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INTRODUCTION 

Polypropylene (PP) plastic is one of the poly-
mers in high demand globally (Charlesworth, 
2021). With the widespread use of single-use plas-
tics and low recycling rates, PP plastic is becom-
ing one of the dominant types of plastic ending up 
in landfills and polluting the environment. (Anda-
lia et al., 2025). As a widely used polymer with 
a high calorific value, PP plastic is an ideal raw 
material for high-value fuels and chemicals via 
pyrolysis (Vellaiyan et al., 2024). However, in the 
implementation of PP plastic pyrolysis, the effi-
ciency of forming wax-like oil fractions requires a 
catalyst or a separate advanced distillation process 

to obtain a liquid-phase oil fraction (Aprianti et 
al., 2025; Zeb et al., 2023)influenced by the wax 
formation. It is essential to identify the wax source 
and determine the fuel types produced from vari-
ous plastic waste. This research aims to investigate 
the outcomes of pyrolysis conducted at 450 °C 
using bentonite catalyst. Wax formation and py-
rolysis oil stability were analyzed across different 
storage temperatures (16–42 °C. The formation of 
this wax-like oil results from imperfect pyrolysis 
of the PP polymer chain (Gebre et al., 2021). The 
presence of this wax-like oil can cause blockages 
in piping and condenser systems, thereby increas-
ing maintenance costs for industrial-scale pyroly-
sis machines (Sangpatch et al., 2025).
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The conventional method for eliminating 
wax-like oil fractions in the catalytic pyrolysis 
process is typically via a separate advanced dis-
tillation process after pyrolysis. Previous studies 
have generally produced PP plastic pyrolysis oil 
that has not been properly fractionated (Kusen-
berg et al., 2022). A single condenser, the simplest 
system, can only cool pyrolysis plastic steam to 
liquid oil products without significant separation 
(Krzywda & Wrzesińska, 2021). While the use 
of a multi-level condenser in a fractional system 
can increase the yield of the liquid phase, the oil 
fraction has not been properly fractionated (Sara-
math and Chanathaworn, 2024). The use of cata-
lysts allows for the breakdown of larger carbon 
chains into smaller molecules, thereby reducing 
the likelihood of wax-tethered oil formation that 
typically occurs in catalystless pyrolysis (Palmay, 
Medina, et al., 2022). However, even if the py-
rolysis process is carried out with a multi-level 
condenser and catalysts, it does not guarantee the 
absence of wax-textured oils (Hung et al., 2023). 
The presence of a catalyst in the pyrolysis process 
can increase production costs and pose logistical 
constraints if the pyrolysis plastic processing fa-
cility is far from the supplier or source of catalyst 
raw materials (Miandad et al., 2016).

Recent research continues to optimize the py-
rolysis process through diverse reactor designs, 
adjustments of operational variables, and modi-
fications to improve pyrolysis yields (Paavani 
et al., 2024). The reactor configuration and tem-
perature play essential roles in the efficiency and 
effectiveness of the pyrolysis process (Nolasco 
Cruz et al., 2025). Research conducted by Tha-
hir et al. (2019) that integrates high-temperature 
pyrolysis at 500–650 °C and distillation with 
bubble caps in a single small-capacity reactor 
system with a common heat source has optimized 
the yield of liquid oil products. However, it still 
cannot eliminate the formation of wax-like oils in 
the type of diesel fuel produced. The high-tem-
perature pyrolysis process requires greater energy 
consumption, depending on the goal of acceler-
ating the formation of a gas-phase or gas-domi-
nant fuel (Marchetti et al., 2024; Vellaiyan et al., 
2024). Meanwhile, pyrolysis research on large-
scale reactors implementing distributed energy 
systems was carried out by Hung et al. (2023) at 
low temperatures (250–280 °C), under low pres-
sure, and with three-stage catalyst use, offering 
advantages in terms of emission reduction and 
lower energy consumption. Based on previously 

