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H I G H L I G H T S   A B S T R A C T  
• HY-zeolite catalyst was prepared from 

colloidal silica suspended in water by the 
hydrothermal method. 

• Environmentally harmful waste cooking oil 
transesterified into biodiesel using both 
unloaded catalyst and KOH loaded catalyst. 

• The compositions of produced biodiesel 
were compared with those of standard fuel 
and found to be almost comparable. 

• The cost was significantly reduced by 
means of separating the spent solid HY 
catalyst at the end of the reaction and 
reactivating it for further use in post-
reactions. 

 Y-zeolite catalyst, with a Si/Al ratio of 2.23 and a high surface area of 703.34 
m2/gcat, was prepared with three different particle sizes: 75, 600, and 1000 μm, 
from commercial Ludox AS-40 colloidal silica 40 wt.% suspension in water 
using the hydrothermal method. Field Emission Scanning Electron Microscopy 
(FESEM), Energy Dispersive X-ray (EDX), Atomic Force Microscopy (AFM), 
X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), and 
Brunauer-Emmett-Teller (BET) analyses were all utilized to analyze the 
properties of the synthesized Y-zeolite catalyst. Waste cooking oil (WCO) was 
transesterified to biodiesel in a batch reactor under different temperatures (e.g., 
40, 50, and 60℃) for 3 hours, and the activity of the catalyst was evaluated 
before and after being loaded with potassium oxide (K2O) molecules using the 
impregnation method. It is observed that the biodiesel conversion and yield, in 
the presence of a non-KOH-loaded catalyst, rose with increasing temperature 
and/or reaction time. However, increasing the reaction time beyond 2 hours in 
the presence of the catalyst loaded with 10% KOH decreased biodiesel 
conversion and yield. It has also been found that using catalysts with smaller 
particle sizes (e.g.,75 μm) is more favorable for enhancing the conversion of the 
catalytic process due to the acceleration of the reaction rate. A maximum 
biodiesel yield and conversion of 84.44% and 80%, respectively, were obtained. 
Using Gas Chromatography-Mass Spectrometry (GCMS), the composition and 
physical characteristics of the produced biodiesel were compared with those of 
standard fuels and the comparison results were particularly satisfactory. The 
spent Y catalyst loaded with KOH was recovered, reactivated, and reused in 
subsequent reactions. It exhibited outstanding catalytic activity, which is a 
testament to its cost advantage since it could significantly reduce the need for 
large quantities of costly homogeneous catalysts that are difficult to separate 
from the reaction products. 
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1. Introduction 
Due to its minimal carbon monoxide emissions, biodegradability, nontoxic makeup, and lack of free sulfur, biodiesel is 

considered an environmentally sustainable and viable substitute. Additionally, biodiesel has been identified as a potential 
replacement for several characteristics of conventional diesel, such as an improved cetane number and a high flash point [1]. 
The feedstocks for biodiesel production are sourced from edible oils [2,3], microalgae/bacteria [4], non-edible oils [5,6], waste 
cooking oils [7], and animal fats such as tallow [8], yellow grease [9], lard [10], and chicken fat [11,12]. The production of 
biodiesel from yellow grease (waste cooking oil and animal fats) is rapidly gaining recognition as a viable solution to the two 
challenges currently faced by the biodiesel industry: fluctuating vegetable oil costs and the debate over whether to use the oil 

https://etj.uotechnology.edu.iq/
http://doi.org/10.30684/etj.2023.141766.1513
http://creativecommons.org/licenses/by/4.0
mailto:shurooq.t.ramadhan@uotechnology.edu.iq
https://orcid.org/0000-0003-3358-5773
https://orcid.org/0000-0003-2253-2772
https://orcid.org/0000-0001-7082-680X
https://orcid.org/0000-0003-4459-1079


Huda A. Abdul-Kader et al. Engineering and Technology Journal 41 (09) (2023) 1175- 1192  
 

