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ABSTRACT 

The conversion of polypropylene plastic waste and used palm oil co-reactant into liquid fuel has been successfully 
carried out. The conversion was carried out by catalytic pyrolysis method. In this study, polystyrene (PS) plastic waste 
and polystyrene/used palm oil biodiesel (PS/BMJ) were used as raw materials to produce liquid fuels through the 
catalytic pyrolysis process. The catalyst used in this study was Al-MCM-41: Ceramics (7:3). The results showed that 
liquid fuel has high gasoline (C7-C12) fraction. The liquid fuels that blended with 750 mL premium and 18.4 mL 
MTBE has good thermal efficiency and calorific value.  
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INTRODUCTION 
The pyrolysis of plastics and biomass co-reactant has been widely studied because of the liquid fuel quality 
that produced.1-3 One biomass that can be used to improve the quality of plastic liquid fuel produced by 
pyrolysis was used palm oil. Pretreatment of biomass before pyrolysis was one factor that contributes to 
the quality of liquid fuels.4,5 One of the pretreatment methods was transesterification reaction to convert 
used palm oil into methyl ester or biodiesel. Biodiesel from used palm oil can be applied as a source of 
hydrocarbons to makes pyrolysis products that have characteristics similar to gasoline.6 
Solid catalysts such as zeolite ZSM-5, Y-zeolite, and MCM-4197,8 have been widely studied for the catalytic 
pyrolysis process. From several studies, MCM-41 was a promising catalyst compared to zeolite 
microstructure. It was because microporous zeolite restricts high molecular weight hydrocarbons that 
derived from pyrolysis of plastics to be reacted due to steric hindrances or diffusion constraints.9  MCM-
41 is the catalyst that has several active sides including acid and uniform mesoporous hexagonal shape with 
a large surface area. The acid site can be improved by the incorporation of Al metal into MCM-41 of form 
Al-MCM-41.10 Previous studies11 have shown that Al-MCM-41 or composite catalysts which comprised 
Al-MCM-41 with ZSM-5 have good activity in the catalytic cracking of plastic waste to produce gasoline. 
Catalytic pyrolysis of HDPE waste using Al-MCM-41: ZSM-5 produce high aromatic oil product (95.85 
wt% of oil) that contain 97.72 wt% of gasoline hydrocarbon fraction.  
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Juwono et al12 has produced biofuels from polypropylene plastic waste using used palm oil as a co-reactant. 
The biofuel obtained has a gasoline (C7-C12) fraction of 93.92%. The characteristics of liquid fuels were in 
accordance with fuel-oil quality SNI 06-3506-1994. However, liquid fuels that were obtained did not have 
aromatic compounds. Aromatic compounds on fuel were needed as anti-knocking. Gasoline must have 
branched alkane, aromatic, or alicyclic other than straight-chain alkanes to comply with application 
requirements. Thus, plastics that have aromatic moieties were required as alternative raw materials. One of 
the plastics that have aromatic moieties is polystyrene (PS).  
Polystyrene (PS) plastic is mostly applied as packaging materials. Polystyrene is a polymer of styrene 
monomer with benzene as an aromatic group. Aromatic group existence in PS waste poses an environmental 
issue when decomposed. On the other hand, the PS has a calorific value of 41.4 MJ/kg so that it can be 
processed into conventional fossil fuel substitutes.13  
In this study, the conversion of PS plastic and used cooking oil co-reactant was carried out using catalytic 
pyrolysis method with Al metal modified MCM-41 catalyst and ceramic supporting solids. The conversion 
results were analyzed using Gas Chromatography-Mass Spectrometry (GC-MS) and physical 
characteristics include density, flash point, calorific value, octane number and performance tests on the 
generator engine. The results are compared with SNI 06-3506-1994 and HIBER11Z Hibernia Petroleum 
Canada 2016 regarding the quality of gasoline fuel.9  
                                      

EXPERIMENTAL 
Material and Methods 
The materials used in this research were used palm oil, polystyrene (PS) plastic waste, methyl tertiary butyl 
ether (MTBE), catalyst Al-MCM-41, ceramics, sodium hydroxide (NaOH), methanol p.a. from Merck, 
Nitrogen (UHP) 
 