reported research. Therefore, the researcher aims 
to eliminate the formation of waxy-textured oils 
without catalysts by integrating pyrolysis and dis-
tillation in a single system at a low heating rate 
and 200–300 °C. There is a gap in scientific data 
regarding the minimum operating temperature 
limit for large-scale integrated pyrolysis-distilla-
tion production and the low heating rate that can 
eliminate the formation of waxy textured oils in-
situ without a catalyst. The research conducted by 
Thahir et al. (2019) is still on a laboratory scale 
with small reactor dimensions by placing the dis-
tillation chamber on top of it. Meanwhile, this 
study used a larger reactor dimension than the 
previous report so that it can accommodate plas-
tic waste and obtain a larger amount of pyrolysis 
oil (Miandad et al., 2016). With the change in the 
dimensions of larger reactors directed to indus-
trial scale, it is a challenge in temperature opera-
tions to obtain optimal oil fractionation results. If 
the thermal energy distribution process is uneven, 
there will be overcracking due to excess thermal 
in certain parts which can reduce the yield of py-
rolysis oil fractions and plastic vapors into more 
non-condensed gases (Papuga et al., 2024). So 
to prevent overcracking, in this low-temperature 
pyrolysis study, the distillation chamber reactor 
design is placed next to the pyrolysis chamber, 
not above the high temperature as in previous re-
search. This is done so that thermal energy from 
the same source can be well distributed to both 
pyrolysis-distillation chambers to achieve the 
temperature requirements of the degradation of 
plastics into hydrocarbon vapors and the temper-
ature for the distillation process. In a study con-
ducted by Vafin & Vankov (2025), it was proven 
that there is a difference in temperature on the 
surface of the pyrolysis chamber that is directly 
exposed to a higher thermal energy source than 
the temperature of the pyrolysis chamber shown 
on the thermometer. That is why the study Hung 
et al. (2019) applied a distributed thermal energy 
system in a low-temperature pyrolysis process 
that takes advantage of the temperature difference 
in the pyrolysis chamber and surfaces directly 
exposed to thermal energy sources. Although it 
applies the same pyrolysis-distillation integration 
principle as the previous research, there are differ-
ences in the design dimensions of the reactor con-
figuration for industrial scale that apply distrib-
uted thermal energy systems at low temperatures.

This study hypothesizes that the design 
of a large-scale bottom section of a pyrolysis 
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chamber, which is directly exposed to thermal 
energy sources, is widened to facilitate thermal 
energy distribution in the pyrolysis and distilla-
tion chambers. As previously reported (Zaid & 
Otaru, 2025), thermal distribution can be carried 
out at low temperatures. Therefore, the reactor 
design in this study employs slow-heating-rate 
control to provide sufficient residence time for 
degrading plastic polymers and for in-situ dis-
tillation, in contrast to the previous pyrolysis-
distillation reactor configuration design, which 
uses high temperatures so that thermal energy 
can also be distributed to the distillation cham-
ber with a bubble cap positioned above (Thahir 
et al., 2019). Although it can prevent the buildup 
of charcoal residues and reduce the waxy-tex-
tured oil entering the distillation chamber, it 
cannot be applied to industrial-scale pyrolysis, 
where the reactor dimensions are larger. That’s 
why in this study, the pyrolysis and distillation 
chambers were placed in adjacent positions in 
series. The potential for the formation of waxy 
textured oils in the pyrolysis chamber exists. 
Still, it is hindered by the distillation chamber, 
which serves as the second thermal process, de-
grading the feedstock into light fractions before 
it enters the fractional condensation area (Hey-
dariaraghi et al., 2016). It is hoped that this re-
search can establish new operational parameters 
(temperatures) for the conversion of plastics into 
industrial-scale fuels that are more energy-effi-
cient, do not require catalysts, and eliminate the 
formation of wax-textured oils. That way, it can 
prove the concept of Heat Integrated Distillation 
Columns (HIDiC), which, in general, can save 
energy very significantly compared to conven-
tional distillation columns (Kiss & Olujic, 2014).

The purpose of this research is to develop an 
integrated pyrolysis-distillation reactor configu-
ration that, in previous research, was carried out 
at high temperatures. However, in this study, the 
pyrolysis-distillation configuration was operated 
at low temperatures using a distributed energy 
system. Low-temperature pyrolysis at 200 °C, 
250 °C, and 300 °C is tested for the phase stabili-
ty of the liquid oil produced by an integrated frac-
tional condensing system. To determine the suc-
cess of this study by evaluating the performance 
of the configuration of an operational low-tem-
perature integrated pyrolysis-distillation reactor 
without a catalyst, in producing liquid phase oil 
fuel without the formation of waxy textured oil. 
This study aims to empirically identify a pattern 

of elimination of wax-like oils by controlling 
slow heating rates in an integrated reactor at low 
temperatures. The result to be achieved is not just 
the production of oil from PP plastic, but also the 
proof of the principle that physical fractionation 
of plastic without a catalyst can be achieved us-
ing two thermal processes in situ at low tempera-
tures, without the formation of waxy-textured oil. 
The investigation focused on controlling the slow 
heating rate, the operational use of low tempera-
tures, and the visual and physical characteristics 
of the oil fractions generated by the three con-
densers across nine iterations to ensure data con-
sistency. The results of this study are expected to 
contribute to the development of industrial-scale 
pyrolysis reactors that are more efficient, low-
cost, and capable of producing quality liquid fuel.