1176 
 

 

for food or fuel [13]. Fatty acid methyl ester (FAME) must be efficiently produced through a transesterification method that 
utilizes inexpensive, less corrosive, environmentally friendly, and effective catalysts. Currently, both alkaline and acidic 
catalysts (heterogeneous and homogeneous) are available for biodiesel synthesis. Heterogeneous catalysis is a more recent 
advancement in FAME synthesis than homogeneous catalysis. The use of homogeneous basic catalysts significantly 
accelerates the reaction rate. However, a major drawback is the high process cost due to the need to separate catalysts from the 
reaction medium after completion [14]. Nevertheless, several base catalysts like basic zeolites [15], alkali earth oxides [16,17], 
alkali earth carbonates [18], and basic hydrotalcites [19,20] have shown promising activities. Zeolites, due to their adequate 
pore size capable of accommodating reacting components, are the most commonly employed among various types of inorganic 
solids for ester formation [21]. Zeolites can be synthesized from a range of naturally occurring aluminum and silicon-based 
mineral compositions, as well as laboratory-synthesized silicate/alumino-silicate reagents. These components resemble those 
found in alumino-silicate zeolites, and examples of zeolites made from fly ash are described [22], kaolin [23], fly ash-kaolinite 
[24], and shale [25]. 

In order to produce FAME from soybean oil, W. Xie  et al. utilized KOH-loaded NaX zeolite as a solid catalyst for this 
purpose [26]. They reported the highest yield of 85.6% under the following operating conditions: 10% KOH loading, 393 K 
temperature, and 3 hours reaction time. A year later, a study was conducted on converting sunflower oil to biodiesel using 
three types of zeolite-based catalysts: mordenite, beta, and X [27]. The impact of different loaded/stacked metals on these 
zeolites was examined. Zeolite X demonstrated the best performance due to its high number of super basic sites, which the 
other two lacked. The effect of sodium bentonite (binder) on the reactivity of these zeolites was tested, resulting in X zeolite 
agglomerating and causing a slight reduction in catalytic activity. Ultimately, high FAME yields of 93.5% and 95.1% were 
reported at 60℃with and without the binder, respectively.  

In a related study, Wu et al. [28] attempted to produce biodiesel from soybean oil using a collection of zeolites, including 
NaY, KL, and NaZSM-5, loaded with CaO through microwave irradiation. A comparison was made between supported and 
unsupported CaO in terms of catalytic performance, with supported CaO exhibiting better performance. This was attributed to 
advantages conferred by the zeolite support, such as high surface area, good porosity, and strong basicity. Moreover, CaO-
loaded NaY zeolite (30% doping), with a 9:1 methanol to oil (M/O) molar ratio, 3 wt.% catalyst loading, 65℃, and 3 hours 
reaction time, exhibited the best performance. Al-Jammal et al. [29] attempted to produce biodiesel from waste sunflower oil 
using the following operating conditions: 11.5:1 M/O molar ratio, 6 wt.% catalyst loading, 50℃temperature, and a reaction 
time of 2 hours. The catalysts were KOH/zeolite (1-6 M KOH), prepared by heating at 80℃ for 4 hours. Manique et al. [30] 
once again focused on soybean oil hydrothermally converted to biodiesel using sodalite (a zeolite derived from coal) with a 
surface area of 10 m2/gcat as the catalyst. A maximum FAME conversion of 95.5% was achieved under the following 
conditions: 12:1 M/O molar ratio, 4 wt.% catalyst loading, temperature of 65℃, and a reaction time of 2 hours. 

