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Abstract: The increasing demand for fossil fuels, particularly petroleum, has contributed to 
the depletion of fossil energy reserves and highlights the need for alternative energy sources. 
One potential alternative is synthetic oil produced from waste materials, including used 
medical masks. This study aims to evaluate the effect of pyrolysis temperature and SiO₂ 
concentration on the characteristics of synthetic oil produced from medical mask waste 
based on liquid yield, calorific value, density, and flash point. An experimental method with 
quantitative analysis was employed. Pyrolysis was conducted at temperatures of 200 °C 
and 300 °C using three SiO₂ concentration variations: 0% (100% medical mask waste), 1% 
SiO₂ + 99% medical mask waste, and 2% SiO₂ + 98% medical mask waste. The produced 
synthetic oil was filtered and characterized based on liquid yield, calorific value, density, and 
flash point. The results showed that the highest liquid yield was obtained at 300 °C with 2% 
SiO₂ addition, reaching 55.666%. The highest calorific value was obtained at 200 °C with 
2% SiO₂ addition, reaching 9674.54 cal/g. The lowest density value of 0.76205 g/cm³ was 
obtained at 300 °C with 1% SiO₂ addition, while the highest flash point value of 152.5 °C 
was obtained at 300 °C without SiO₂ addition. These results indicate that pyrolysis 
temperature and SiO₂ concentration influence the yield and physicochemical properties of 
synthetic oil derived from medical mask waste. 
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INTRODUCTION 

The increasing demand for fossil fuels driven by population growth has raised concerns regarding 
the depletion of non-renewable energy resources. Previous studies have highlighted that the growing 
global energy demand, coupled with declining fossil fuel reserves, has accelerated the need for 
alternative energy sources (Capellan-Perez et al., 2014). This global energy challenge is also reflected 
at the national level, particularly in developing countries such as Indonesia. Based on data from the 
Indonesia Energy Outlook, in 2019 the national fuel demand reached 465.7 million barrels/year. This 
need has not been met by domestic production of fuel oil, which averages 278.1 million barrels/year. 
Resulting in an average import of fuel oil of 165.4 million barrels or around 35% of the national need 
each year. 

The high dependence on imported fuel, combined with the continuous depletion of petroleum 
resources, has intensified the urgency to develop alternative and sustainable energy sources. In this 
context, waste-to-energy (WTE) conversion has emerged as a promising approach to address both 
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energy shortages and environmental issues. One potential source of alternative energy that can be 
used as fuel oil is mask waste, especially medical masks. The increasing use of masks, especially 
disposable medical masks, during and after the Covid-19 pandemic has created another problem, 
namely an increase in medical mask waste in the environment. According to data from the Ministry of 
Environment and Forestry of Indonesia (KLHK) from the start of the Covid-19 pandemic in March 
2020-February 2021 there were 6,417.95 tons of medical waste (Kriswibowo et al., 2021). Medical 
masks are made of non-woven materials such as polypropylene, polyethylene or cellulose which are 
known for their resistance to natural degradation (World Health Organization, 2020). This 
characteristic makes medical mask waste a persistent environmental pollutant, while at the same time 
providing potential as a hydrocarbon-rich feedstock for fuel production. 

The improper management of medical mask waste has led to its accumulation in the 
environment, posing serious environmental and public health risks. In many cases, medical mask waste 
is disposed of through open dumping or uncontrolled burning, which can result in soil and water 
contamination as well as the release of hazardous pollutants (Selvaranjan et al., 2021). From a 
thermochemical perspective, medical masks represent a promising feedstock for fuel production due 
to their high polymer content, particularly polypropylene, which consists of long-chain hydrocarbons 
suitable for conversion into liquid fuels. Previous studies have demonstrated that plastic waste 
containing polypropylene can be effectively converted into fuel products with properties comparable 
to conventional fuels (Islami et al., 2020). 

Therefore, the conversion of medical mask waste into synthetic fuel has attracted increasing 
research interest as a dual-solution approach to address both waste management and energy 
challenges. Among various conversion technologies, pyrolysis has been widely recognized as an 
effective method for transforming plastic-based waste into liquid hydrocarbons under oxygen-limited 
conditions. Medical masks containing polypropylene can be used to manufacture fuel. This is because 
polypropylene has a hydrocarbon group. The fuel produced is in the form of synthetic fuel oil 
(Synthetic-Oil). Synthetic-Oil or synthetic fuel oil is a fuel consisting of chemical compounds derived 
from artificial processing of synthetic materials. Therefore, the processing of medical mask waste into 
synthetic-oil is the main topic of research and development. One way that is used is through the 
process of pyrolysis. 

Pyrolysis has been widely studied as an effective method for converting plastic waste into 
valuable fuel products (Qureshi et al., 2020). According to previous review studies, the pyrolysis of 
plastics such as polyethylene and polypropylene can produce liquid hydrocarbons with properties 
similar to conventional fuels, influenced by process parameters such as temperature, heating rate, and 
catalyst type (Capellan-Perez et al., 2014). Pyrolysis is a chemical decomposition through a fast or slow 
heating process without oxygen content. The pyrolysis process is often used in the manufacture of 
fuel oil because it has advantages compared to other processing processes. According to (Islami et al., 
2020) pyrolysis has the advantages of low energy required, the process takes place without the need 
for pressure, and there are no pollutants and contaminants in the final product. The pyrolysis process 
can be carried out with or without a catalyst. The use of catalysts has the advantage of increasing the 
quality of fuel products (Bemis et al., 2012). Previous studies have shown that catalytic pyrolysis using 
low-cost catalysts such as bentonite can significantly improve fuel properties, accelerate reaction time, 
and produce liquid fuels comparable to commercial gasoline and diesel, which can be directly used in 
internal combustion engines (Budsaereechai et al., 2019). Various types of catalysts are often used for 
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the degradation of polypropylene into fuel, including silicone dioxide (SiO₂). The SiO₂ catalyst has the 
advantage of having a high particle area, improving product quality and no contaminants affecting yield 
(Price et al., 2019). 

