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Abstract 

The increasing demand for oil fuel and the decline of crude oil reserves highlight the need for alternative energy sources. 

Palm oil, as a renewable resource, has potential for biofuel production through catalytic cracking. This study aims to 

develop and evaluate modified zeolite-based catalysts, particularly ZSM-5/HY, to produce palm oil-derived gasoline 

that meets European fuel standards. The research involved catalyst preparation, modification with ZSM-5 and 

phosphorus, and activity testing in a fixed-bed reactor. Gasoline yield and catalyst performance were analyzed using 

gas chromatography. The results showed nearly 100% conversion of palm oil under optimal conditions, with gasoline 

yield meeting European standard. The addition of ZSM-5 improved conversion and RON, while phosphorus 

modification reduced catalyst acidity, affecting yield and coke formation. This study concludes that modifying zeolite 

catalysts with ZSM-5 and phosphorus enables efficient palm oil-derived gasoline production with high RON and 

reduced aromatic content, contributing to sustainable energy solutions. 
  

Copyright © 2025 by Authors, Published by BCREC Publishing Group. This is an open access article under the CC 

BY-SA License (https://creativecommons.org/licenses/by-sa/4.0). 
  

Keywords: Bio-gasoline; Catalytic cracking; Palm oil; Y Zeolite; ZSM-5; Phosphorous promotion 
  

How to Cite: Algifari, A., Makertihartha, I. G. B. N., Subagjo, S., Prabowo, H. (2025). Y Zeolite-Based Catalyst for 

Palm Oil Cracking to Produce Gasoline. Bulletin of Chemical Reaction Engineering & Catalysis, 20 (1), 129-142. (doi: 

10.9767/bcrec.20267) 
  

Permalink/DOI: https://doi.org/10.9767/bcrec.20267 

 

Research Article 

Received: 14th December 2024; Revised: 7th February 2025; Accepted: 10th February 2025 

Available online: 14th February 2025; Published regularly: April 2025 

1. Introduction  

The consumption of oil fuel in Indonesia in 

2020 accounted for more than 32% of the total 

energy consumption [1]. The supply of oil fuel is 

highly needed, and to maintain the availability of 

domestic oil fuel, which is still imported [2], A 

study is needed regarding the reserves of crude oil 

that can meet the energy needs for the future. The 

reserves of crude oil in Indonesia are feared to be 

unable to meet the national energy needs in the 

long term as they are depleting every year. 

* Corresponding Author. 

   Email: a.algifari@ft.unp.ac.id (A. Algifari) 

Estimates for the year 2025 still indicate a gap 

between the production of oil fuel in refineries, 

which is approximately 1,734 million barrels per 

day, while the consumption is around 2,197 

million barrels per day [3]. The national oil fuel 

crisis feared to occur in the future can be 

mitigated considering Indonesia's wealth of 

renewable natural resources, namely vegetable 

oil, to produce biofuels. One of Indonesia's sources 

of vegetable oil comes from palm oil, with palm oil 

production approaching 40 million tons in 2018, 

and around 10 million tons of the total palm oil 

production being exported, meaning 

approximately 30 million tons are utilized for 

domestic purposes [4]. Until now, there are 

several processes for converting palm oil into fuel. 
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One of them is through cracking to produce 

gasoline fuel fractions. Palm oil contains palmitic 

acid C16:0 and oleic acid C18:1 [5]. Cracking oil with 

the assistance of acid catalysts yields hydrocarbon 

fractions ranging from C5 to C12, which are within 

the hydrocarbon range of gasoline fractions [6]. 

The process of refining palm oil into gasoline is 

crucial to develop because Indonesia is the world's 

largest producer of palm oil, and a portion of this 

production can be processed into gasoline.  

The production of gasoline from palm oil 

begins with the formulation of cracking catalysts. 

Previous developments in cracking catalysts for 

palm oil have been based on ZSM-5 [6]. The 

gasoline fraction produced from this cracking 

process is predominantly aromatic. The 

utilization of ZSM-5 results in aromatics 

comprising 80-95% due to the strong acidity of the 

catalyst, pore structure, and zeolite framework 

[7]. The aromatic content, including benzene, 

indeed contributes to increasing the octane rating 

[8], but aromatics are carcinogenic in nature. 

Aromatics easily vaporize, and inhaling them can 

lead to health issues [9]. Method by EN 228:2012 

gasoline fuel standard limits the aromatic content 

in gasoline to 35% (v/v) and benzene to 1% (v/v) 

[10]. In this context, the development of palm oil 

cracking catalysts capable of producing aromatic 

yields below the limits set for national gasoline 

fuel standards is necessary. The yield of cyclic 

hydrocarbons increases proportionally with 

residence time and temperature, while aromatic 

yield increases and the rate of coke formation from 

aromatic polymerization can be controlled by 

adjusting operating conditions to higher 

temperatures and extending residence time [11], 

So, the appropriate action to reduce aromatics is 

to lower the reaction temperature. However, this 

conflicts with reducing conversion because an 

increase in reactant conversion is proportional to 

the increase in temperature [6]. Furthermore, 

reducing aromatic content begins with the 

selection of cracking catalysts. Catalysts that aid 

in producing aromatics with lower content 

compared to ZSM-5 include zeolite Y [12], It also 

has the capability to promote isomerization 

reactions [13]. Isomerization reactions in cracking 

are influenced by the concentration and strength 

of Bronsted acids [14]. Based on the above study, 

the cracking catalyst used in this research is 

based on zeolite Y. The catalyst development 

involves adding phosphorus promoter and ZSM-5 

as cracking catalyst additives. 