In the present study, waste cooking oil (WCO) was converted into biodiesel using HY-zeolite catalysts prepared from 
colloidal silica solution as a silica source through the hydrothermal method. This type of zeolite was chosen based on its high 
stability and suitable pore size for the intended reaction. Using a solid catalyst aims to facilitate separation from the reaction 
medium after product formation, allowing for potential reactivation and reuse, thus reducing the overall industrial process cost. 
Various operating conditions, including reaction temperatures and times, as well as different particle sizes of the catalyst, were 
investigated. The primary focus of this work was exploring the particle size of the solid catalyst due to its significant effect on 
the reaction rate. This investigation was undertaken due to the lack of similar studies in the literature dealing with this aspect. 
Consequently, the optimal particle size of the solid catalyst was determined, followed by loading it with potassium hydroxide 
(KOH) molecules using the impregnation method and subsequent calcination at high temperatures to convert these molecules 
into potassium oxide (K2O). This conversion enhances the catalytic efficiency throughout the WCO reactions. In this work, the 
advantage of using heterogeneous catalysts and solutions of common homogeneous catalysts in biodiesel preparation is 
combined. 

2. Experimental Work 

2.1 Materials 
Colloidal Silica in the form of Ludox AS-40, a 40 wt.% suspension in water was procured from Sigma-Aldrich (USA). At 

the same time, granular Sodium Hydroxide (NaOH) with a purity level of 99% was supplied by CHEM-LAB (Belgium). De-
ionized (DI) water with a pH of 7 and a conductivity of zero was obtained from an Iraqi manufacturer. Ammonium Chloride 
(NH4Cl) was provided by the Indian company SDFCL-SD FINE-CHEM. Other raw materials used in this study, such as 
Sodium Aluminate (NaAlO2: 50.9 wt% Al2O3 + 31.2 wt% Na2O + 17.9 wt% H2O), Sulfuric Acid H2SO4 (98%), Pellet KOH 
(96.0%), and Methanol with an analytical quality of 99.5%, were all purchased from Sigma Aldrich. 

Waste Cooking Oil (WCO) served as one of the primary raw materials. Cooking oil was initially collected from restaurants 
and homes to eliminate contaminants and food residue. The WCO was then heated to 120℃ for 2 hours to remove residual 
moisture. The titration method was subsequently employed to determine the sample's acid amount and free fatty acid content, 
using Phenolphthalein as an indicator. A few drops of methanol and potassium hydroxide solution were sequentially added 
until the mixture turned purple. It is noteworthy that the complete chemical composition of waste cooking oil was determined 
using GC-MS before biodiesel production. Table 1 provides the main elements and fatty acid composition of the cooking oil. 
The fatty acid content of the cooking oil aligns with values reported in the published literature [31]. 
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Table 1: Fatty acid content of waste cooking oil 

No. R.T. (min) (Area%) Name Chemical Formula FFA M.wt. 
1 20.171 6.46 Hexadecanoic acid, methyl ester 

(methyl palmitate) 
C17H34O2 C17:0 270 

2 20.706 7.55  n-Hexadecanoic acid (palmitic acid) C16H32O2 C16:0 256 
3 22.215 20.31 9,12-Octadecadienoic acid (Z,Z)-  

(linoleate acid) 
C19H34O2 C19:2 294.5 

4 22.325 18.17 6-Octadecenoic acid, methyl ester C19H36O2 C19:1 296.5 
5 22.592 8.38 Methyl stearate C19H38O2 C19:0 298.5 
6 22.802 15.45 9,12-Octadecadienoic acid (Z,Z)-   

(linoleate acid) 
C18H32O2 C18:2 280.5 

7 29.412 12.68 5-Heptylresorcinol C13H20O2 C13:0 208 
8 30.959 11.06 Gamma.-Sitosterol C29H50O2 C29:0 414 

 