Despite the gowing interest in the pyrolysis of plastic waste for fuel production, previous studies 
have primarily focused on high-temperature processes and conventional catalysts, with limited 
attention given to the optimization of low-temperature pyrolysis of medical mask waste using silica-
based catalysts. In addition, the influence of catalyst concentration on fuel properties such as heating 
value and density has not been thoroughly investigated. Therefore, this study aims to evaluate the 
effect of pyrolysis temperature and silicon dioxide (SiO₂) catalyst concentration on the characteristics 
of synthetic oil derived from medical mask waste. This research specifically investigates relatively low-
temperature conditions (200°C and 300°C) combined with varying catalyst concentrations (0%, 1%, 
and 2%) to analyze their impact on key fuel properties, including heating value and density. This study 
is expected to contribute to the development of sustainable waste-to-energy technologies, particularly 
in the utilization of pandemic-related plastic waste. 

RESEARCH METHOD 

Methods 
In this study using the experimental method. The research activities carried out included making 

storage mask, collecting medical mask waste, treating medical mask waste, pyrolysis of medical mask 
waste, Characteristic testing of synthetic-oil and data analysis. Data analysis is carried out with 
quantitative descriptive with a comparative approach. The measured data were analyzed 
comparatively to find solutions to problems through comparisons of causal relationships with the 
elements studied. 

 
Figure 1. Flowchart Experimental Research Method 

The experiment used two pyrolysis temperature levels, namely 200 °C and 300 °C, and three 
SiO₂ concentration levels, namely 0%, 1%, and 2%. These variations resulted in six treatment 
combinations. The 0% SiO₂ treatment served as the control, while the 1% and 2% SiO₂ treatments 
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were used to evaluate the effect of catalyst concentration on the characteristics of the synthetic oil. 
Each experimental treatment was tested in three independent replicates, designated as Replicate I, 
Replicate II, and Replicate III. The data presented in the results represent the mean values obtained 
from the three replicates.  

The pyrolysis temperatures of 200 °C and 300 °C were selected to represent two relatively low-
temperature operating conditions for evaluating the effect of SiO₂ on medical mask waste conversion. 
Previous studies have reported liquid product formation from polypropylene-rich plastic waste at 
approximately 300 °C, while pyrolysis studies of waste masks have also reported substantial liquid 
production in the 300–350 °C range (Hujuri & Gumma, 2010). Therefore, 300 °C was selected as the 
higher temperature condition relevant to polypropylene-rich feedstock conversion, while 200 °C was 
selected as a lower-temperature condition to evaluate the effect of SiO₂ on synthetic oil formation 
and characteristics at a reduced operating temperature. 

The experimental design in six treatment combinations as presented in Table 1. 

Table 1. Experimental treatment combinations 
Treatment Pyrolysis temperature (°C) SiO₂ concentration (%) 

T1 200 0 
T2 200 1 
T3 200 2 
T4 300 0 
T5 300 1 
T6 300 2 

1. Preparation of Medical Mask Waste 
Material Collection 

Medical mask was collected in two places, such as Campus V JPTK FKIP UNS and UNS 
Hospital. Mask waste was checked and collected weekly and the next step is taken in the research 
process. We obtained the silicon dioxide catalyst from a chemical store in Surakarta, Central Java, 
Indonesia. We obtained a insulated jacketed batch pyrolysis reactor, previously designed and 
fabricated at the Mechanical Engineering Education Workshop, Sebelas Maret University, 
Surakarta. 
 
Treatment of medical mask waste 

Steps for sorting and washing medical mask waste. Mask waste that has been collected from 
all storage masks is then sorted and wash using soap for 1 hour. Masks other than medical masks 
are segegated and not used in research. Next steps is drying and separating masks from rubber 
and wire. The soaked medical mask is then rinsed and dried in the sun to dry. After that the rubber 
and wire parts are separated from the mask. Rubber and wire parts were not used in the study. 

https://creativecommons.org/licenses/by-sa/4.0/
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Mask waste washed process Mask waste dried process Mask waste sorted process 

Figure 2. Treatment and process of mask waste 

2. Experiment Set-Up Pyrolysis of medical mask waste 
The experimental setup used in this study consisted of a laboratory-scale batch pyrolysis 

system, as shown in Figure 3. The system comprised a closed cylindrical reactor positioned inside 
a furnace unit, which served as the primary heating source for the thermal decomposition process. 
The reactor was supported by a steel frame structure to maintain stability during operation. 

The generated pyrolysis vapors were transferred from the reactor through a horizontal 
connecting pipe to a condensation unit. The condenser was designed as a vertical cylindrical 
column equipped with an external cooling medium, allowing efficient heat exchange and phase 
conversion of the volatile compounds into liquid products. 

The condensed liquid (synthetic oil) was collected at the bottom section of the condenser, 
while non-condensable gases were discharged through an outlet. This configuration enabled 
controlled thermal degadation under oxygen-limited conditions and ensured effective separation 
between liquid and gaseous products during the pyrolysis process. Experimental steps of pyrolysis 
of medical mask waste is burned in a pyrolysis reactor tube with a composition of 500 g medical 
mask and 0 g SiO2 (without catalyst). Pyrolysis temperature 200oC for 60 minutes. This step is 
carried out the same for SiO2 catalyst concentrations of 1% and 2%. 

 
Figure 3. Schematic diagam of the pyrolysis experimental apparatus 
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3. Pyrolysis of medical mask waste 
The pyrolysis process was conducted at two temperature levels, 200 °C and 300 °C, with a 

processing time of 60 minutes for each treatment. SiO₂ was added at concentrations of 0%, 1%, 
and 2% based on the weight of the medical mask waste. The addition of SiO₂ was intended to 
facilitate the thermal degradation of medical mask waste during the pyrolysis process. SiO₂ acts as 
a catalyst that promotes the breakdown of hydrocarbon chains into smaller compounds, thereby 
affecting the formation and yield of liquid synthetic oil. 