The initial hypothesis is that strong catalyst 

acidity leads to over-cracking and excessive 

aromatic production. Considering the 

achievement of low aromatic content in the 

product, efforts to reduce catalyst acidity are 

necessary. The method employed is to add a 

phosphorus promoter to the cracking catalyst. 

Modifying the cracking catalyst by adding a 

phosphorus promoter can limit the amount of 

strong catalyst acid [15]. Therefore, phosphorus 

promotion can be said to reduce aromatic 

selectivity [16]. The addition of ZSM-5 in the 

cracking catalyst is based on increasing aromatic 

yield, thereby improving the octane number of the 

gasoline product. However, the amount of ZSM-5 

added is limited to avoid exceeding gasoline 

quality standards. The addition of ZSM-5 to 

commercial FCC catalysts is typically around 5-

10% [17] to increase the octane number. In this 

study, the addition of ZSM-5 is introduced as a few 

percent of the main catalyst mass. 

 

2. Materials and Methods  

The research process begins with a literature 

review to study literature related to palm oil 

cracking reactions, cracking catalysts, analysis 

methods, and research result processing methods. 

The next step is broadly divided into two groups of 

work: laboratory cracking operation studies aimed 

at learning the standard procedures for operating 

experimental equipment in the laboratory and 

producing catalysts according to the planned 

catalyst formulation in the research. Essentially, 

zeolite Y-based catalysts are already available in 

the laboratory. However, there are modifications 

to the cracking catalyst through the addition of 

ZSM-5 additive and phosphorus impregnation. 

After preparing the catalysts, the next step is to 

test the characteristics of the modified catalysts 

and the basic catalysts. The differences in the 

characteristics of each catalyst will be observed 

from the analysis results and described in the 

research findings. Catalyst characteristic tests 

are assisted by catalyst analysis instruments 

available in the laboratory, namely X-Ray 

Diffraction EDAX, Brunauer Emmett Teller, and 

NH3-Temperature Programmed Desorption 

instruments. 

The main process in this research is the 

catalyst activity testing in a fixed-bed reactor 

unit. The cracking experiments with the prepared 

catalysts yield several experimental data in the 

form of mass balance data of the palm oil cracking 

reaction. The collection of experimental data 

involves measuring some data during the cracking 

experiment process, followed by obtaining other 

important data that need to undergo analysis 

processes using analysis instruments, such as gas 

chromatography with Flame Ionization Detector 

(FID) simulation distillation (Agilent SimDis 

Technologies) for determining hydrocarbon 

fractions, gas chromatography with FID-Detailed 

Hydrocarbon Analysis DHA Agilent Technologies 

for determining hydrocarbon group fractions 

ranging from C5 to C14, and gas chromatography 

with FID-Shimadzu 2010 Plus for residual fatty 

acid analysis to calculate reaction conversion. The 

experimental results and analysis results 

obtained with the assistance of analysis 
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Fatty Acids %Area 

Myristic acid (C14:0) 1.07 

Palmitic acid (C16:0) 44.16 

Steatic acid (C18:0) 4.89 

Oleic acid (C18:1) 49.99 

instruments are processed and correlated with 

each other. The analysis results of catalyst 

characteristics are correlated with the catalyst 

activity test results. For example, a catalyst with 

specifications consistent with its characteristics 

produces cracking reaction performance with 

certain conversion capabilities and selectivity 

towards specific products. 

The crude palm oil is obtained from PT. 

Perkebunan Nusantara VII Unit Betung, South 

Sumatra, Indonesia (Table 1). The raw material is 

processed first before it can be used as cracking 

feedstock. The aim is to remove impurities such as 

water content and other impurities. The process 

involves degumming and filtration. The gum 

separation process is adjusted to the process 

conducted by Serrano et al. [18] The process 

involves using 50% citric acid form Merck at a 

concentration of 0.4% of the palm oil mass. 

Heating is carried out for 5-30 minutes at 

temperatures of 90-100 °C. Then, at the same 

temperature and stirring time, bleaching is 

performed based on adjustments from the study 

by Ifa et al. [19]. Bentonite is used as an 

adsorbent. The base material for the catalyst is 

HY. Zeolite Y is produced by Hitong Global Co. 

Ltd. in Tianjin City, China. The selection of zeolite 

Y is based on meeting the criteria for a cracking 

catalyst that is stable if the Si/Al molar ratio is 

greater than 5 and approaches equilibrium if it 

reaches 20 [20]. The additive for the cracking 

catalyst is ZSM-5, which is sourced from Gongyi 

City Meiqi Industry & Trade CO in Henan, China. 

The selection of ZSM-5 is based on its high Si/Al 

ratio, which is considered to have low acidity, 

meaning that an increase in the Si/Al molar ratio 

is proportional to a decrease in catalyst acidity 

[21]. 

 

2.1 Extrusion of Catalyst and Phosphorus 

Impregnation 

The extrusion of catalyst involves the process 

of molding the catalyst into long cylindrical 

extrudates so that it can be used as a catalyst in 

fixed-bed reactors, thereby creating a bed void in 

the reactor bed [22]. Initially, the available zeolite 

catalyst is in powder form, so catalyst preparation 

is required to be able to use the extrusion method. 

Eight grams of zeolite powder, which includes 

100% HY, 100% ZSM-5, or a mechanical mixture 

of HY and ZSM-5, is physically mixed with 1.5 

grams of SiO2 (Cab-O-Sil M5) and stirred for 60 

minutes until the mixture becomes homogeneous. 

A total of 0.672 grams of AlHO2 Katapal is mixed 

with 0.42 mL of HNO3 low concentration form 

Merck. This mixture is then added to the mixture 

containing zeolite and SiO2. The subsequent 

stirring is carried out for 30 minutes. Then, 12 mL 

of demineralized water is added until a paste is 

formed and ready for extrusion. The extruded 

catalyst is then dried at room temperature for 12 

hours. The final step is the catalyst calcination at 

550 °C for 6 hours. The impregnation method used 

is wet impregnation, following the method 

described by Hendrik et al. [16] and Corma et al. 