2.2 Synthesis of NaY-Zeolite From Colloidal Silica 
The Faujasite (FAU) sodium NaY-Zeolite with the chemical formula Na56 [Al56 Si136 O384]: 250 H2O was synthesized 

hydrothermally. The preparation process is outlined in the verified syntheses of the Zeolitic Materials handbook [32,33]. The 
seed gel was created by blending the components in precise weight compositions and allowing them to be set for 
approximately a day. The detailed method of preparing the seed gel includes dissolving 1g of sodium aluminate and 3.86 g of 
sodium hydroxide simultaneously in a plastic bottle containing deionized water. Using a pipette tube, 7.5g of Ludox AS-40 
solution was added carefully to the bottle's content, and the mixture was stirred for around 10 minutes to ensure thorough 
mixing, utilizing a magnetic stirrer. The resulting mixture was then left to age at room temperature. The feedstock gel was 
prepared by mixing its constituent chemicals, which were 2.5 g of NaAl2O3, 3.29g of NaOH, and 28.04g of deionized water, in 
a separate plastic bottle. Accurate weights obtained from a weighing balance were used, based on calculations according to the 
preparation procedure. Subsequently, 18.8 g of silica suspension was added to the solution [34,35]. The resulting mixture was 
stirred thoroughly for 10 minutes until the white aluminosilicate gel became clear. To produce the final gel, 3.03g of the 
seeding gel was slowly mixed with the feedstock gel, followed by vigorous blending for twenty minutes. The resulting gel was 
then transferred to a Teflon bottle and heated for 18 hours in an oven set at 85℃ to ensure sufficient nucleation and 
crystallization times. Afterward, it was washed and filtered until a filter solution with a pH of about 8 was obtained. Following 
this, it was dried overnight at 110℃. 

In addition, the general reaction scheme used to describe the zeolite synthesis process is as follows in Equation 1 [34]:  

 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑥𝑥𝑥𝑥𝑙𝑙2𝑂𝑂3 . 𝑦𝑦 𝑆𝑆𝑆𝑆𝑂𝑂2
(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹)
�⎯⎯⎯⎯⎯�   𝑁𝑁𝑎𝑎2𝑆𝑆𝑆𝑆𝑂𝑂3 + 𝑁𝑁𝑎𝑎2𝐴𝐴𝐴𝐴𝑂𝑂2  

 𝑁𝑁𝑁𝑁𝑁𝑁𝐻𝐻 (𝑎𝑎𝑎𝑎) + 𝑁𝑁𝑎𝑎2 𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)4(𝑎𝑎𝑎𝑎) + 𝑁𝑁𝑎𝑎2𝑆𝑆𝑆𝑆𝑂𝑂3
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  

 �𝑁𝑁𝑎𝑎𝑥𝑥(𝐴𝐴𝐴𝐴𝑂𝑂2)𝑦𝑦(𝑆𝑆𝑆𝑆𝑂𝑂2)𝑧𝑧.𝐻𝐻2𝑂𝑂�  
(𝑔𝑔𝑔𝑔𝑔𝑔) → 𝑁𝑁𝑎𝑎𝑝𝑝�(𝐴𝐴𝐴𝐴𝑂𝑂2)𝑝𝑝(𝑆𝑆𝑆𝑆𝑂𝑂2)𝑞𝑞�ℎ𝐻𝐻2𝑂𝑂(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑖𝑖𝑖𝑖 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) (1) 

 

2.3 Preparation of HY-Zeolites 
The ammonium ion exchange approach was utilized to convert the sodium form of zeolite into hydrogen (i.e., the acidic 

form). The ion exchange process involved mixing the laboratory-prepared solid zeolite with a 0.5 M ammonium chloride 
solution at 80℃ for one hour. The zeolite to ammonium chloride ratio was 1g of zeolite to 100 ml of the solution. Since 
removing sodium ions requires a multi-stage ion exchange technique, this procedure was repeated three times. This was done 
until the percentage of sodium ions within the zeolite structural framework decreased to below 0.5 wt%. It was observed that 
the concentration of sodium ions within the zeolite lattice decreases, resulting in an increase in the number of Na+ ions present 
in the solution, as the number of ion exchange process cycles increases. The exchanged zeolite (in the ammonium form, 
NH4Y) was then filtered, washed with 1L of deionized water, centrifuged for approximately 10 minutes, and subsequently 
dried overnight at 110  ℃. The final step was the calcination process, during which the sample was heated to 450℃ for 3 hours 
at an oven heating rate of 10℃/min. This step served to decompose the ammonia ions (NH3

+) and obtain zeolite in the HY 
form. Figure 1 is the block diagram summarizing the method for preparing the HY zeolite from commercial Ludox AS-40.  