The experimental treatment operational procedures was conduct 500 g of prepared medical 
mask waste was placed in the batch pyrolysis reactor. The pyrolysis process was conducted under 
oxygen-limited conditions. The resulting pyrolysis vapors were transferred to the condenser, 
where they were cooled and condensed to obtain the synthetic oil.  

The pyrolysis parameter processes presented on Table 2. 

Table 2. Pyrolysis Operational Condition 
Parameter Condition 

Feedstock 500 g medical mask waste 
Temperature 200 °C and 300 °C 
Processing time 60 min 
SiO₂ concentration 0%, 1%, 2% 
Atmosphere Oxygen-limited 
Reactor Batch pyrolysis reactor 
Product recovery Vapor condensation → synthetic oil 

4. Characteristic Testing 
The next step in this research is that synthetic-oil will be filtered and tested to find the 

characteristic value. At this stage, the optimal synthetic oil will be sought based on liquid yield, 
calorific value, density and flash point. 

Material 
1. Medical Mask 

Medical masks waste were used as the primary feedstock in this study. The masks consisted 
predominantly of non-woven polymer materials, mainly polypropylene (PP), which is widely 
reported as the major component in disposable medical masks (World Health Organization, 2020). 
Fadare & Okoffo (2020) further confirmed that the multilayer structure of disposable medical 
masks—including the outer layer, melt-blown filter layer, and inner layer—are all polypropylene-
based, making them highly resistant to natural biodegadation while simultaneously representing a 
polypropylene-rich feedstock well-suited for thermochemical conversion The high polypropylene 
content provides a high hydrocarbon content suitable for thermal cracking into liquid fuels, making 
it suitable for thermochemical conversion processes such as pyrolysis (Aisien et al., 2021). The 
collected masks were further processed prior to the experiment, as described in the subsequent 
section. 

https://creativecommons.org/licenses/by-sa/4.0/
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Figure 4. Mask waste resulting from treatment 

2. Silicone Dioxide 
Silicon dioxide (SiO₂) was used as a catalyst in this study due to its high surface area and its 

ability to enhance the thermal degadation of polymeric materials during pyrolysis. Previous studies 
have reported that catalytic pyrolysis can significantly improve cracking efficiency and increase the 
yield and quality of liquid fuel products compared to non-catalytic processes. Silicon dioxide (SiO₂) 
was used as a catalyst in this study. The catalyst was selected due to its high surface area and its 
effectiveness in enhancing the thermal degadation of polymeric materials during pyrolysis. In this 
study, SiO₂ was applied with concentration variations of 0%, 1%, and 2% by weight of the 
feedstock. 

 
Figure 5. Silicon dioxide powder used as a catalyst 

 
Bemis et al., (2012) conducted a pyrolysis study using polypropylene plastic waste with the 

addition of various catalysts namely SiO2, Zeolite, CaO and Fe. The result is that the SiO2 catalyst 
has effect on reaction temperature, reaction time and product yield percentage as follows: 

 Table 3. Effect of catalyst on the pyrolysis of polypropylene plastic waste 

Test Parameters 
The catalyst used 

No catalyst SiO2 Zeolite CaO Fe 
First drop temperature (oC) 150 130 133 135 166 
Last drop temperature (oC) 160 160 195 180 166 
Total reaction time (minutes) 240 100 113 105 110 
Liquid product volume (mL) 30 33 31 32 32 
Product density (g/mL) 0.7206 0.7236 0.7235 0.72 0.7203 
Product percentage (%) 72.06 79.59 74.76 76.80 76.83 
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RESULTS AND DISCUSSION 

The changes in synthetic oil characteristics observed at different pyrolysis temperatures and 
SiO₂ concentrations are related to the differences in polymer degradation mechanisms and product 
distribution during thermal conversion. Temperature determines the amount of energy supplied to the 
polymer matrix, affecting the cleavage of polypropylene molecular chains. Within the investigated 
temperature range, increasing the pyrolysis temperature increases the thermal energy supplied to the 
polymer matrix promotes random chain scission, resulting in the formation of smaller hydrocarbon 
molecules and increasing the amount of volatile products that can be condensed into liquid oil. 
Excessive thermal severity may also enhance secondary cracking reactions, which convert part of the 
liquid hydrocarbons into lighter compounds and non-condensable gases, thereby influencing the final 
characteristics of the produced oil (Ahmad et al., 2015; Al-Salem et al., 2017). 

The variation in SiO₂ concentration also affects the conversion behavior of medical mask waste 
during pyrolysis. The addition of silica-based materials can influence the interaction between polymer 
chains and solid surfaces, improving heat transfer and modifying the degradation pathway of 
polypropylene-derived intermediates. Previous studies have reported that silica-containing catalytic 
systems can alter polypropylene degradation behavior by enhancing polymer–surface interaction and 
improving the selectivity of hydrocarbon products (Panda & Singh, 2011). Therefore, differences in 
pyrolysis temperature and SiO₂ concentration may result in variations in the quantity and 
physicochemical characteristics of the recovered synthetic oil. 

Volume of Synthetic-Oil 
From the research that has been done, synthetic-oil is obtained from medical mask waste with 

the following details. 
Table 4. Volume of Synthetic-oil Medical Mask Waste 

No Sample 
Volume of synthetic-oil (ml) 

Testing 
Average 

I II III 
1 100% Medical Mask Waste Temperature 200 oC 135 140 140 138.33 
2 Medical Mask Waste + 1% SiO2 Temperatur 200 oC 180 175 180 178.33 
3 Medical Mask Waste + 2% SiO2 Temperature 200 oC 210 215 200 208.33 
4 100% Medical Mask Waste Temperature 300 oC 170 180 185 178.33 
5 Medical Mask Waste + 1% SiO2 Temperature 300 oC 260 275 270 268.33 
6 Medical Mask Waste + 2% SiO2 Temperature 300 oC 280 290 265 278.33 

Based on the data in Table-2, the average liquid volume of Synthetic-Oil in medical mask waste 
ranges from 138.33 ml to 278.33 ml. The highest liquid synthetic-oil volume was found in samples 
with a temperature variation of 300 oC with the addition of 2% SiO2. Meanwhile, the lowest volume of 
liquid synthetic-oil was found in samples with a temperature variation of 200 oC at 100% medical mask 
waste (0% SiO2). 
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              Temperature 200 oC        Temperature 300 oC 

Figure 6. Synthetic-oil medical mask waste from pyrolysis system 

Number 1,2 and 3 in Fig. 6. shows that 1 for samples without SiO2, 2 for samples with 1% SiO2 
and 3 for samples with 2% SiO2. After the volume is obtained, the first test is the yield value test. 