[23]. A total of 1 gram of zeolite powder is added 

to a solution containing 0.0317 grams of 

phosphoric acid. Impregnation is carried out by 

mechanical stirring for 1 hour. Then, the catalyst 

is dried at 120 °C for 2 hours and calcined at 500 

°C for 1 hour. 

 

2.2. Catalyst Activity Test 

The catalyst activity test is conducted in a 

fixed-bed reactor unit made of quartz glass. The 

reactor has dimensions of 0.6 m in length, 0.015 m 

in internal diameter, and a reactor wall thickness 

of 2.5 mm. The reactor is positioned inside a 

heater as a controlled heat source regulated by a 

temperature control panel. The catalyst bed is 

positioned in the middle of the reactor, delimited 

by wire mesh and glass wool at the bottom of the 

bed, and glass wool and carborundum at the top of 

the bed. The operational sketch of the cracking 

reactor unit can be seen in Figure 1. A total of 1.5 

grams of catalyst is required for each reaction at 

various temperature conditions ranging from 475 

°C to 525 °C and a weight hourly space velocity 

Table 1.  The composition of fatty acids in the palm 

oil feedstock as determined.  

Figure 1. The cracking reactor unit schematic: (A) 

Tubular fixed bed reactor, (B) Thermocouple, (C) 

Heat controller, (D) Feed flow pump, (E) Feed, (F) 

Heater, (G) Condenser, (H) Gas volumeter, (I) 

Liquid product, (J) Inert gas. 
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(WHSV) of the feed ranging from 1.98/hour to 

2.99/hour. The conversion of triglycerides is 

calculated with the assistance of Shimadzu 2010 

Plus gas chromatography with Flame Ionization 

Detector analysis. The sample evaporation limit 

by GC is set at 350 °C, while triglycerides have a 

boiling point of >300 °C. Samples containing 

triglycerides must be in the form of methyl esters. 

Therefore, both reactant and product samples 

containing triglycerides need to be trans-

esterified first to represent the fatty acids present 

in those triglycerides. The quantitative analysis 

results of gas chromatography are the peak area 

for each methyl ester, representing the 

concentration of each component. The triglyceride 

conversion calculation follows Equation (1), where 

ATG0 is the total peak area of methyl ester in the 

palm oil feed sample, while ATG is the total peak 

area of methyl ester contained in the cracking 

products. 

 

𝑋𝑇𝐺 =
𝐴𝑇𝐺0−𝐴𝑇𝐺

𝐴𝑇𝐺0
 𝑥 100 %     (1) 

 

The selectivity calculation is conducted based 

on the gasoline yield and the composition 

contained in the gasoline fraction. Instruments 

used for data collection on selectivity are the 

Shimadzu 2010 Plus GC and the Detailed 

Hydrocarbon Analysis GC. The Shimadzu 2010 

Plus GC and the Simulation Distillation GC can 

analyze mass fractions of hydrocarbons based on 

their boiling point ranges. Based on this analysis 

range, gasoline fractions C6-C12, kerosene and 

diesel fractions C12-C18, classified as light cycle oil, 

and heavy fractions (C18>) classified as heavy 

cycle oil, are obtained. 

 

𝑌𝐺𝑎𝑠𝑜𝑙𝑖𝑛𝑒 =
𝐴𝐺𝑎𝑠𝑜𝑙𝑖𝑛𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝐴𝑡𝑜𝑡𝑎𝑙 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑙𝑖𝑞𝑢𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 𝑥 100 %) (2) 

 

In the Gas Chromatography Simulated 

Distillation analysis, the peak area generated by 

the detector represents the hydrocarbon 

components in the sample based on the molar 

quantity, which is then converted by the GC 

software into mass percentages. This process is 

carried out by integrating the peak area of each 

component, referring to the molar mass and 

density of each hydrocarbon listed in the 

instrument's library. The total organic liquid 

product is obtained through direct weighing of the 

liquid product after the cracking reaction, 

separated from water and impurities using 

methods such as decantation or filtration. The 

gasoline fraction is calculated based on the mass 

percentage of the gasoline hydrocarbon range 

identified by GC SimDis, while the total organic 

liquid product is determined from the physical 

weighing results. Gasoline yield is calculated by 

comparing the gasoline fraction to the total 

organic liquid product using Equation (2). 

3. Results and Discussion  

3.1  Triglyceride Cracking Reaction Mechanism 

During the catalytic cracking of triglycerides, 

the process initiates with the adsorption of 

triglyceride molecules onto the catalyst's surface, 

followed by their activation, which leads to the 

formation of active sites. Subsequently, bond 

cleavage occurs, breaking the ester bonds between 

the glycerol backbone and the fatty acid chains, 

resulting in the production of free fatty acids and 

glycerol. According to Simanda et al. [24],  

triglycerides initially decompose into oxygenated 

hydrocarbons such as fatty acids, ketones, 

aldehydes, and esters due to the breaking of C–O 

and C–C bonds through β-scission reactions, 

which are thermal processes [25]. The breaking of 

C–O and C–C bonds occurs through two reaction 

routes. The first route involves decarboxylation 

and decarbonylation accompanied by the breaking 

of C–C bonds in hydrocarbons. The second route 

involves the breaking of C–C bonds in 

hydrocarbons accompanied by decarboxylation 

and decarbonylation. The existence of these two 

routes depends on the presence or absence of 

double bonds in the oxygenated hydrocarbons. 