Preparation of Catalyst Al-MCM-41 
Al-MCM-41 catalysts were synthesized by the hydrothermal method.10 The synthesized Al-MCM-41 
catalyst was activated by heating at 110°C to remove water in the catalyst pores and stored in a desiccator. 
The ceramic material was obtained from spark plug ceramic and ground to obtain a ceramic powder with a 
mesh of 100. The catalysts that were synthesized were activated at 80 °C and mixed with ceramic powder 
in Al-MCM-41: ceramic powders ratio of (7:3). The mixture was molded using a pellet press tool.9 
 
Characterization of Al-MCM-41  
XRD characterization was carried out at 40 kV and 40 mA using Cu Kα with 2θ from 10o to 80o. The 
surface morphology of the catalyst was analyzed using Scanning Electron Microscope (SEM, FEI Quanta 
20 F). The pore size and porosity of the catalyst were determined using N2 adsorption-desorption method 
(Micromeritics TriStar II 3020 Automatic Physisorption Analyzer). The catalyst was vacuumed at 300oC 
for 1 hour to remove the trapped gas. The Brunauer-Emmett-Teller equation was used to calculate the 
surface area, p/po = 0.05 - 0.25. Pore volume was measured using Barrett-Joyner-Halenda (BJH) method. 
Acidity on the catalyst was calculated from Pyridine-Adsorption Fourier Transform Infrared (Piridin-FTIR) 
method. The quantity of Bronsted and Lewis acid was calculated using eqns.-1 and 2 respectively.14 

𝐶 (𝐵) = 𝐼𝑀𝐸𝐶 (𝐵)ିଵ  × 𝐼𝐴 (𝐵)  ×  
గோమ

ௐ
                (1) 

𝐶 (𝐿) = 𝐼𝑀𝐸𝐶 (𝐿)ିଵ  × 𝐼𝐴 (𝐿)  ×  
గோమ

ௐ
              (2) 

Where C is the concentration (µmol/g catalyst), IMEC (B, L) the integrated molar extinction coefficients 
(cm/µmol), IA (B, L) the integrated absorbance (cm-1), R the radius of catalyst disk (cm), and W is the 
weight of disk (mg). 
 
Synthesized of Biodiesel 
The synthesis of used cooking oil biodiesel was carried out by transesterification reaction. Used cooking 
oil was put into the three-neck flask and heated to 50oC to remove the impurities. NaOH 2% (w/w) that has 
been dissolved in methanol was added. The molar ratio of used cooking oil to methanol in the mixture was 
1:3. The reaction was carried out for 2 hours at 50oC and stirred at 500 rpm. The methyl ester was separated 
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from glycerol in the separating funnel after settled for 24 hours. The resulting biodiesel was then washed 
with demineralized water and evaporated using a rotary evaporator to remove the NaOH and other 
impurities. 
 
Synthesis of Liquid Fuels 
Polystyrene (PS) foam waste was used as feedstock in the catalytic pyrolysis process to produce liquid oil. 
These raw materials were collected from the disposal site in Keputih, Surabaya, Indonesia. PS foam was 
prepared by cutting it into small pieces (2 cm x 2 cm) and pressed to reduce its dimension. The synthesis 
of liquid fuel was carried out in a continuous reactor. The fuel was placed in Erlenmeyer. Al-MCM-41: 
Ceramics (7:3) catalyst was used in PS and PS/BMJ catalytic pyrolysis. Catalytic pyrolysis of PS and 
PS/BMJ was carried out for 60 and 120 minutes. Cracking products were mixed with Premium RON 88 
and MTBE to obtain optimum performance on the gasoline engine. 
 
Characterization of Hydrocarbon Liquid Fuel and Performance Test 
The characterization of hydrocarbon fuels that was carried out included: calorific value, Gas 
Chromatography-Mass Spectrometry (GC-MS), and performance test in the gasoline-based fuel engines.  
GC-MS was applied to determine the chemical components. 
 

RESULTS AND DISCUSSION 
Characterization of Catalyst 
The effect of ceramic mixing into Al-MCM-41 catalyst on its crystallinity structure has been studied using 
XRD and the pattern recorded was presented in Fig.-1. WAXRD pattern of the Al-MCM-41 showed a broad 
peak at 2θ=22° which confirmed the natural amorphous phase of the ordered silica. The mixing of ceramic 
with Al-MCM-41 produces partial destruction of the hexagonal structure as seen from the small shifting in 
the diffraction peak. The siliceous MCM-41 presented a pattern that correspond to the highest hexagonal 
order arrangement of the mesopores.15 The crystal in the field (100), (110), (200) were the characteristic 
angles of MCM-41 catalyst at 2θ = 1 - 5° as presented in Fig.-2. Moreover, several sharp peaks were 
observed at 2θ = 35, 0866°; 37, 7459°; and 43, 2584° in the WAXRD of Al-MCM-41: ceramic sample 
which corresponds to the characteristic peak of the ceramic. Thus, it could be concluded that the 
incorporation of Al-MCM into ceramics was successfully carried out without a significant change in the 
hexagonal structure of Al-MCM-41 and the crystal structure of the ceramic. 
 