     
Figure 7. Graph of the volume synthetic-oil from the pyrolysis process of medical mask waste 

Liquid Yield of Synthetic-Oil 
Liquid yield testing is carried out to find the percentage ratio of the mass of medical mask waste 

to the volume of liquid oil produced. Yield of Synthetic-oil calculateusing the formula: 

Yield (%) = 𝐿𝑖𝑞𝑢𝑖𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)

𝑅𝑎𝑤 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑀𝑎𝑠𝑠 (𝑔𝑟)
 x 100 ….. (1) 

Based on the research that has been done to find out the optimal variations in combustion 
temperature and SiO2 concentration based on the yield of liquid synthetic-oil from medical mask 
waste, it can be described in Figure 8. 

 
Figure 8. Graph of Liquid yield percentage of synthetic-oil medical mask waste 
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Based on the data presented in Fig. 8. the highest liquid synthetic-oil yield was found in the 
sample with a temperature variation of 300 oC with the addition of 2% SiO2. Meanwhile, the lowest 
yield of liquid synthetic-oil was found in samples with a temperature variation of 200 oC at 100% 
medical mask waste. The yield of liquid synthetic-oil ranges from 27.666% to 55.666%. Based on the 
results of synthetic-oil liquid yields, the highest yield with a percentage of 55.666% was found in 
samples with a temperature variation of 300 oC with the addition of 2% SiO2. 

Table 5. Comparation of Synthetic-Oil Liquid Yield with Other Research 

No Researcher Research Materials 
Liquid yield of 
synthetic-oil             

(%) 

Temperatur of 
pyrolysis (oC) 

1 
Results of 
This 
Research 

100% MM         (T=200oC) 27.666 200 
MM + 1% SiO2  (T=200oC) 35.666 200 
MM + 2% SiO2  (T=200oC) 41.666 200 
100% MM         (T=300oC) 35.666 300 
MM + 1% SiO2 (T=300oC) 53.666 300 
MM + 2% SiO2  (T=300oC) 55.666 300 

2 (Ramadhani 
& Kholidah, 
2019) 

Styrofoam 32.706 % - 36.758 
% 

500 

3 (Riandis et 
al., 2021) 

HDPE Plastic 11.07 % - 20.87 % 450 

Note: MM = Medical Mask, SiO2 = silicon dioxide   

Based on Table 3. These results are higher than the synthetic-oil liquid yield of styrofoam waste 
with a combustion temperature of 500 oC, which is 32.706% to 36.758% (Ramadhani & Kholidah, 2019) 
and higher than the liquid synthetic-oil yield of LDPE plastic waste with a combustion temperature of 
450 oC namely 11.07% to 20.87% (Riandis et al., 2021). This finding is further supported by Qureshi et 
al., (2020), who reported that the liquid yield from polypropylene pyrolysis generally falls within the 
40–75% range across various temperature conditions, confirming that the yield obtained in this study 
at 300°C with 2% SiO₂ (55.666%) is within the competitive range despite operating at a substantially 
lower temperature than most reported studies. 

The yield of synthetic-oil from medical mask waste with the addition of 2% SiO₂ catalyst and a 
temperature of 300 oC has the highest percentage compared to synthetic-oil from HDPE plastic at 450 
and Styrofoam waste at 500. This is due to the content of 73.33% polypropylene (PP) in medical masks 
can be converted more optimally at a maximum temperature of 300 oC into oil and the presence of a 
SiO₂ catalyst can lower the reaction temperature so that the pyrolysis process is faster thereby 
increasing the quality of fuel products. The progressive increase of liquid yield is attributable to 
consistent with the findings of Palmay et al., (2023), who demonstrated that silica-alumna catalysts 
lower the activation energy of polypropylene chain scission, accelerating the cracking reaction at sub-
optimal thermal conditions and shifting product selectivity toward liquid-phase hydrocarbons. The 
addition of SiO₂ was associated with an increase in liquid yield under the investigated conditions. 
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Calorific Value of Synthetic-Oil 
The test of calorific value of synthetic-oil uses a bomb calorimeter with the following details: 

1) Set up tools and test materials. 
2) Synthetic-oil 100% medical mask waste weighing 0.6 g is put into the sample test container. 
3) Prepare a 10 cm long wire and then weigh the wire. 
4) Attach the wire to the bomb calorimeter. 
5) The test sample container containing the synthetic-oil of mask waste is put into the bomb 

calorimeter.  
The wire is dipped a little into synthetic-oil then closed tightly. 

6) Enter oxygen gas with a pressure of 5 atm into the tool and then release it again. 
7) Enter oxygen gas with a pressure of 10 atm into the tool and then release it again. 
8) Put 2 L of water into the water container, then put it in the mantle. 
9) Put the bomb calorimeter into a container of water, then close it tightly. 
10) Turn on the bomb calorimeter and the current flowing in the wire. 
11) Record the initial temperature on the thermometer. 
12) At 4.58 seconds, the current converter is pressed for 3 seconds. 
13) Data is recorded every 1 minute. 
14) After finishing, weigh the remaining wire from the combustion process. 
15) The data obtained is then processed with the formula: 

Wire burn factor  : Fk  = mk X ΔHk  …………………….. (2) 

Combustion calorofic value : ΔHs = (𝛥𝑇 𝑋 𝑐) − 𝐹𝑘

𝑚𝑠
 …………...……….(3) 