Huda A. Abdul-Kader et al. Engineering and Technology Journal 41 (09) (2023) 1175- 1192  
 

1178 
 

 

 
Figure 1: Block diagram for preparation HY zeolite from Ludox, AS-40 

2.4 Pelletizing The Catalyst 
 Y-zeolite catalysts prepared as fine solid powders are not used directly in the reactor as this causes a back pressure 

problem. Therefore, a hydraulic press machine must be used to form these catalysts into pellets. The pressure transferred per 
unit area from the press to the powder is approximately 10 Tons/m2 and was enough to produce 23 mm diameter HY-zeolite 
catalyst discs, weighing about 5g. The catalysts were then formed into small pellets by crushing these discs using a crusher and 
mortar. In order to obtain uniformly sized catalyst particles, a sieve analyzer is used to select particles with various sizes and 
on demand (e.g.,75, 600, and 1000 μm). Figure 2, a and b, shows Photograph of the Catalyst the catalyst discs and granular 
particles.  

 
  (a) Compressed catalyst disc 

 
(b) Different sizes of catalyst particles 

Figure 2: Photograph of trhe catalyst pelletizing process   

2.5 Preparation of KOH-loaded Y-Zeolite and Reactivation of The Spent Catalyst   
The Y zeolite is impregnated with an aqueous solution of KOH for 24 h to ensure that the potassium hydroxide molecules 

diffused and distributed extensively on the surface of the Y-catalyst for the purpose of obtaining a modified Y zeolite loaded 
with 10 wt% KOH. The KOH molecules on the catalyst surface are then converted into potassium oxide (K2O) form by drying 
the treated samples for 3 h at 125℃ and followed by calcining them for 2 h at 400℃. In order to re-use the catalyst in the post-
reaction, the transesterification reaction mixture is separated from the spent catalyst by centrifugation. While the final product 
is transported for purification, the resulting spent catalysts are reactivated by washing with cyclohexane for 2 h at 125℃, 
followed by drying at 105℃to finally impregnate the catalysts with 10 wt% KOH again and become usable in subsequent 
reactions. 
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2.6 Transesterification Process  
In the process of transesterification of waste cooking oil, a HY zeolite catalyst is used. The reaction is carried out in a glass 

reactor which is a flask with 3 necks and a circular bottom. The catalyst and alcohol are added through one side neck, which is 
also connected to a thermocouple. To collect the excess methanol at 64°C, which evaporates at the reaction temperature, a 
cooling water condenser is placed in the main reactor neck. In addition, the condenser helps maintain stable air pressure inside 
the reactor. The reactor is heated by an electric fabric digital heater (Type 98-1-C). Figure 3 shows the experiments performed 
in this system. To prepare the catalyst for use in the process, it is first dried at 130℃ for 2 h to remove any moisture within it. 
Using a magnetic heater, 90 g of waste cooking oil is heated to the reaction temperatures before being combined with methanol 
and catalyst. The first reaction time determines when the reaction mixture has reached the required temperature. Different 
reaction parameters are studied through several sets of tests under different conditions such as temperatures (40, 50, and 60℃), 
catalyst pellet sizes, 75, 600, and 1000 μm, and different operational times (i.e., from 15 to 180 min). Each experiment ends 
with the mixing process being stopped, and the liquid chilled in an ice bath. Then the solid catalysts are separated from the 
mixture by centrifuging. In fact, the product is usually separated into two layers, the top layer consists of biodiesel and surplus 
methanol, and the bottom layer consists of glycerol. Excess methanol is removed from the resulting mixture using twice as 
much warm distilled water as the product. In order to separate the water and the unreacted methanol in the bottom layer from 
the clear biodiesel in the top layer, the batch should be left to settle and separate for about 3 h. The resulting biodiesel is 
extracted to determine the conversion in each batch after drying at 110℃ for 10 min.  