MATERIALS AND METHODS

Preparation and characterization of raw 
materials

This study used 90 kg of used PP plastic 
waste for clothing packaging collected by scav-
engers from shopping centers and malls in the 
city of Manado, North Sulawesi, Indonesia. PP 
plastic waste is collected at the location because 
it can be found in dry conditions, is easy to sort, 
and has not been mixed with other waste, so it 
has not been contaminated. The selection of PP 
plastic types is based on their thermal characteris-
tics, which tend to produce wax-like oil fractions 
when processed by conventional pyrolysis meth-
ods without catalysts at low temperatures (Zol-
ghadr et al., 2022). 

In contrast to the standard procedure that car-
ried out the enumeration into small sizes, in this 
study, the PP plastic waste was put into the reac-
tor in its original form without going through enu-
meration (Figure 1a). This approach was chosen 
to evaluate the efficiency of pyrolysis-distillation 
reactors in the decomposition of PP plastics, 
while minimizing costs and energy consumption 
at the pre-treatment stage (Harussani et al., 2022). 
Before the process starts, the PP plastic raw mate-
rial is cleaned of physical contaminants and dried. 
Then it was measured with a digital scale, per 10 
kg of PP plastic waste, to conduct nine experi-
ments, as shown in Figure 1b. It is then inserted 
into the inside of the reactor through a plastic inlet 
hole at the top. The reactor is also equipped with a 
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bimetal thermometer to measure the temperature 
in the pyrolysis chamber, as shown in Figure 1c.

Integrated pyrolysis-distillation reactor 	
and experimental procedure

The methodology applied uses a quantitative 
descriptive experimental approach with a tightly 
controlled heating protocol. The pyrolysis experi-
ment was conducted using a prototype owned by 
the startup Waus Energy/PT. Supermoon Lestari 
International in the city of Manado, North Su-
lawesi, Indonesia. The batch-type pyrolysis reac-
tor is integrated with an in-situ pyrolysis chamber, 
a distillation chamber, and a fractional condensa-
tion system. The reactor is constructed of stain-
less steel and equipped with a bimetal thermom-
eter on the upper wall for internal temperature 
monitoring. Although it has the same concept as 
the research by Thahir et al. (2019) on a small-
scale high-temperature system, the significant dif-
ference in this study is the configuration design 
for a larger reactor and a distributed energy sys-
tem for low-temperature operation, to prepare for 
its development to an industrial scale. As shown 
in Figure 2, the distillation chamber is in series 
with the pyrolysis chamber, which is close to the 
thermal energy source. This is done so that the 
distribution of thermal energy in the lower cross-
section of the pyrolysis chamber is high enough 
to degrade the plastic polymer, and the lateral 
cross-section of the pyrolysis-distillation cham-
ber boundary is low enough for the distillation 
process. The technical advantages of the pyrol-
ysis-distillation reactor configuration with a se-
ries-parallel multi-condenser are that it is directly 

connected to the output bottle or container. This 
configuration allows the plastic vapor generated 
by pyrolysis in the pyrolysis chamber to enter the 
distillation chamber, where it gradually under-
goes fractional condensation into oil based on the 
boiling point of the hydrocarbon chain type. Oil 
fraction bottles and containers are tightly attached 
to each condenser outlet to prevent oil mass loss 
due to gas volatility and ensure that all pyrolysis 
liquid products are optimally captured for quanti-
tative analysis (Anene & Fredriksen, 2018). 

Figure 2 shows a configuration diagram for 
pyrolysis-distillation integrated with fractional 
condensation. The experiment was carried out 
using 10 kg of prepared PP plastic waste. The 
sample is then heated and melted in the reac-
tor’s pyrolysis chamber, producing plastic va-
por containing hydrocarbons. The plastic vapor 
flows through the distillation chamber adjacent 
to the pyrolysis chamber due to heat from the 
reactor and the vacuum. Heavy fractions, such 
as wax-textured oils, carried by plastic vapors, 
will stick to the walls and barrier plates in the 
distillation chamber due to the pre-condensed 
design of the stainless steel pipes between the 
distillation and pyrolysis chambers. While the 
non-condensed light fraction plastic vapor con-
tinues to flow through the stainless steel pipes, 
it flows continuously into condenser chambers 1 
and 2, where it eventually forms liquid bubbles 
on the barrier plates in each chamber. The steam 
condensed in condenser 1 and condenser 2 is 
stored in their condensing chamber plates and 
then falls into the oil fraction holding bottles 1 
and 2. The heavy fraction plastic vapor retained 
in the distillation chamber undergoes a second 

Figure 1. Condition of PP plastic waste (a) PP plastic whole form, (b) 10 kg PP plastic, 
(c) PP plastic in reactor and bimetal thermometer
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thermal process back into a light fraction, which 
is passed to condensers 1 and 2.