Note   
Fk : Corection factor 
mk : The mass of wire is burning (g) 
ΔHk : Wire burning calorific value (1.400.000 kal/g) 
ΔHs : Sample burning calorific value (kal/g) 
ΔT : The difference between the highest and lowest temperatures (oC) 
c : Calorific capacity (2138,360 kal/ oC) 
ms : The mass of sample (g) 

 
Figure 9. Graph of calorific value of synthetic-oil medical mask waste 

The data presented in Figure. 9 indicate that the calorific value increased with increasing SiO₂ 
concentration at both pyrolysis temperatures. However, increasing pyrolysis temperature from 200°C 
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to 300°C resulted in a decrease in calorific value under all SiO₂ concentrations. At 200 °C, the calorific 
value shows a gadual rise from the 100% medical mask sample to mixtures containing 1% and 2% SiO₂. 
A similar trend is observed at 300 °C, where all samples exhibit higher calorific values compared to 
those at 200 °C. The highest calorific value was obtained at 200°C with 2% SiO₂ addition, reaching 
9674.54 cal/g. Based on the research findings, the addition of SiO₂ catalyst increases the heating value 
of the synthetic oil, a higher catalyst concentration consistently leads to an increase in the resulting 
heating value. Overall, the calorific value ranges from approximately 9465.82 to 9674.54 cal/g, 
confirming the potential of this material as an alternative fuel source. 

Table 6. Comparation calorific value of synthetic-oil with others fuel 
No Researcher Research Materials Calorific value (cal/g) 
1. Result of This Research 100% MM           (T=200 oC) 9586.02 

MM + 1% SiO2   (T=200 oC) 9636.86 
MM + 2% SiO2   (T=200 oC) 9674.54 
100% MM           (T=300 oC) 9465.81 
MM + 1% SiO2   (T=300 oC) 9535.46 
MM + 2% SiO2   (T=300 oC) 9572.91 

2. (Islami et al., 2020) Diesel (Pertamina) 10334.861  
3. (Almu et al., 2014) Nyamplung Seeds & Rice 

Husk 
3431.00 s/d 4792.40  

Note: MM = Medical Mask, SiO2 = silicone dioxide 

This result is higher than the calorific value of nyamplung seed bio-oil and rice husk, which is 
3431.00 to 4792.40 cal/g (Almu et al., 2014). The calorific value of synthetic-oil from medical mask 
waste is close to the calorific value of diesel fuel, namely 43.27 MJ/kg = 10334.861 cal/g (Islami et al., 
2020). In comparison, Budsaereechai et al., (2019) reported calorific values of 40–46 MJ/kg 
(approximately 9,559–10,990 cal/g) for catalytic synthetic oil from polypropylene-dominant plastic 
waste at higher process temperatures (400–550 °C). The relatively lower calorific values obtained in 
this study (9,465–9,674 cal/g) are attributable to the lower pyrolysis temperature applied (200–300 
°C), which limits the extent of thermal cracking and produces heavier hydrocarbon fractions.Based on 
the data obtained from the test results, a pyrolysis temperature of 200 °C  produces a higher heating 
value than a pyrolysis temperature of 300 °C. This result is inversely proportional to (Islami et al., 2020) 
which stated that the increase in heating value was in line with the increase in pyrolysis temperature 

This inverse relationship between pyrolysis temperature and calorific value observed in the 
present study may be explained by the selective volatilization mechanism at low temperatures. 
Sharuddin et al., (2017) in their systematic review of plastic-derived liquid fuels, noted that at relatively 
low pyrolysis temperatures, thermal cracking predominantly produces medium-chain hydrocarbons 
with higher energy density per unit mass, whereas at elevated temperatures, secondary cracking 
reactions become dominant, converting these medium-chain compounds into lighter, lower-calorific 
gaseous fractions and thereby reducing the overall energy content of the residual liquid product. This 
mechanism provides a plausible explanation for the higher calorific value observed at 200 °C compared 
to 300 °C in the present study, despite the general trend reported in the literature for high-
temperature pyrolysis regimes. 

Miandad et al., (2016) reported calorific values of 42–45 MJ/kg for PP synthetic oil at 300–500 
°C, which are higher than the values obtained in this study (≈39.6–40.5 MJ/kg). The lower calorific 
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values in the present study reflect the less complete thermal cracking achieved at 200–300°C 
compared to higher-temperature processes, resulting in the predominance of heavier, less-volatile 
hydrocarbon fractions with slightly lower energy density per unit mass.  

The increase in SiO₂ catalyst concentration is in line with the increase in the heating value of the 
synthetic-oil produced.The improvement in calorific value may be associated with catalytic effects of 
SiO₂ reported in previous studies, so that the pyrolysis process is faster as a result the increase in the 
heating value is also higher (Bemis et al., 2012). A low calorific value will result in a low ignition level 
of the fuel so that the fuel is difficult to burn completely. Based on the test results, the optimal 
synthetic-oil calorific value was found in the mask waste sample with a 2% SiO₂ concentration at a 
pyrolysis temperature of 200 °C. 

Density of Synthetic-oil 
The test density uses a pycnometer with the following details: 

1) Prepare tools and test materials 
2) The mass of the 20 ml pycnometer is weighed empty. 
3) 100% synthetic-oil medical mask waste is put into the pycnometer bottle until it is full then closed 

tightly. 
4) Clean the synthetic-oil liquid that gets on the outer wall of the pycnometer bottle. 
5) The total mass of the pycnometer containing synthetic-oil is weighed. 
6) The pycnometer is cleaned and dried 
7) The density value is calculated by the formula 𝜌 =  

𝑚2−𝑚1

𝑣
 …………………… (4) 

Note 

ρ  : Liquid density (g/ml) 
m2 : The mass of empty pycnometer (g) 
m1 : The mass of the pycnometer contains synthetic-oil (g) 
 v  : Synthetic-oil volume on the pycnometer (ml) 

 
Based on the results of the density synthetic-oil test that has been carried out, the data is 

presented in Figure 10. 