 
Figure 3: Experimental setup 

2.7 Yield Measurement and Degree of WCO Conversion To Biodiesel 
  In contrast to vegetable or animal oils and fats like triglycerides, biodiesel like methyl ester dissolves readily in methanol 

to create a clear brilliant phase [36]. The degree of WCO conversion to biodiesel is measured using this idea. When methanol 
is added in a 9:1 ratio to the mixture produced from the purification phase, the conversion test can be employed successfully. 
After a light shake to complete the mixing process, the liquid is left to settle for 30 min. As a result, the separation funnel 
separates the product into two layers.  The unconverted oil is found in the first bottom layer, while the methanol-methyl ester 
combination is found in the second layer, which is the top layer. The biodiesel fraction, which depends on the methanol/sample 
ratio, is transferred to methanol after the unreacted oil is drained. This is consistent with the research published previously in 
the literature [35,37]. The conversion percentage of WCO and biodiesel yield can be calculated using Equations 2 and 3, 
respectively: 

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 % =  𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢  𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜   

 (2) 

  𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 %  = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜   

 (3) 
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3. Catalyst Characterization 

3.1 XRD Analysis 
To demonstrate the successful synthesis of Y-type zeolites using the hydrothermal technique, the crystal composition of 

the synthesized sample was obtained, as shown in the XRD pattern in Figure 4. The XRD patterns confirm that the as-
synthesized Y-zeolite structure, loaded with 10 wt.% KOH, and the regenerated Y-zeolite had almost the same patterns as well 
as equal main peaks compared to the XRD pattern of a standard FAU zeolite described by the International Zeolite Association 
(IZA) [34,38]. According to the 2-Theta values in Table 2, this comparison indicates that the results of the preparation method 
are consistent with the crystal structure of Y zeolite, which means that the preparation method using Ludox AS-40 as a source 
of primary building unit(s) for the catalyst lattice succeeded remarkably. In addition, it is also noted that the process of 
reactivating at high temperatures for the spent catalyst, after the reaction, does not appear to affect the structure of the catalyst 
because the XRD pattern of the regenerated catalyst remained without a complete or partial collapse in its structural 
framework. The extent  of crystallinity in the zeolite Y sample was computed  based on the sum of intensities of the main 
peaks  from the XRD by taking a ratio of the sum of the main peak intensities of the produced zeolite Y to that  of the main 
peak intensities of the standard Y-zeolite. The peak intensity values are used to estimate the degree of crystallinity using 
Equation 4 [39], and they are approximately equal to 154.23% for the prepared NaY zeolite. 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  Ʃ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧−𝑌𝑌
 Ʃ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧−𝑌𝑌

 (4) 

 
Figure 4: XRD-pattern of the synthesized zeolite Y 

The table also shows the degree of crystallinity of the synthesized sample at a high level. The intensities of the peaks 
above the identical position of 2-Theta of the synthesized sample and the reference sample were applied in the calculations. 
Moreover, they confirmed the purity of the framework structures of the synthesized model. As a result, firstly, preparation is 
successful, and the structure is highly crystalline; secondly, the percentage is greater than 100%. This occurred due to the 
differences in the XRD diffractometers used, which have different manufacturing factors—resulting in a divergence in sample 
analysis. On the other hand, the synthesized zeolite-Y can be considered more crystalline compared with standard Faujasite. 