Decarboxylation and decarbonylation reactions 

occur first in saturated chain oxygenated 

hydrocarbons. For oxygenated hydrocarbons with 

double bonds, the bond breaking initially occurs at 

the double bonds themselves. Secondary reactions 

in the cracking reaction mechanism include β-

scission, hydrogen transfer, isomerization, 

cyclization, aromatization, and polymerization, 

which are a combination of thermal and catalytic 

processes [25]. These reactions are dominated by 

endothermic reactions except for some exothermic 

reactions, such as hydrogenation, n-paraffin 

isomerization, and olefin cyclization. The 

reactions in the cracking reaction mechanism are 

spontaneous and characterized by negative Gibbs 

energy [26]. 

According to Long [27] the formation reaction 

of fatty acids from triglycerides can occur through 

thermal cracking, which can be assisted by 

catalytic activity [25]. Triglyceride molecules are 

broken down into three fatty acid molecules with 

the assistance of Bronsted acid catalytic sites. The 

acid sites bond to the double-bonded oxygen on the 

triglyceride. Fatty acids undergo decarboxylation, 

where the carboxyl bond of the fatty acid is 

broken, forming either alkene or alkane and CO2, 

and freeing itself from the Bronsted acid site R − 

COOH → R + CO2. Decarbonylation forms an 

aldehyde intermediate. Then, the aldehyde group 

is broken down to form either alkene or alkane, 

CO, and water. Hydrocarbons formed lacking two 

hydrogen atoms undergo hydrogenation to form 

alkane. Below is the decarbonylation reaction of 

fatty acids. R − COOH → R + CO + H2O. 

Dehydration reaction results in hydrocarbon 
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Catalyst 

Surface 

area 

(m2/g) 

Average 

pore 

diameter  

(A)̇ 

Pore 

volume 

(cm3/g) 

HY 612.1 46.6 0.71 

ZSM5/HY 578 45.9 0.66 

ZSM5/HY-P 401.6 38.7 0.35 

ZSM-5-P 303.5 38.5 0.29 

alkene or alkane and water R − COOH → R + 

2H2O. Hydrocarbons formed lacking three 

hydrogen atoms and require hydrogenation to 

form alkane. Double bonds are more reactive, so 

cracking occurs first at these bonds rather than 

decarboxylation or decarbonylation reactions. 

Double bonds interact with Bronsted acid sites 

and then cleave the bond into carbene ions. This 

carbene ion acts like a reactive and short-lived 

free radical. One of the further reactions in the 

catalytic cracking mechanism is the isomerization 

of light paraffin and olefin. Olefins and paraffins 

undergo isomerization assisted by Bronsted acid 

sites [14]. The isomerization reaction mechanism 

starts with dehydrogenation by Bronsted acid 

sites at one of the hydrocarbon bonds, then ethyl 

shift or methyl shift occurs or the formation of 

dimethyl cyclopropane intermediates [7]. After 

the branch is formed, the previously extracted 

hydrogen is then returned to the carbon deficient 

in branch hydrogen. Paraffin and olefin undergo 

cyclization to form cyclo-paraffin and cyclo-olefin. 

Cyclo-paraffin and cyclo-olefin then form 

aromatics as a result of dehydrogenation 

reactions. The cyclization mechanism and 

straight-chain hydrocarbon are related to the 

Diels Alder reaction mechanism [28] and 

dehydrogenation and olefin cyclization [29,30]. 

Polymerization is an advanced stage of the 

aromatization reaction precisely when aromatic 

dehydrogenation occurs. Among aromatic 

compounds lacking hydrogen, they bond to each 

other to form polyaromatic compounds. If these 

reactions continue, coke is formed. Condensation 

reactions are the direct formation reactions of 

coke from oxygenates during deoxygenation 

[29,30]. Overall for triglyceride cracking reaction 

mechanism is as seen on Figure 2. 

 

3.2  Cracking Catalyst Characteristics 

Testing and gathering data on the attributes 

of cracking catalysts have been meticulously 

undertaken, employing a combination of direct 

testing instruments and catalyst specification 

data analysis. Notably, examination of 

commercial zeolites' specifications revealed 

significant findings: the HY zeolite serving as the 

foundational component of the cracking catalyst 

exhibited a noteworthy specific surface area of 680 

m2/g, while the ZSM-5 counterpart demonstrated 

a slightly lower specific surface area of 450 m2/g. 

Moreover, detailed characterization of the 

cracking catalysts using the Brunauer Emmett 

Teller instrument has yielded comprehensive 

insights into crucial parameters such as pore 

surface area, pore size, and pore volume of the 

zeolite catalyst, all of which are meticulously 

documented in Table 2. 

The analysis conducted utilizing X-ray 

diffraction instruments has provided crucial 

insights into the structural characteristics of four 

distinct catalysts: HY zeolite, ZSM5-P, ZSM5/HY, 

and ZSM5/HY-P. The primary objective of this 

characterization process is to ascertain the degree 

of crystallinity exhibited by each catalyst. By 

scrutinizing the diffraction patterns obtained, 

discernible disparities in crystallinity levels 

among the zeolites become apparent, elucidating 

their unique structural properties. Notably, in 

composite zeolites like ZSM5/HY, the presence 

and dispersion of ZSM-5 within the Y zeolite 

matrix can be distinctly identified through the 

diffraction patterns. These XRD diffraction 

profiles, captured in Figure 3, serve as invaluable 

tools for comprehending the structural integrity 

and potential catalytic performance of the 

examined catalysts. 