 
Figure 10. Graph of density of synthetic-oil medical mask waste 

 
Based on the data Figure 10, the density value of synthetic-oil from medical mask waste ranges 

from 0.76205 to 0.7929 g/cm3. The density values did not show a completely linear trend with 
increasing pyrolysis temperature and SiO₂ concentration. This behavior indicates that density is 
influenced by the distribution and composition of hydrocarbon fractions formed during pyrolysis. This 
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happens because the increasing temperature causes the molecules to move freely so that the 
intermolecular forces weaken and the density decreases (Fardhyanti et al., 2017). In addition, 
determining the level of SiO₂ catalyst concentration affects the density value. the SiO₂ catalyst 
functions to accelerate the decomposition reaction and shorten the hydrocarbon chains, making it 
easier to condense to produce synthetic oil (Ramadhani & Kholidah, 2019). 

The density of the synthetic oil did not exhibit a strictly linear response to either pyrolysis 
temperature or SiO₂ concentration. This behavior is reasonable because the density of pyrolysis oil is 
primarily determined by the composition and molecular-weight distribution of the condensed 
hydrocarbon fractions rather than by process temperature or catalyst concentration alone. Catalytic 
cracking can favor the formation of lower-molecular-weight hydrocarbons, resulting in lower liquid 
density, whereas differences in reaction severity and product selectivity may also increase the 
proportion of heavier condensable compounds. Hakeem et al., (2018) reported that catalytic 
polypropylene pyrolysis produced a lower-density liquid than thermal cracking because enhanced 
chain scission generated lighter and less waxy products. Similarly, Eldahshory et al., (2023) 
demonstrated that changes in catalyst type and catalyst-to-polypropylene ratio altered the distribution 
of light and heavy hydrocarbon fractions. 

Table 7. Comparation density of synthetic-oil with other fuels 
No Fuel Type Density (g/cm3) 
1. 100% MM         (T=200oC) 0.7929 
2. MM + 1% SiO2  (T=200oC) 0.7823 
3. MM + 2% SiO2  (T=200oC) 0.7709 
4. 100% MM         (T=300oC) 0.78115 
5. MM + 1% SiO2 (T=300oC) 0.76205 
6. MM + 2% SiO2  (T=300oC) 0.79125 
5. Gasoline and others 0.715 – 0.770 
6. Diesel and others 0.815 – 0.870 

Note: MM = Medical Mask, SiO2 = silicone dioxide 

Based on Table 5, The density value is close to the density value of gasoline-type fuel with a 
value of 0.715 to 0.770 g/cm3 (Miandad et al., 2016). This result is also in ageement Olalo (2021) who 
reported that pyrolytic oil from polypropylene-based municipal plastic waste exhibited density values 
in the range of 0.82–0.87 g/cm³ at pyrolysis temperatures of 400–500 °C. The lower density values 
observed in the present study are attributable to the lower process temperatures (200–300 °C) 
employed, which promote the formation of lighter hydrocarbon fractions with reduced intermolecular 
forces, consistent with the explanation provided by the reduction in density at elevated temperatures. 
The optimal synthetic-oil density values were found in samples with a temperature variation of 300 
°C  with the addition of 1% SiO2 catalyst. The density values obtained in the present study are in close 
ageement with those reported by Miandad et al., (2016) for polypropylene synthetic oil at comparable 
process temperatures (300 °C), where density values of 0.780–0.820 g/cm³ were recorded. The slight 
deviation in the present study — particularly the lower density at 300 °C with 1% SiO₂ (0.76205 g/cm³) 
—can be attributed to the catalytic effect of SiO₂ in promoting the formation of lighter hydrocarbon 
fractions through enhanced chain scission, which effectively reduces the average molecular weight 
and consequently the density of the liquid product. 
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Flash Point of Synthetic-oil 
The flash point test uses a flash point tester with the following details: 
1) Prepare tools and test materials. 
2) Open the sample cup cover. 
3) Pour the 100% synthetic-oil sample of medical mask waste up to the mark, which is 75 ml. 
4) Place the cup into the heating block and close it tightly again. 
5) Setting the flash point tester by entering the testing temperature. 
6) Start the test by simultaneously pressing the up and down arrow keys. 
7) When the temperature is between 23–28 °C. The stirer is turned off and the flame is turned on 

by sliding the sample cup cover and the flame supply from the burner nozzle. 
8) Every 1 °C increase, turn on the fire like step (7). 
9) If the sample ignites and burns the vapor in the cup clearly, then the temperature at this condition 

is referred to as the flash point. 
10) The test result data is recorded. 
11) Turn off the tool and clean the sample cup. 

Based on the results of the flash point synthetic-oil test that has been carried out, the data is 
presented in Figure 11. 

 
Figure 11. Graph of flash point of synthetic-oil medical mask waste 

Based on the data presented, the results of the synthetic-oil flash point test ranged from 135.5 
°C to 152.5 °C. This result is higher than PS (polystyrene) plastic synthetic oil, which is 35 °C 
(Fardhyanti et al., 2017). Pyrolysis temperature of 400-500 °C. Differences in flash point values can 
occur due to differences in types, composition of raw materials and pyrolysis temperatures used. In 
this study, increasing pyrolysis temperature from 200 °C to 300 °C increased the flash point values for 
all SiO₂ concentrations. Meanwhile, increasing SiO₂ concentration resulted in lower flash point values, 
indicating that catalyst addition affected the produced synthetic oil. The lower the flash point of a fuel, 
the easier it is to burn. The use of a catalyst also has an effect on reducing the flash point value in fuel. 
Based on the data from the flash point test results in Figure 9, it shows that the increasing 
concentration of the SiO₂ catalyst causes the flash point value to decrease which indicates that the 
fuel is more flammable. 