Meanwhile, the medium fraction plastic vapor 
that has undergone the second thermal process 
will fall into the condenser chamber 3 through a 
barrier plate and a small hole between the distilla-
tion chamber and the condensing chamber. Plas-
tic vapor that becomes a non-condensed gas will 
flow out through the pipe at the end of the con-
denser. To accurately control the parameters, the 
reactor is equipped with a bimetal thermometer 
with a maximum measurement range of 400 °C 
for the pyrolysis room-temperature monitor.

The configuration arrangement and pyrolysis-
distillation process are carried out in a workshop 

room rather than a laboratory to simulate real-life 
applications in the development of industrial-
scale stainless steel prototypes. As shown in Fig-
ure 3, a visual display of the experimental setup 
is provided. The plastic inlet hole at the top of the 
pyrolysis chamber is enlarged to make it easier 
to insert large plastic without shredding, thereby 
saving pre-treatment costs. Bimetal thermometers 
with a maximum measurement scale of 400 °C 
are used because the maximum operating temper-
ature in the pyrolysis chamber is only about 300 
°C.  The ignition chamber contains four stoves 
that are gradually ignited to control the rate of 
heating in the reactor. The pyrolysis chamber is 
designed to be widened, inspired by a frying pan 

Figure 2. Integrated pyrolysis-distillation configuration diagram with fractional condensation

Figure 3.  Integrated pyrolysis-distillation reactor configuration with three condensers mounted in series and 
parallel from the distillation chamber
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that requires only a small amount of fire, but the 
thermal energy is distributed evenly and quickly. 
The distillation chamber is designed to be di-
rectly attached to the pyrolysis chamber so that it 
can use the same thermal energy as the pyrolysis 
chamber. Condenser 1 and condenser 2 appear to 
be one piece, but inside there are two condensing 
chambers designed to condense a fraction of light 
oil that successfully passes through the pipeline 
between the distillation chamber and the light oil 
condenser. The results can be directly accommo-
dated in bottles because the condensed pyrolysis 
oil remains stable at room temperature. Condens-
er 3 is designed to condense a fraction of medium 
oil. It is positioned below the distillation chamber 
to condense the second heavy-oil fraction into a 
medium fraction. The pipe at the end serves as an 
outlet for plastic vapor that becomes gas but does 
not condense.

Thermal control procedures

In all pyrolysis processes, the process begins 
with a gradual heating stage from room tempera-
ture to 100 °C for 60 minutes. The pyrolysis pro-
cess has not yet occurred at this temperature, but 
it is carried out to remove oxygen and stabilize 
the reactor’s thermal conditions. Furthermore, the 
temperature is increased linearly at a heating rate 
of 2 °C/min until it reaches 200 °C, 250 °C, and 
300 °C, respectively.  Three experimental itera-
tions were performed at each maximum tempera-
ture, for a total of nine experiments for data vali-
dation. To obtain numerical results for thermal 
control and heating rate, measurements are done 
manually. Using a digital stopwatch that rings 
every 5 minutes to observe visually, the bimetal 
thermometer shows a 10 °C increase in tempera-
ture, corresponding to a heating rate of 2 °C/min-
ute, without the need for special clocks or speed-
ometers, which can increase the cost of tools in 
pyrolysis operations. The most crucial thermal 
control process is from the room temperature (30 
°C) at the initial minute to the maximum tempera-
ture of the triplo experiment 1, which shows 200 
°C at the 110th minute, the triplo 2 experiment 2 
shows 250 °C at the 135th minute, and the triplo 
3 shows 300 °C at the 160th minute. Once the 
temperature has reached the maximum target for 
each triple experiment, the process is to maintain 
the temperature until the pyrolysis-distillation 
process is completed. 