The crystallinity of ZSM-5 in the 

diffractogram can be identified at the 2 theta 

positions of 7.9°, 8.75°, and 23° [34]. Meanwhile, 

the crystallinity of Y zeolite can be identified at 

the 2 theta positions of 6.16°, 10.08°, and 20.24° 

[34]. As a comparison diffractogram, Figure 3 

presents the standard diffractogram curves of Y 

zeolite and ZSM-5 obtained from XRD zeolite 

Figure 2. The mechanism of catalytic triglyceride 

cracking reaction [6,33].  

Table 2. BET properties of cracking catalyst 
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patents. According to the reference, the crystal 

positions of Y zeolite are at 15.7°, and 23.7° [35], 

while for ZSM-5, they are around 21-23° [36].The 

dispersion of ZSM-5 in HY in the ZSM5/HY and 

ZSM5/HY-P catalysts can be identified in the 

diffractogram at the 2 theta positions of 7.9° and 

8.75°. Based on Figure 3, the ZSM-5 diffractogram 

peaks in the ZSM5/HY and ZSM5/HY-P catalysts 

are marked with the notation 'X'. According to the 

XRD analysis results, the crystallinity levels of 

the HY, ZSM5/HY, ZSM5/HY-P, and ZSM-5-P 

catalysts are 77.4%, 76.6%, 69.1%, and 74.3%, 

respectively. The crystallinity of ZSM-5 in the 

composite catalysts can be determined by 

calculating the peak area ratio of the ZSM-5 

sample to the standard ZSM-5 peak area. The 

crystallinity of ZSM-5 in the ZSM5/HY and 

ZSM5/HY-P catalysts is 12.79% and 10.09%, 

respectively. Based on the analysis of the 

crystallinity of each catalyst, there is a decrease 

in crystallinity influenced by phosphorus 

promotion. The cause can be identified in the 

mechanism of interaction between the catalyst 

acid sites and phosphoric acid as a phosphorus 

carrier compound that breaks the Si-O-Al bonds 

[16], thus disrupting the crystal system in the 

zeolite. 

Phosphoric acid has the ability to break the 

Si–O–Al bonds in the aluminosilicate framework, 

such as in zeolite, due to its strong acidic nature. 

This process allows H⁺ ions from the phosphoric 

acid to replace Si–O–Al bonds by directly bonding 

with Al ions in the zeolite framework, leading to a 

change in the framework structure. When 

phosphoric acid bonds with Al, one of the acidic 

centers in the aluminosilicate framework is lost, 

resulting in the formation of aluminosilicate-

phosphate compounds such as AlPO₄. According 

to Agliullin [37], AlPO₄ compounds exhibit 

diffraction peaks at 2 values of 6.5o and 8.1o, 

which are characteristic of the AlPO₄ crystal 

structure, and these peaks can be observed using 

X-ray diffraction (XRD) techniques. However, in 

Figure 3 of the diffractogram, the AlPO₄ 
diffraction peak overlaps with the zeolite Y peak 

at 2 = 6.1o. This overlap indicates that phosphate 

compounds have been impregnated into the 

zeolite framework, as evidenced by the decrease in 

intensity of the zeolite Y peak at 6.1°. The 

decrease shows that the crystalline structure of 

zeolite Y has been altered due to the presence of 

phosphate compounds formed through 

impregnation, which affects the intensity of the 

diffraction peak that was previously dominant at 

6.1o, characteristic of zeolite Y. As AlPO₄ forms, 

new diffraction peaks at 6.5° and 8.1°appear, 

indicating that the impregnation process 

successfully formed AlPO₄ bound to zeolite. 

The next characteristic test of the catalyst is 

the assessment of acidity level using the 

Temperature Programmed Desorption 

instrument by adsorbing ammonia on the 

catalyst's acid sites. Figure 4 depicts the NH3-TPD 

analysis results of the catalyst, illustrating the 

quantity of ammonia adsorption and desorption 

on the acid sites of the catalyst, thus providing an 

indication of the number of acid sites present. The 

acidity of the catalyst can be quantified by the 

area under the NH3-TPD curve, representing the 

amount of ammonia adsorbed on the acid sites. 

The TPD analysis results, as shown in Figure 4, 

confirm that the number of acid sites in Y zeolite 

is greater than in ZSM-5, consistent with the 

findings of Wang et al. [34]. The initial hypothesis, 

which suggests that by analyzing the Si/Al ratio, 

the acidity of Y zeolite can be estimated to be 

greater than that of ZSM-5, is supported. Zeolites 

with lower Si/Al molar ratios tend to exhibit 

higher [21]. The acidity level of the ZSM5/HY 

catalyst is found to be between that of Y zeolite 

and ZSM-5. 

 

3.3 The Influence of Product Yield on Catalyst 

Type 

As an initial experiment, a comparison has 

been conducted on the use of four cracking 

catalysts for each activity test under conditions of 

500 °C temperature, a Weight Hourly Space 

Velocity of 2.59/hour, and a time on stream of 1 

hour. The activity of the catalysts was assessed 

based on conversion rates. Other test data 

obtained include product selectivity. The 

Figure 3. Diffractogram of cracking catalysts Figure 4.  NH3-TPD curve of the cracking catalyst 
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composition of liquid products is a crucial 