  
Fig.-1: Diffractogram of MCM-41 and MCM-41: 

Ceramics 
Fig.-2: SAXRD Diffractogram of (a)MCM-41 and 

(b)MCM-41: Ceramics 
 

N2 Adsorption-Desorption Characterization of Al-MCM-41 Catalyst: Ceramics (7:3) 
Nitrogen adsorption-desorption on the Al-MCM-41 catalyst: ceramics (7: 3) produce a type IV isotherm 
curve as shown in Fig.-3. Type IV isotherm curves are typical of MCM-41. This proves that the addition of 
spark plug ceramics did not change the structure of MCM-41. In addition, the incorporation of ceramic into 
Al-MCM-41 influenced the surface area of the catalyst. The result of BET analysis was shown in Table-1. 
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Its showed that Al-MCM-41-ceramic exhibits a larger surface area than Al-MCM-41. The surface area 
increased by 14.42% after the incorporation of ceramic. 
 

Table-1: Data on N2 Adsorption-desorption Test Results 
No Catalyst Surface Area (m2/g) Pore Volume (cc/g) Average Pore Radii (Å) 
1. Al-MCM-41 419.93 0.50 15.12 
2. Al-MCM-41:Keramik (7:3) 490.665 0.546 22.22 

 
Fig.-3: (a) Reference Isotherm chart of Al-MCM-41, (b) Al-MCM-41 Isotherm Graph: Ceramics (7: 3) 

 

SEM Characterization of Al-MCM-41: Ceramics (7: 3) Catalyst 
The effect of ceramic mixing in the Al-MCM-41 on the morphology of the catalyst was presented in Fig.-
4. It can be seen that hexagonal structures were observed on both Al-MCM-41 and Al-MCM-41: ceramic, 
which was the characteristic of MCM-41 morphology. The SEM image shows that Al-MCM-41 was 
attached to the surface of the ceramic. Points A and B in Fig.-4(b) refer to Al-MCM-41 and ceramics parts 
in the catalyst respectively. In Al-MCM-41, a smooth surface of solids agglomeration with a hexagonal 
structure was seen. Meanwhile Al-MCM-41: Ceramics (7: 3) SEM image shows fine particles with 
hexagonal structures from Al-MCM-41 attached to the surface of the ceramic support materials. Hence, it 
can be implied that there was no structural destruction of Al-MCM-41 catalyst after ceramic mixing since 
no significant difference in the morphology was observed. 
 

The acidity of Al-MCM-41 Catalyst: Ceramics (7: 3)  
FTIR analysis by pyridine adsorption was carried out to determine the acidity of the catalyst surface. FTIR 
spectrum in Fig.-5 shows the interaction between pyridine and the active site of the Al-MCM-41 catalyst: 
Ceramics (7: 3). Peaks at a wavenumber of 1533-1558 cm-1 indicated the active side of Bronsted Acid in 
the amount of 0.0344 mmol/g. Peaks at wavenumbers of 1431-1460 cm-1 indicated the active side of Lewis 
Acid in the amount of 0.0311 mmol/g. 
 

 
Fig.-4: SEM Images of (a) Al-MCM-41, (b) Al-MCM-41: Ceramics (7: 3) 
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Fig.-5: FTIR Spectra of Pyridine-Al-MCM-41: Ceramics (7: 3) Catalyst 

 

Hydrocarbon Fraction of Liquid Fuels Analysis 
GC-MS chromatogram of the PS/Kat120 catalytic cracking product was presented in Fig.-6. GC-MS 
chromatograms showed that the chemical compounds in PS/Kat120 products were toluene 1.52%, 
ethylbenzene 5.27%, styrene 73.38%, 2-phenylpropane 2.34%, and α-methyl styrene 17.36%. Previous 
research16 concluded that PS pyrolysis products were mainly in the form of aromatic hydrocarbons. The 
high yield of aromatic compounds came from the degradation of PS aromatic fragments.17  
GC-MS chromatograms of PS/BMJ/Kat120 catalytic cracking product were shown in Fig.-7. It shows that 
the addition of used cooking oil biodiesel alters the chemical compounds in the catalytic pyrolysis products. 
It was seen that the components in the product were more diverse with the presence of methyl ester 
compound because of the addition of used cooking oil biodiesel as co-reactant. These methyl ester 
compounds resulted from the cracking of methyl ester fragments from used cooking oil biodiesel. The 
chromatogram exhibit a sharp peak with high intensity of methyl dodecanoate as the second major product 
besides the styrene component. 