Data collection and analysis of wax-like oil 
elimination

The main parameters in this experiment were 
the process of controlling the slow heating rate (2 
°C/min), the operational application of low tem-
peratures (200 °C, 250 °C, and 300 °C), and the 
visual physical characteristics of the oil fractions 
(without waxy textured oil) collected in each 
of the holding bottles of the three condensers. 
The process of controlling the low heating rate 
is presented in a table of temperature rise over 
time from pyrolysis-distillation experiments. 
The operational application of low temperatures 
is evidenced by the bimetal thermometer imag-
es showing the figures for 200 °C, 250 °C, and 
300°C, which are measured during the pyrolysis-
distillation process. Analysis and visual physical 
characteristics of oil fractions were carried out by 
assessing the clarity and phase of the oil products 
at room temperature, which are indicators of the 
success of fractionating plastic hydrocarbon va-
por into liquid oil fractions. The absence of wax-
like oil fractions in the condenser and container 
bottle output lines was confirmed in the cumula-
tive observations table from nine experiments. 
All data from visual and quantitative observations 
taken during the pyrolysis-distillation process are 
being temporarily recorded. It was then analyzed 
to map the effect of low-temperature operations 
on the in-situ elimination of waxy-textured oils 
without the use of catalysts and on oil-phase sta-
bility after 3x24 hours post-pyrolysis-distillation.

RESULT AND DISCUSSION

Pyrolysis experiment thermal control process

Table 1 shows the process of controlling the 
temperature rise over time during the pyrolysis-
distillation experiment, with a stopwatch set to 
sound every 5 minutes and observations on the 
bimetal thermometer on the reactor. Thermal con-
trol and observation processes were carried out 
on this experiment. The process starts from the 
reactor heating phase and reaches maximum tem-
peratures of 200 °C, 250 °C, and 300 °C at a heat-
ing rate of 2 °C/min, with a ±2 °C deviation, as 
the process parameters.

The thermal energy source for this experi-
ment comes from four stoves, each adjustable in 
size and lit gradually. The reactor heating phase 
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is carried out from room temperature to 100 °C 
over up to 60 minutes, including the reactor pre-
heating stage. In fact, the stopwatch sounds at 
the 30th minute during the pre-heating stage of 
the reactor, and the bimetal thermometer shows 
90 °C, the 90 °C target, and 10 1°C, the 100 °C 
target, for the experiment carried out. In the ini-
tial phase of the PP melting point, the bimetal 
thermometer shows a reading of 131 °C, which 
is 1 °C above the target of 130 °C.  Then, dur-
ing the PP melting point phase, the bimetal ther-
mometer shows a reading of 161 °C, which is 
1 °C above the target of 160 °C.  At the maxi-
mum temperature target of 200 °C at the 110th 
minute in the thermal degradation stage of the 
triplo 1 experiment, the bimetal thermometer 
showed 201 °C.  Furthermore, at the 135th min-
ute of the thermal degradation stage of the triplo 
2 experiment, the bimetal thermometer record-
ed 251 °C, the target maximum temperature of 
250 °C. At the target maximum temperature 
of 300 °C at the 160th minute in the thermal 

degradation stage of the triplo 3 experiment, the 
bimetal thermometer showed 301 °C.

Figure 3 shows the actual measurement of the 
maximum operating temperature during the ex-
periment. There are three maximum temperature 
variables indicated by the bimetal thermometer 
in the experiment, corresponding to temperature 
variations of 200 °C, 250 °C, and 300 °C.  The 
application of thermal control and temperature 
measurement over time, as in this experiment, is 
a standard operating procedure in industrial-scale 
reactors. Without having to use a special clock 
and speedometer in pyrolysis operations that add 
to the cost of the equipment, it is sufficient to use 
a stopwatch that sounds every 5 minutes and a 
bimetal thermometer installed in the reactor for 
visual observation.

Low-temperature operational application	

In the pyrolysis experiment with a maximum 
temperature of 200 °C (Figure 4a), the reactor 

Table 1. The process of controlling temperature rise over time in pyrolysis-distillation experiments
Time 

(minutes)
Target temperature 

(°C)
Rated actual 

temperature (°C) Deviation (°C) Phase

0 30 30 0,0 Room temperature (initial)

30 90 90 0.0 Pre-heating stage of the reactor

35–60 100 101 +1,0 Reactor heating stage

75 130 131 +1.0 Beginning of PP melting point

90 160 161 +1.0 PP melting point

110 200 201 +1,0 Thermal degradation of the triple experiment 1

135 250 251 +1.0 Thermal degradation of the triplo experiment 2

160 300 301 +1,0 Thermal degradation of triplo 3 experiment

Note:  Manual thermal control process with a stopwatch sounding every 5 minutes.

Figure 4. Actual measurement of the maximum operating temperature per triple experiment on a bimetal 
thermometer while the fractional condensation-distillation experiment is in progress (a) temperature 200 °C 

at 110 minutes, (b) temperature 250 °C at 135 minutes, (c) temperature 300 °C at 160 minutes
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heating process is started at about 100 °C for up 
to 1 hour. At a heating rate of 2 °C/min, it takes 
50 minutes to reach a maximum temperature of 
200 °C. The pyrolysis-distillation process with 
fractional condensation at a maximum tempera-
ture of 200 °C lasts for 4 hours and 10 minutes. 
Thus, the total time from the machine’s heating 
process to the completion of the pyrolysis-distil-
lation process was 6 hours, as shown in Table 2. 
The pyrolysis process indicator is complete when 
the bimetal thermometer on the machine shows a 
gradual decrease from 200 °C.