parameter, especially as it determines the quality 

of gasoline fuel and influences the fuel octane 

number. This composition is influenced by the 

catalyst in directing the reactions. Secondary 

reactions in the cracking reaction mechanism 

primarily involve the cyclization and 

aromatization of straight-chain hydrocarbons. As 

observed from the diagram in Figure 5, cracking 

assisted by Y zeolite is quite selective towards 

straight-chain hydrocarbon products and less 

selective towards aromatics compared to cracking 

using ZSM-5. A comparison of the liquid product 

yields from palm oil cracking reactions at a 

temperature of 500 °C and WHSV of 2.59/hour 

using HY, ZSM5/HY, ZSM5/HY-P, and ZSM5-P 

can be seen in the diagram in Figure 5. The 

mechanism of triglyceride cracking reaction is 

consecutive. Cyclization of straight-chain 

hydrocarbons occurs after the formation of 

straight-chain hydrocarbons from fatty acid 

deoxygenation reactions. The phenomenon of 

cyclization of straight-chain hydrocarbons is 

accompanied by dehydrogenation. Based on 

experimental results and comparison of four 

catalysts based on Y and ZSM-5 zeolites, it can be 

concluded that Y zeolite is less capable of 

dehydrogenating straight-chain hydrocarbons 

compared to ZSM-5. This is evidenced by the 

cracking products using Y zeolite containing fewer 

cyclic hydrocarbons compared to cracking 

products assisted by ZSM-5. The high yield of 

aromatics in cracking by ZSM-5 is attributed to 

shape selectivity, where the pore openings of 

ZSM-5 catalysts are of medium size [38], suitable 

for aromatic formation. 

Shape selectivity in zeolites refers to the size 

of the catalyst's pore openings that selectively 

facilitate the formation of specific molecules 

within the catalyst pores. The yield of aromatic 

molecules is a function of the zeolite pore size [38]. 

The average pore sizes of HY Zeolite, ZSM5/HY, 

and ZSM-5-P are 46.6, 45.9, and 38.5 Å, 

respectively. From these three data points, it is 

inferred that Y zeolite has pore sizes above the 

medium pore size of ZSM-5 or falls into the macro 

pore size category. Both ZSM-5 and Y zeolite pores 

are suitable for accommodating triglyceride 

molecules, which have molecular sizes of 7-8 Å 

[39]. Aromatic molecules such as benzene, 

toluene, para-xylene, and naphthalene have 

respective sizes of 7.4, 8.7, 9.9, and 9.1 Å [38]. 

These molecular sizes are smaller than the 

catalyst pore openings, allowing aromatic 

molecules to form within the zeolite pores. The 

larger pore openings of Y zeolite result in lower 

yields of aromatics [38] and slightly promote the 

formation of straight-chain and branched 

hydrocarbons. 

 

3.4  Results of Catalyst Activity Testing 

The test outcomes underscore the distinct 

advantages of Y zeolite and ZSM-5, each 

contributing unique strengths to the cracking 

process. While Y zeolite demonstrates lower 

overall activity compared to ZSM-5, particularly 

evident in the conversion of triglycerides, its 

superiority lies in selectivity. Notably, the 

utilization of Y zeolite in palm oil cracking yields 

a higher volume of liquid products. However, it's 

worth noting that the organic liquid product from 

Figure 5. The yield of liquid hydrocarbon products for each catalyst                                                                        

(reaction conditions: T = 500 °C and WHSV = 2.59/hour) 
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Catalyst 
Yields (%wt) 

% Conversion 
Gasoline LCO HCO OLP Gas Coke 

HY 14.1 34.75 4.21 53.07 44.22 1.41 98.71 

ZSM5/HY 22.46 9.3 1.19 32.87 65.09 1.28 99.26 

ZSM5/HY-P 14.31 13.31 5.25 32.88 65.02 0.74 98.64 

ZSM5-P 24.42 4.76 0 29.19 67.74 3.05 100 

Y zeolite cracking contains a higher proportion of 

light cycle oil, aligning with the hydrocarbon 

spectrum characteristic of kerosene and diesel 

[40]. Furthermore, Y zeolite exhibits a reduced 

tendency for coke formation compared to ZSM-5, 

enhancing its longevity and sustainability as a 

catalyst. These observations were made under 

controlled reaction conditions of 500 °C 

temperature and a WHSV of 2.59/hour, providing 

valuable insights into the performance and 

applicability of each catalyst in the palm oil 

cracking process. 

The catalytic activity test (Table 3) showed 

that the combination of ZSM-5 and HY increased 

gasoline yield from 14.1% (HY) to 22.46%, with a 

significant rise in gas production from 44.22% to 

65.09%, indicating more aggressive cracking 

activity due to smaller pore sizes. However, 

modification of this combination (ZSM5/HY-P) 

reduced gasoline yield to 14.31%, while gas yield 

remained high at 65.02%, and coke formation 

decreased from 1.28% to 0.74%, suggesting that 

the modification enhanced catalyst stability but 

did not significantly improve light product yields. 

The ZSM5-P catalyst exhibited the highest 

activity with 100% conversion and the highest 

gasoline yield of 24.42%, but it also resulted in 

higher coke formation (3.05%), indicating that 

although the modification improved cracking 

efficiency, there was a tendency for catalyst 

deactivation due to carbon deposition. 

Characterization results showed that the surface 

area of the catalysts followed the order HY > ZSM-

5/HY > ZSM-5/HY-P > ZSM-5-P, with pore 

diameter and pore size inversely proportional to 

the surface area. According to Jae [38], in the 

cracking of aliphatic hydrocarbons, catalysts with 

macropores tend to produce lower aromatic yields, 

whereas ZSM-5, with its medium pore size, 

exhibits higher shape selectivity towards 

aromatic formation. Therefore, cracking with 

ZSM-5 is more selective for aromatics compared to 

Zeolite Y (HY), which has larger pores and tends 

to yield more non-aromatic products. As a result, 

the gasoline fraction produced, particularly when 

using ZSM-5-based catalysts, is predominantly 

composed of aromatic compounds, reflecting the 

shape-selective properties of ZSM-5 that favor 

aromatic hydrocarbon formation. 