 
Fig.-6: GC-MS Chromatogram of PS/Kat120 

 
In addition, GC-MS analysis shows that the catalytic pyrolysis process not only produces liquid fuel in 
gasoline fraction (C7-C12) but also short-chain hydrocarbon fraction (<C7) and long hydrocarbons fraction 
(> C¬12). The hydrocarbon fraction obtained from the catalytic pyrolysis process of polystyrene plastic 
waste with and without the addition of used cooking oil biodiesel can be seen in Fig.-8. It can be depicted 
from Fig.-7 that PS/Kat120 has a higher C7–C12 hydrocarbon fraction than PS/BMJ/Kat120. Meanwhile, 
the addition of waste cooking oil biodiesel showed a synergetic effect to reduce the amount of gasoline 
fraction (C7 – C12) products and increase long hydrocarbons fraction (> C¬12) products. 
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Fig.-7: GC-MS Chromatogram of PS/BMJ/Kat120 

 

 
Fig.-8: Composition of Hydrocarbon Fractions 

Pyrolysis Reaction Mechanism  
Based on previous research10, the thermal degradation mechanism of polystyrene at high temperatures 
produces end-chain radicals from the breaking of the main chain followed by de-polymerization. Styrene 
monomers were the main compounds formed from the pyrolysis process that formed by breaking of the β 
of the C-C PS bond in the main chain.18 
The most commonly formed styrene derivatives in pyrolysis products are α-methyl styrene. α-methyl 
styrene that formed from the reaction between styrene monomers and methyl radicals.19 Most random 
cracking mechanisms produce styrene derivates. The final chain-breaking mechanism produces H2 and free 
radicals which are converted into aliphatic hydrocarbons through hydrogen transfer reactions.20 Based on 
the composition of liquid hydrocarbon products obtained from GC-MS data, it can be inferred that the 
reaction mechanism of the pyrolysis process in this study is following the proposed mechanism from the 
previous study.21 
 

Calorific Value 
The calorific value of liquid fuel PS/BMJ/Kat was higher than the PS/Kat, as shown in Fig.-9. The 
Hydrocarbon composition in the pyrolysis product influenced its calorific value. CPS/BMJ/Kat3 has the 
highest calorific value compared to other samples, which was 19.226 Kcal/kg. The sample complies with 
the Hibernia Petroleum HIBER11Z standard which has a minimum calorific value of 10.347 Kkal/kg.22 

 

Thermal Efficiency 
The thermal efficiency of liquid fuels increases as load (watts) in gasoline generator sets increased. The 
standard thermal efficiency (Premium + MTBE) at 1938 watts was 25.55%. The liquid fuel that was 
synthesized in this research, at the same loading, has higher thermal efficiency which was 26.47% (Fig.-
10). The increase in thermal efficiency in CPS/Kat that was obtained was due to the presence of short 
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hydrocarbon fraction (C7-C12) or gasoline hydrocarbon fraction in PS/Kat product. Thermal efficiency is 
also influenced by the viscosity, density, and calorific value of the liquid fuels.1, 23, 24 

 

 
Fig.-9: The Calorific Value of Liquid Fuel 

 
Fig.-10: Thermal Efficiency of a Mixture of Liquid Fuels 

 

CONCLUSION 
The synthesis of liquid fuels from polystyrene plastic waste and used cooking biodiesel co-reactant by 
catalytic pyrolysis method using Al-MCM-41: Ceramics (7: 3) catalyst have been successfully carried out. 
The results show that the gasoline (C7-C12) fraction was produced by pyrolysis using PS/Kat120. The 
CPS/Kat liquid fuel mixture has the highest thermal efficiency. The resulting liquid fuel both from catalytic 
pyrolysis of PS/Kat120 and PS/BMJ/Kat120 comply with SNI 06-3506-1994 Indonesian National Standard 
and HIBER11Z Hibernia Petroleum Canada 2016 regarding the quality of gasoline fuel.  
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