Furthermore, the pyrolysis experiment with 
a maximum temperature of 250 °C (Figure 4b) 
begins with the reactor heating process of about 
100 °C for up to 1 hour. At a heating rate of 2 °C/
min, it takes 75 minutes to reach a maximum tem-
perature of 250 °C. The pyrolysis-distillation pro-
cess with fractional condensation at a maximum 
temperature of 250 °C lasts for 3 hours and 15 
minutes. Thus, the total time from the machine’s 
heating process to the completion of the pyroly-
sis-distillation process was 5 hours and 30 min-
utes, as shown in Table 3. The pyrolysis process 
indicator is complete when the bimetal thermom-
eter on the machine shows a gradual decrease 
from 250 °C.

Meanwhile, the pyrolysis experiment with a 
maximum temperature of 300 °C (Figure 4c) be-
gins with the reactor heating process of around 
100 °C for up to 1 hour. At an average heating 

rate of 2 °C/min, it takes 100 minutes to reach a 
maximum temp erature of 300 °C. The pyrolysis-
distillation process with fractional condensation 
at a maximum temperature of 300 °C lasts for 2 
hours and 20 minutes. Thus, the total time from 
the machine’s heating process to the completion of 
the pyrolysis-distillation process was 5 hours, as 
shown in Table 4. The pyrolysis process indicator 
is complete when the bimetal thermometer on the 
machine shows a gradual decrease from 300 °C.

Visual analysis of results and physical 
characteristics of oil fractions	

Based on the results of nine repetitions of the 
experiment conducted with three repetitions at 
each maximum temperature of 200 °C, 250°C, 
and 300 °C (Table 5). The integrated pyrolysis-
distillation configuration system demonstrates 
stable performance in converting 10 kg of PP plas-
tic waste into a fully liquid oil fraction, without 
producing wax-textured oil fractions. In theory, 
the melting point of PP plastic ranges from 130 °C 
to 170 °C, which affects its thermal degradation 
behavior during pyrolysis (Khair et al., 2023).
However, in this study, heating the reactor gradu-
ally from room temperature to 100 °C for up to 60 
minutes results in more evenly distributed thermal 
conditions in the reactor. Pyrolysis chambers un-
der such thermal conditions change the size of PP 

Table 2. Pyrolysis-distillation process with fractional condensation at a maximum temperature of 200 °C

Temperature 
maximum (°C)

Reactor heating
(100 °C)

Heating rate 2 °C/min
Total pyrolysis-
distillation timeDuration of time

100 °C to 200 °C
Duration of time 

at 200 °C
200 1 hour 50 minute 4 hour 10 minute 6 hour

Note: Experiments at 200 °C were performed three times.

Table 3. Pyrolysis-distillation process with fractional condensation at a maximum temperature of 250 °C

Temperature 
maximum (°C)

Reactor heating
(100 °C)

Heating rate 2 °C/minute
Total pyrolysis-
distillation timeDuration of time

100 °C to 250 °C
Duration of time 

at 250 °C
250 1 hour 75 minute 3 hour 15 minute 5 hour 30 minute

Note: Experiments at 250 °C were performed three times.

Table 4. Pyrolysis-distillation process with fractional condensation at a maximum temperature of 300 °C

Temperature 
maximum (°C)

Reactor heating
(100 °C)

Heating rate 2 °C/minute
Total pyrolysis-
distillation timeDuration of time

100 °C to 300 °C
Duration of time 

at 300 °C
300 1 hour 100 minute 2 hour 20 minute 5 hour

Note: Experiments at 300 °C were performed three times.
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plastic without chopping it down to a more uni-
form size (Nugroho et al., 2023).

