquid product contains energy which can later be
released during the combustion process as seen in the calorific value. Solid products in the form of char
and gas also contain energy, but this is not included in the discussion of this study. To produce heat in
the decomposition process, the researchers used an electric heater with a power of 4000 watts located
on the reactor wall. This heater uses a thermostatic control where the heater will automatically turn off
when the desired temperature is reached and will turn on again if the temperature is lower than a
predetermined one. Electrical energy is not supplied continuously but is distributed intermittently.
Pyrolysis at a temperature of 450 °C for example, is not supplied by electrical energy for 240 minutes
continuously, but less than that. The calculation results are shown in Table 3 and Table 4 below.

Table 3. Electrical energy consumption

Reactor Power Pyrolysis Electricity Electricity
Sample (KW) duration Consumption Consumption
(Hour) (kWh) (kJ)
Thermal
Degradation 4 4 16 57600
Catalytic
Degradation NZ 4 4 16 57600
Catalytic
Degradation YZ 4 4 16 57600
Table 4. Comparison of electrical energy consumption with calorific value
Mass WPO  Calorific Value Thermal Electricity
Sample (kq) (kJ/kg) Energy Consumption
) : (kJ) (kJ)
Thermal _ L5 43800 55700 57600
Degradation
Catalytic
Degradation NZ L5 44900 67350 57600
Catalytic 15 47980 71970 57600

Degradation YZ

From the data in Tables 3 and 4, an initial analysis can be drawn that the use of a catalyst is capable
of producing higher thermal energy than thermal degradation. When viewed from an energy and
environmental perspective, the results of this study indicate that this thermal and catalytic degradation
method is very suitable for application to plastic waste. The energy performance of this method is
considered appropriate based on the calculation of the cumulative energy requirement and the energy
comparison value. As we all know thermal energy cannot be directly compared to electrical energy
even though in quantity they have the same value [19].

Thermal energy is energy that has a relatively low quality, while electrical energy is energy with a
higher quality. This is because electrical energy can be applied to a wider field than thermal energy.
Roughly speaking, thermal energy generally must be multiplied by 0.4 before it is balanced with
electrical energy, bearing in mind that efficiency in steam power plants generally ranges from 34-44%
[20] so that the average value is taken to simplify the analysis by 40% [19]. In this research, both
thermal and catalytic degradation have been able to meet the requirements because the thermal energy
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content is greater than the electrical energy required for the degradation process. The comparison

between the thermal energy content and the electricity consumption used is shown in Figure 4 below.
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Fig. 4.Comparison of pyrolysis oil energy content with reactor power consumption

4. Conclusion

Fuel oil from plastic waste has good prospects to replace gasoline and diesel fuel. From the results
of this study, it can be concluded that the use of thermal and catalytic degradation methods can be used
to produce fuel oil from polyethylene plastic waste. The use of catalysts for the catalytic degradation
process of plastic waste runs quite effectively to improve the characteristics of plastic oil. This is
indicated by the increasing calorific value and energy content of plastic waste oil. The presence of a
catalyst can change the distribution of oil, gas and residue products and reduce the production of
char/wax or solid products which are usually produced in the thermal degradation process. The cracking
ability of the catalyst causes the oil product to decrease while the gas product increases because some of
the oil product is converted into a gas product. The energy balance can be made more accurate by
considering neglected factors, such as the energy content of the char and gas. The use of other heating
energy sources at lower prices such as LPG, kerosene, wood charcoal or biomass waste can be used for
commercialization of this system.
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