The flash point value of synthetic-oil from medical mask waste is higher than that of PS plastic 
because the pyrolysis temperature of medical mask waste is 200-300 °C lower than the pyrolysis 
temperature of PS plastic waste, which is 400-500 °C. So based on the results of this flashpoint test, 
synthetic-oil from medical mask waste is closer to diesel fuel which has a minimum flash point of 55 
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°C (Pertamina). In this study, lower synthetic-oil flash point values were found in medical mask waste 
samples with the addition of 2% SiO₂ catalyst at a pyrolysis temperature of 200 °C, whereas the 
highest flash point occurred in the sample without SiO₂ at 300 °C. These findings indicate that elevated 
temperatures contribute to a higher flash point. Furthermore, the addition of the SiO₂ catalyst is 
effective in lowering the fuel's flash point. Future research should investigate the upgading of synthetic 
oil through fractional distillation or hydrotreatment processes, which have been shown by Moonsin et 
al., (2025) to be effective in reducing the flash point of plastic-derived synthetic oil to levels suitable 
for direct blending with commercial diesel or gasoline. 

Table 8. Comparation flash point of synthetic-oil with other fuels 
No Fuel Type Flash Point (oC) 
1. 100% MM         (T=200oC) 144 
2. MM + 1% SiO2  (T=200oC) 138.2 
3. MM + 2% SiO2  (T=200oC) 135.5 
4. 100% MM         (T=300oC) 152.5 
5. MM + 1% SiO2 (T=300oC) 148.2 
6. MM + 2% SiO2  (T=300oC) 146.5 
7. Plastic PS  35 
8. Diesel and others Min 55 
9. Gasoline and others -15 

Based on the results of the fuel characteristic test, the character of synthetic oil from medical 
mask waste is close to that of gasoline, and the addition of SiO2 catalyst is able to increase the quality 
of synthetic-oil and concentration levels which produce the hight synthetic fuel, namely the 
concentration of 2%. while the temperature that produces the synthetic fuel for medical mask waste 
is 200 oC. 

CONCLUSION 

Based on the research results, it can be concluded variations in pyrolysis temperature and SiO₂ 
concentration resulted in differences in the characteristics of synthetic oil produced from medical 
mask waste. The highest liquid yield of 55.666% was obtained at a pyrolysis temperature of 300 °C 
with the addition of 2% SiO₂. The highest calorific value of 9674.54 cal/g was obtained at 200 °C with 
2% SiO₂ addition among the tested treatments. The lowest density value of 0.76205 g/cm³ was 
obtained at 300 °C with 1% SiO₂, while the highest flash point value of 152.5 °C was obtained at 300 
°C without SiO₂ addition. These results show that variations in pyrolysis temperature and SiO₂ 
concentration are associated with changes in the yield and physicochemical properties of synthetic oil 
derived from medical mask waste. 

ACKNOWLEDGMENT (OPTIONAL) 

The authors would like to express their deepest gratitude to person for contributed to this 
research and the preparation of this article. Special thanks are extended to Prof. Dr. Eng. Ir. Herman 
Saputro, S.Pd., M.Pd., M.T., as the research supervisor and Head of the Energy Conversion and 
Combustion Laboratory, Mechanical Engineering Education, Universitas Sebelas Maret (UNS), for his 
guidance and support. We are also deeply grateful to Mr. Riyadi Muslim, S.Pd., M.Pd., for his assistance 

https://creativecommons.org/licenses/by-sa/4.0/


RESWARA: Jurnal Riset Ilmu Teknik, 2026, 4(4), pp. 1287-1304 
DOI: https://doi.org/10.70716/reswara.v4i4.671 

E-ISSN: 3025-9444 

 

 

Copyright © 2026, the author(s). This is an open access article under the CC-BY-SA License. 

 
 

1303 

and direction throughout this study. Furthermore, we acknowledge the Pyrolysis Team for their 
outstanding teamwork and dedication in carrying out this research. 

REFERENCES 

Ahmad, I., Ismail Khan, M., Khan, H., Ishaq, M., Tariq, R., Gul, K., & Ahmad, W. (2015). Pyrolysis study 
of polypropylene and polyethylene into premium oil products. International Journal of Green 
Energy, 12(7), 663–671. https://doi.org/10.1080/15435075.2014.880146 

Aisien, E. T., Christopher, I., & Aibuedefe, F. (2021). Environmental Technology & Innovation Thermal 
and catalytic pyrolysis of waste polypropylene plastic using spent FCC catalyst. Environmental 
Technology & Innovation, 22, 101455. https://doi.org/10.1016/j.eti.2021.101455 

Al-Salem, S. M., Antelava, A., Constantinou, A., Manos, G., & Dutta, A. (2017). A review on thermal and 
catalytic pyrolysis of plastic solid waste (PSW). Journal of Environmental Management, 197(1408), 
177–198. https://doi.org/10.1016/j.jenvman.2017.03.084 

Almu, M. A., Syahrul, S., & Padang, Y. A. (2014). Analisa nilai kalor dan laju pembakaran pada briket 
campuran biji nyamplung (Calophyllm Inophyllum) dan abu sekam padi. Dinamika Teknik Mesin, 
4(2), 117–122. https://doi.org/10.29303/d.v4i2.61 

Bemis, R., Novesar Jamarun, & Syukri Arief. (2012). Pengolahan limbah polipropilen menjadi bahan 
bakar cair melalui metode pirolisis. Jurnal Riset Kimia, 5(2). 
https://doi.org/10.25077/jrk.v5i2.217 

Budsaereechai, S., Hunt, A. J., & Ngernyen, Y. (2019). Catalytic pyrolysis of plastic waste for the 
production of liquid fuels for engines. Royal Society of Chemistry, 9, 5844–5857. 
https://doi.org/10.1039/c8ra10058f 

Capellan-Perez, I., Mediavilla, M., Castro, C. de, Carpintero, O., & Miguel, L. J. (2014). Fossil fuel 
depletion and socio-economic scenarios : An integrated approach. Energy, 77, 641–666. 
https://doi.org/10.1016/j.energy.2014.09.063 

Eldahshory, A. I., Emara, K., Abd-Elhady, M. S., & Ismail, M. A. (2023). Catalytic pyrolysis of waste 
polypropylene using low-cost natural catalysts. Scientific Reports, 13(1), 1–12. 
https://doi.org/10.1038/s41598-023-37769-8 

Fardhyanti, D. S., Damayanti, A., & Larasati, A. (2017). Karakterisasi Bio-Oil dari Hasil Pirolisis terhadap 
Biomassa. Prosiding Seminar Nasional Teknik Kimia “Kejuangan,” 1–7. 