When the temperature is increased at a rate of 
2 °C/min., the bimetal thermometer in the reac-
tor shows maximum experimental temperatures 
of 200 °C, 250 °C, and 300 °C.  At this stage, the 
degradation of PP plastic into plastic vapor con-
taining hydrocarbons begins. Theoretically, the 
degradation temperature of PP plastic to hydro-
carbon vapor ranges from 374.9 °C to 495.15 °C 
(Zhang et al., 2022). However, in this study, the 
temperature displayed on a bimetal thermometer 
with a maximum scale of 400 °C on the side of the 
reactor only reflected the temperature in the pyrol-
ysis chamber. Meanwhile, the temperature on the 
cross-sectional surface of the bottom of the py-
rolysis chamber, which is directly exposed to fire 
from the ignition chamber, can be adjusted based 
on the number of fire sources on the production 
stove (Vafin & Vankov, 2025). With this reactor 
made of heat-resistant materials such as stainless 
steel, the bottom surface directly exposed to the 
fire can be set to a temperature range where PP 
degrades into plastic vapor. This experiment is 
supported by previous research by Hung et al. 
(2023) using the microwave pyrolysis method 
at a pyrolysis temperature of 250–280 °C, which 
measures the temperature of plastic degradation 
on surfaces directly exposed to heat sources on 
an industrial scale. This is relevant in the field, 
where thermometers in industrial-scale pyroly-
sis reactors only show the temperature in the 
pyrolysis chamber instead of the temperature on 
the surface of the pyrolysis chamber that is di-
rectly exposed to heat sources (Djurdjevic et al., 
2023). In contrast to thermometers in small-scale 
pyrolysis reactors in laboratories, whose cross-
sectional surface temperature differs slightly 

from the temperature in the pyrolysis chamber 
(Akinsade et al., 2024). 

The pyrolysis plastic vapor formed in the 
pyrolysis chamber then moves towards the dis-
tillation chamber. In theory, the temperature re-
quired for the distillation of pyrolysis results is in 
the light fraction (<175 °C), the middle fraction 
(175–360 °C), and the heavy fraction (>360 °C) 
(Zeb et al., 2023). With the pyrolysis-distillation 
integration configuration, the distillation process 
uses the same heat source as the pyrolysis pro-
cess. The temperatures of the pyrolysis chamber 
and distillation chamber can be set to the distilla-
tion process temperature. That is why a heating 
rate of 2 °C/min was used, as the experiment per-
formed two different pyrolysis-distillation pro-
cesses simultaneously with different temperature 
requirements. Thermal breakdown, in the form of 
plastic vapor, transforms long PP polymer chains 
into shorter chains, such as gasoline (C5-C12), 
kerosene (C12-C16), diesel (C15-C18), and waxy 
textured oils (C23+) (Eldahshory et al., 2023; 
Parku et al., 2020). The light- to medium-fraction 
mixtures will continue to be directed to condens-
ers 1 and 2 for condensation, while the medium- 
and heavy-fraction mixtures will be retained in 
the distillation chamber for the thermal process 
to return the light- and medium-fraction hydro-
carbon vapors (Park & Lee, 2021). The interme-
diate fraction, separated from the heavy fraction 
after the second thermal process in the distillation 
chamber, will fall and condense in condenser 3. 

Various previous studies have reported that 
pyrolysis at low temperatures can produce waxy-
textured oils (Irawan et al., 2022). A scientific 
description of the physical characteristics of the 
wax-like oil obtained from low-temperature plas-
tic pyrolysis can also be elaborated. As reported in 

Table 5. Pyrolysis-distillation results with fractional condensation at temperatures of 200 °C, 250 °C, and 300 °C
Temperature 

maximum (°C)
Experiment 

number Total PP plastic Wax-like formation Phase stability Appearance

200 1 10 kg None Stable liquid Golden yellow

200 2 10 kg None Stable liquid Bright yellow

200 3 10 kg None Stable liquid Reddish brown

250 1 10 kg None Stable liquid Golden yellow

250 2 10 kg None Stable liquid Bright yellow

250 3 10 kg None Stable liquid Reddish brown

300 1 10 kg None Stable liquid Golden yellow

300 2 10 kg None Stable liquid Bright yellow

300 3 10 kg None Stable liquid Reddish brown

Note: The oil liquid is stable without the formation of wax-like oil.
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previous studies, wax-textured oil fractions tend 
to be thicker, amber-brown, cloudy, and form a 
waxy precipitate when cooled to room tempera-
ture (Aprianti et al., 2025; Palmay, Haro, et al., 
2022). Thus, the physical characteristics of the 
wax-formed and non-wax-formed oil fractions 
that are visually observed can serve as a scientific 
outcome parameter, as the fuel fraction of plastic 
pyrolysis oil containing wax and ash can be clas-
sified as low quality (Thahir et al., 2019).