The gasoline yield from cracking with ZSM5-

P is higher compared to cracking with Y zeolite, 

yet the aromatic content in the gasoline fraction 

remains high. The addition of phosphorus to the 

ZSM5/HY catalyst affects its activity, evidenced 

by the decrease in triglyceride conversion, 

aromatic yield, coke formation, and octane 

number. This decline in activity indicates that 

phosphorus in the zeolite catalyst helps reduce the 

concentration of acidic catalyst sites, as 

demonstrated in prior research by Hendrik et al. 

[16]. Similar studies by Istadi et al. [41], using HY 

as the base catalyst showed high conversion but 

decreased when impregnated with metals. 

Selectivity for the diesel fraction is relatively high, 

while light cycle oil containing kerosene and diesel 

dominates the cracking results in macro pores. In 

contrast, the aromatic fraction from ZSM-5 tends 

to distribute in the gasoline fraction. The addition 

of ZSM-5 enhances conversion and directs the 

reaction towards gasoline formation. 

Cracking of palm oil using ZSM5/HY catalyst 

exhibits good activity with triglyceride conversion 

reaching approximately 99%. While the gasoline 

yield is not as high as when using ZSM-5, it is still 

greater than that obtained with zeolite Y. The 

ZSM5/HY catalyst also demonstrates good 

stability, operating for up to 8 hours without 

deactivation. Test results show that the ZSM5/HY 

catalyst produces liquid products with aromatic 

content below 50% by volume and benzene content 

below 5% by volume. Research Octane Number for 

the gasoline fraction ranges between 90-94. As the 

ZSM5/HY catalyst proves to be the best catalyst in 

this study, kinetic testing of palm oil cracking 

reaction for this catalyst is conducted as a further 

step in this research. The quality of the vegetable 

gasoline produced from palm oil approaches 

European fuel standards. However, the drawback 

of this vegetable gasoline is its olefin content 

exceeding 20% by volume. Table 4 presents a 

comparison of European standard gasoline 

composition with vegetable gasoline obtained 

from palm oil cracking using the ZSM5/HY 

catalyst according to the gasoline distillation 

method of ASTM D-86 [42]. 

Table 3. The catalyst activity test results (Temperature: 500 °C, Weight Hourly Space Velocity: 2.59 h⁻¹, 
and TOS: 1 hour)  
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Properties Unit 

European Standard  

EN 228:2012 [10] 

Bio- 

gasoline 

Min Max Value 

Research octane number Ron 95 95  92 

Oxidation stability Minutes   n/a 

Sulphur %wt  10 0 

Lead gr/liter   0 

Metal mg/liter   0.13 

Oxygen %wt  2.7 0 

Olefin %-v/v  18 29.17 

Aromatic %-v/v  40 38.76 

Benzene %-v/v  1 2.7 

Distillation: 

10% Vol vapour 

50% Vol vapour 

90% Vol vapour 

Final boiling point 

Residue 

 
oC 
oC 
oC 
oC 

%vol 

 

 

77 

130 

 

 

 

60 

100 

175 

210 

2 

 

80.95 

116.29 

121.04 

193.79 

0 

Density (15oC) kg/m3 720 775 754.73 

3.5 Operation Condition Optimization 

The optimized operating conditions for palm 

oil cracking with ZSM5/HY catalyst range from 

475 °C to 525 °C and a WHSV of 1.98/h to 2.99/h. 

The process of optimizing the operating conditions 

for palm oil cracking involves comparing two fixed 

variables, namely temperature and WHSV, 

against the tested variables, which include 

conversion, yield, and RON. The desired test 

variables should maximize the objectives of the 

cracking reaction, while minimizing any variables 

that do not support these objectives. 

The expected maximum values for the test 

variables are conversion, yield of liquid products, 

gasoline, and octane number. Meanwhile, the 

expected minimum values for the test variables 

are aromatic yield and benzene yield. Figure 6 

depicts three-dimensional graphs showing the 

relationship between temperature and WHSV 

with the values of conversion, octane number, 

yield of liquid products, aromatics, and benzene. 

The magnitude of these variables is represented 

by surface contours, with higher values visualized 

in red and lower values in blue. Based on the 

correlation response in Figure 6, it can be 

observed that reaction conditions of 500-525 °C 

and WHSV 1.98-2.59/h produce better triglyceride 

conversion, exceeding 99%, and yield more than 

20% wt of palm oil gasoline, with an octane 

number greater than 90. Additionally, aromatic 

and benzene yields are also maximized but still 

below 50 %wt OLP for aromatics and 5 %wt OLP 

for benzene. However, under these reaction 

conditions, the yield of liquid products decreases, 

especially at 525 °C and WHSV 1.98/h, due to 

excessively high reaction temperatures and 

prolonged residence times. In comparison, 

reaction conditions of 500 °C and WHSV 2.59/h 

are considered better for liquid product yield and 

thus can be deemed optimal for palm oil cracking 

with ZSM5/HY catalyst.  

The next study focuses on time on stream. 

The results of catalyst activity testing with 

ZSM5/HY catalyst suggest deactivation for over 8 

hours of operation. This is evident in Figure 7, 

where triglyceride conversion after 8 hours of 

operation is only 50.2%. Process optimization 

considerations aim for 100% reaction conversion. 

Decisions for further processing are based on this 

criterion. If the conversion is not 100%, feed 

recycling may be necessary, requiring additional 

utility process design to support this goal. 

Table 4. Comparison of European Standard Gasoline and bio-gasoline from cracking product. 

Figure 7.  The triglyceride conversion during 8-

hour time on stream period 
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Additionally, considerations regarding product 

separation aspects are essential. If conversion 

approaches 100%, subsequent processes after the 

reactor only involve fractionation of light and 

heavy products, with no need for feed recycling 

utility. Figure 8 depicts the fluctuation profile of 

cracking yield influenced by time on stream. 