Hakeem, I. G., Aberuagba, F., & Musa, U. (2018). Catalytic pyrolysis of waste polypropylene using 
Ahoko kaolin from Nigeria. Applied Petrochemical Research, 8(4), 203–210. 
https://doi.org/10.1007/s13203-018-0207-8 

Hujuri, U., & Gumma, A. K. G. S. (2010). Temperature-dependent pyrolytic product evolution profile 
for polypropylene. Journal of Applied Polymer Science, 116(5), 2658–2667. 
https://doi.org/10.1002/app 

Islami, A. P., Sutrisno, & Heriyanti. (2020). Pirolisis Sampah Plastik Jenis Polipropilena (PP) menjadi 
Bahan Bakar. Jurnal Kimia Dan Terapannya, 3(2), 1–6. 
https://doi.org/10.17977/um0260v3i22019p001 

Kriswibowo, A., Sintawati, B., Irene, C., & Kristanto, P. (2021). Management of waste disposal medical 
mask with “Village Health Volunteers” approach in surabaya city during the covid-19 pandemic 
arimurti. Journal of Education, Humaniora and Social Sciences (JEHSS), 4(2), 982–989. 
https://doi.org/10.34007/jehss.v4i2.788 

Miandad, R., Barakat, M. A., Aburiazaiza, A. S., Rehan, M., & Nizami, A. S. (2016). Catalytic pyrolysis of 
plastic waste: A review. Process Safety and Environmental Protection, 102, 822–838. 
https://doi.org/10.1016/j.psep.2016.06.022 

Moonsin, P., Roschat, W., Phewphong, S., & Watthanalao, S. (2025). The physicochemical 
characterization of diesel-like fuels derived from plastic waste pyrolysis. Journal of the Taiwan 

https://creativecommons.org/licenses/by-sa/4.0/


RESWARA: Jurnal Riset Ilmu Teknik, 2026, 4(4), pp. 1287-1304 
DOI: https://doi.org/10.70716/reswara.v4i4.671 

E-ISSN: 3025-9444 

 

 

Copyright © 2026, the author(s). This is an open access article under the CC-BY-SA License. 

 
 

1304 

Institute of Chemical Engineers, 171(February), 106040. 
https://doi.org/10.1016/j.jtice.2025.106040 

Nasional, S. J. D. E. (2019). Indonesia Energy Outlook 2019. 
Olalo, J. A. (2021). Characterization of pyrolytic oil produced from waste plastic in Quezon City, 

Philippines using non-catalytic pyrolysis method. Chemical Engineering Transactions, 
86(September 2020), 1495–1500. https://doi.org/10.3303/CET2186250 

Oluniyi O. Fadare, & Okoffo, E. D. (2020). Covid-19 face masks: A potential source of microplastic 
fibers in the environment. Science of the Total Environment, 737. 

Palmay, P., Medina, C., Donoso, C., Barzallo, D., & Bruno, J. C. (2023). Catalytic pyrolysis of recycled 
polypropylene using a regenerated FCC catalyst. Clean Technologies and Environmental Policy, 
25(5), 1539–1549. https://doi.org/10.1007/s10098-022-02453-4 

Panda, A. K., & Singh, R. K. (2011). Catalytic performances of kaoline and silica alumina in the thermal 
degradation of polypropylene. Journal of Fuel Chemistry and Technology, 39(3), 198–202. 
https://doi.org/10.1016/s1872-5813(11)60017-0 

Pertamina. (2020). Spesifikasi Produk BBM, BBN & LPG. 
Price, C. A. H., Emily Earles, Laura Pastor-Pérez, Jian Liu, & Tomas Ramirez Reina. (2019). Advantages 

of yolk shell catalysts for the DRM: A Comparison of Ni/ZnO@SiO2 vs. Ni/CeO2 and Ni/Al2O3. 
Chemistry MDPI, 1, 3–16. https://doi.org/10.3390/chemistry1010003 

Qureshi, M. S., Oasmaa, A., Pihkola, H., Deviatkin, I., Tenhunen, A., Mannila, J., Minkkinen, H., 
Pohjakallio, M., & Laine-ylijoki, J. (2020). Pyrolysis of plastic waste: opportunities and challenges. 
Journal of Analytical and Applied Pyrolysis, 148(March). 
https://doi.org/10.1016/j.jaap.2020.104804 

Ramadhani, & Kholidah. (2019). Pengaruh aktivasi katalis zeolit terhadap hasil pirolisis limbah 
styrofoam. Prosiding Seminar Nasional Sains Dan Teknologi Terapan, 2(1), 1–11. 
https://repository.radenfatah.ac.id/17628/ 

Riandis, J. A., Agus Restu Setyawati, & Ari Susandy Sanjaya. (2021). Pengolahan sampah plastik dengan 
metode pirolisis menjadi bahan bakar minyak. Jurnal Chemurgy, 05(200), 8–14. 
https://doi.org/10.30872/cmg.v5i1.4755 

Selvaranjan, K., Navaratnam, S., Rajeev, P., & Nishanthan Ravintherakumaran. (2021). Environmental 
challenges induced by extensive use of face masks during COVID-19: a review and potential 
solutions. Environmental Challenges, 3(February), 100039. 
https://doi.org/10.1016/j.envc.2021.100039 

Sharuddin, S. D. A., Abnisa, F., Daud, W. M. A. W., & Karoua, M. (2017). Pyrolysis of plastic waste for 
liquid fuel production as prospective energy resource. IOP Conf. Series: Materials Science and 
Engineering. https://doi.org/10.1088/1757-899X/334/1/012001 

World Health Organization. (2020). Advice on the use of masks in the context of COVID-19: interim 
guidance, 5 June 2020. WHO/2019-NCov/IPC_Masks/2020.4, June, 1–16. 
https://apps.who.int/iris/handle/10665/332293 

https://creativecommons.org/licenses/by-sa/4.0/