In this study, the effectiveness of the pyroly-
sis-distillation configuration with fractional con-
densation, applied to a distributed energy system, 
is clearly evident in the visual characteristics of 
the resulting pyrolysis oil fraction. Visually, the 
results of the experiment show the color grada-
tion and clarity of the oil from PP plastic pyroly-
sis, produced by the three condensers, without a 
wax-like oil fraction, as described in the previous 
study. The result of this oil fraction is shown in 
Figure 5, which shows that the pyrolysis-distil-
lation oil product stored for 3x24 hours at room 
temperature remains stable in the liquid phase 
without forming waxy-textured oil. The oil frac-
tions from condensers 1, 2, and 3 in the tightly 
sealed bottle remain stable in the fluid oil phase, 
with no visually apparent wax deposits.

As reported in a study by Eldahshory et al. 
(2023), the oil fraction obtained from the pyroly-
sis of PP plastics, with or without a catalyst, is a 
mixture of hydrocarbons with carbon atoms rang-
ing from C5 to C25. Based on the GC-MS analy-
sis, the results of PP plastic pyrolysis oil can be 
classified into gasoline (C5-C12), kerosene (C12-
C16), and diesel (C15-C20) fuel groups. The 

results of the PP plastic distillation study conduct-
ed by Zeb et al. (2023) into light, medium, and 
heavy fractions are used as comparative param-
eters to classify the types of pyrolysis-distillation 
fuels in this study.

In this study, the maximum operating temper-
atures of 200 °C, 250 °C, and 300 °C correspond 
to the distillation of the light fraction <175 °C 
and the middle fraction 175–360 °C. In all ex-
periments, the fractional condensation of the oil 
phase in Figure 5a (condenser 1) is clear golden 
yellow, and in Figure 5b (condenser 2), it is bright 
clear yellow. Identify the results of the research 
oils on these two condensers, similar to the gaso-
line and kerosene fuel groups in the light-medium 
fraction with C5 to C16 carbon bonds. Mean-
while, the oil phase in Figure 5c, in condenser 3, 
is a clear reddish-brown. Identifies the oil yield in 
condenser 3, similar to the diesel fuel group in the 
intermediate fraction with carbon bonds of C15 to 
C20. The reddish-brown color in the oil fraction 
from condenser 3 can be caused by aromatic com-
pounds and residual charcoal ash carried by PP 
plastic vapor (Mufrodi et al., 2024). This liquid 
oil fraction can then be filtered to remove char-
coal residue, ash, and aromatic compounds that 
are also condensed (Navarro et al., 2022).

CONCLUSIONS

This research has successfully developed an 
integrated pyrolysis-distillation configuration for 
low-temperature operations that avoids the for-
mation of wax-like oils. Slow heating rate control 

Figure 5. Pyrolysis-distillation oil products stored for 3 x 24 hours remain stable in the liquid phase 
without the formation of wax-like oil (a) oil fraction in condenser 1, (b) oil fraction in condenser 2,  

(c) oil fraction in condenser 3
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(2 °C/min) can provide sufficient residence time 
for degrading plastic polymers and for in-situ 
distillation. The distributed energy system can be 
carried out at low-temperature operations (200 °C, 
250 °C, and 300 °C) with the design of the bottom 
section of the pyrolysis chamber, where direct ex-
posure to the thermal energy source is increased. 
The process of thermal energy distribution by 
placing the distillation chamber next to the py-
rolysis chamber in series, allows for two thermal 
processes to occur using the same thermal energy 
source. So that the potential for heavy oil frac-
tions from the pyrolysis chamber can be ther-
mally degraded in the distillation chamber into 
light and medium fractions before entering the 
fractional condensation area. Thus, a pattern has 
been empirically established to eliminate waxy-
textured oils by controlling the heating rate with 
an integrated pyrolytic distillation reactor at low 
temperatures.  

Based on the analysis of results and physical 
characteristics, and on comparative parameters 
from the previous study, the pyrolysis-distilla-
tion oil fraction produced in this study remained 
stable, without wax-like oil, at room tempera-
ture. The fractional condensation of the oil phase 
produced in condenser 1 is clear golden yellow, 
and that from condenser 2 is light clear yellow, 
similar to the gasoline and kerosene fuel groups 
in the light-medium fraction, with carbon bonds 
C5 to C16. Meanwhile, the oil phase in condenser 
3 is clear reddish-brown, similar to the diesel fuel 
group in the medium fraction, with carbon bonds 
ranging from C15 to C20. 

This research resulted in a new conceptual 
model for converting PP plastics into fuel via 
an integrated pyrolysis-distillation configuration 
with fractional condensation at low temperatures, 
without a catalyst. It is directly beneficial to the 
plastics processing industry, providing a basis for 
the development of industrial-scale pyrolysis re-
actors. Large dimensions that are more efficient, 
low-cost, and able to produce high-quality liquid 
fuel without wax-like oil.
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