Based on the graph in Figure 7, it can be observed 

that palm oil conversion approaches 100% within 

the TOS range of 2 hours. For industrial process 

optimization considerations, to avoid feed 

recycling, commercial-scale palm oil cracking with 

ZSM5/HY catalyst is recommended for operation 

periods of 2 hours. 

 

3.6  Effect of Reaction Temperature and Residence 

Time 

Conversion and yield of cracking products as 

well as the octane number of gasoline are 

influenced by the reaction temperature. Reaction 

conditions at temperatures higher than 500 °C 

Figure 6. Correlation of operating conditions (Temperature and WHSV) with: (a) triglyceride conversion, 

(b) octane number, (c) organic liquid product, (d) Research Octane Number (RON), (e) gasoline yield, and 

(f) benzene yield. 

(a) (b) 

(c) (d) 

(e) (f) 
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result in a lower amount of liquid products and 

excess gas products due to over-cracking. Palm oil 

cracking reactions should ideally occur at 

temperatures above 450 °C. Reaction 

temperatures below 450 °C lead to a decrease in 

palm oil conversion. This is indicated in the study 

where at a reaction temperature of 450 °C, the 

cracking products contain fatty acids that solidify 

in the reactor outlet stream. Cracking reactions 

are complex processes. The reaction mechanism 

consists of fatty acid oxygenate formation, 

deoxygenation [43], cracking, hydrogenation, 

dehydrogenation [29,30,44], isomerization [14], 

cyclization [30], aromatization, and 

polymerization [31]. Some of these reactions are 

endothermic [26], while others are exothermic. 

Overall, cracking is classified as an endothermic 

reaction, with some secondary reactions being 

exothermic, such as olefin cyclization, 

isomerization, and hydrogenation. Figure 9 and 

Figure 10 depicts the relationship between 

reaction temperature, residence time and the 

liquid product composition at a WHSV of 

2.59/hour. 

The production of olefins and cyclic 

hydrocarbons rises in direct correlation with 

higher reaction temperatures. This increase in 

olefin yield occurs because less olefin is consumed 

in the cyclization reaction to form naphthenes, an 

exothermic process. Conversely, naphthene yield 

declines as temperature rises due to their 

consumption in dehydrogenation reactions that 

produce aromatics, an endothermic process. 

Similarly, the yields of n-paraffin and iso-paraffin 

hydrocarbons decrease with increasing 

temperatures, influenced by dehydrogenation 

reactions and the suppression of their formation, 

as these processes are exothermic. 

The residence time of reactants plays a 

crucial role in palm oil conversion. Longer 

residence times lead to higher triglyceride 

conversion rates. Additionally, extending 

residence time enhances the octane number of 

gasoline products. However, prolonged residence 

time reduces liquid product yields while 

increasing gaseous products and cyclic 

hydrocarbons. Data on the influence of residence 

time on cracking product yields indicate that 

aromatics are the key component contributing to 

the rise in Research Octane Number (RON). 

The temperature variable does not 

significantly affect the selectivity of hydrocarbon 

components, as indicated by a slightly increasing 

trend for olefins as the temperature rises. The 

variable affecting selectivity lies in the type of 

catalyst; between ZSM-5 and HY, they produce 

different hydrocarbon group compositions as 

representations of shape selectivity 

characteristics. HY is not entirely selective 

towards aromatics. Part of the zeolite Y activity 

involves isomerization and dehydrogenation 

reactions of paraffins to olefins [42,46]. 

Furthermore, the influence of residence time is a 

concern. After observing the cracking reaction 

mechanism, aromatization is a secondary reaction 

approaching the final reaction towards aromatic 

polymerization, meaning this product is formed 

later and requires more time in a series of 

cracking reaction mechanisms. The increasing 

trend in aromatic yield proportionate to the 

increase in residence time indicates that paraffins 

and olefins are continuously consumed due to 

dehydrogenation, resulting in aromatics when the 

reactant residence time is extended. 

 

4. Conclusions 

The developed catalyst for palm oil cracking 

is ZSM5/HY. Activity testing results under 

optimal reaction conditions yielded palm oil 

conversion approaching 100%, with gasoline yield 

approaching the quality of European gasoline. 

Catalyst durability is eight hours of reaction 

operation, but the optimal performance is within 

the first two hours. Shape selectivity factors make 

zeolite Y more selective in producing 

hydrocarbons in the LCO fraction, including 

Figure 8. Outstream liquid product of cracking 

reaction during 8-hour time on stream 

Time on Stream (h) 

Figure 9. Effect of reaction temperature at a WHSV 

of 2.59/hour on the composition of organic liquid 

product. 
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kerosene and diesel. The addition of ZSM-5 to the 

cracking catalyst improves conversion, RON, and 

aromatic yield, thereby enhancing gasoline yield. 

Phosphorus promotion leads to decreased 

conversion, RON, reduced aromatic yield, and 

decreased coke yield. Increasing reaction 

temperature and residence time result in 

increased conversion and RON, but have minimal 

effect on hydrocarbon group composition changes, 

although this is influenced by residence time. 

Cracking with a zeolite Y-based catalyst in 

improving gasoline RON involves aromatic and 

olefin yield, with minimal iso-paraffin yield. 

For future research, it is recommended to 

investigate methods to extend catalyst life beyond 

8 hours, as prolonging catalyst longevity is crucial 

for industrial efficiency. Additionally, exploring 

the use of co-catalysts or process modifications to 

reduce olefin content while maintaining gasoline 

yield and octane number is suggested. High olefin 

content can affect fuel stability, making its 

reduction desirable without compromising the 

overall performance and quality of the produced 

gasoline. 
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