Table 2: Comparison of the lattice spacing between the prepared NaY catalyst and the standard Faujasite 

Standard Faujasite Synthesized NaY Zeolite 
2-Theta (degree) Standard Faujasite intensity (I) 2-Theta (degree) Synthesized sample intensity (I) 
6.233 100 6.23 149 
15.640 53 15.64 55 
20.360 38 20.40 83 
23.635 59 23.64 84 
27.042 39 27.04 41 
30.730 22 30.72 64 
31.378 49 31.36 30 
32.432 16 32.40 66 
34.053 15 34.04 31 
Sum 391 Sum 603 
Degree of crystallinity 100% Degree of crystallinity 154.23% 
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3.2 Surface Area and Pore Volume  
By employing the Brunauer, Emmett, and Teller technique to evaluate nitrogen adsorption at 77 K, the surface area of the 

produced catalyst is determined to be 703.34 m2/g-cat., and the pore volume is 0.3669 cm3/g-cat. Since heterogeneous catalysis is 
an interface phenomenon, increasing surface area often increases the catalyst activity.  Furthermore, a high surface area usually 
contains a high percentage of micropores, which are more hydrothermally stable than others [40]. The values of the surface 
area of the Y-zeolite documented by other authors are about 483.4 m2/g-cat. [41] and 244.38 m2/g-cat. [42], which are much 
lower compared to those obtained in the current study.  

3.3 Field Emission Scanning Electron Microscopy (FE-SEM) Analysis 
Figure 5 displays FSEM-images of Y-zeolite with a magnification of (a) 1000X and (b) 5000X of laboratory-synthesized 

zeolites. FESEM images with sizes ranging from 1,000 to 5,000 nm of samples produced using colloidal silica and sodium 
silicate as the silica source revealed sharp micro-shapes of the crystals of the synthesized catalyst. The figure also shows that 
Y-zeolite contains agglomerated crystals whose size is less than 124 nm. According to Nsaif et al. [43], at the nano-scale, the 
active forces are Van Der Waals and surface tension. This FSEM provides information on crystals size and distribution and 
how they agglomerate under the influence of these forces. 

         
(a) Magnification  1000X 

 
(b) Magnification 5000X 

Figure 5: FSEM-images of Y-zeolite with a magnification of (a) 1000X and (b) 5000X 

3.4 Energy Dispersive X-ray (EDX) Analysis 
According to the EDX results shown in Figures 6, a and b, the indicative bulk Si/Al ratio within the Y-zeolite lattice was 

estimated to be 2.23, which agrees well with results published by Matti et al. [44] as well as Souza et al. [45]. In order to 
replace the sodium ion in NaY-zeolite with ammonium to form NH4Y, an ammonium chloride salt solution was used for the  
three-step ion exchange involved. After the treatment, an EDX test was conducted to determine the sodium concentration of 
the zeolite. The analysis reveals that the concentration decreased from 8.11 to around 0.49 wt.%, indicating successful 
treatment. Additionally, the potassium concentration of the KOH-loaded Y zeolite is determined using EDX analysis to 
confirm whether the reactivated catalysts may be employed again in the process, as shown in Figures 6, c and d. Since the 
concentration of K-species that connected to the active sites within the KOH/Y-zeolite catalyst did not change significantly, it 
can be said that the KOH/HY-zeolite catalyst is generally more suitable for such a catalytic process and can be expected to 
have a better catalytic performance during the reactions. In fact, it is important to ensure that within a heterogeneous catalyst, 
the active metal species are not significantly eroded from the solid support of the catalyst during either the reaction or 
reactivation treatment after the reaction. If large amounts of the active metal species, which act as a homogeneous part, leak 
out of the catalyst, the catalytic process advantages of the heterogeneous catalysts can be lost [46,47].   

3.5 Atomic Force Microscopy (AFM) Analysis  
Using an atomic force microscopy (AFM) system with a high-resolution image of the catalyst surface, the topography of 

the resulting catalyst is investigated. Compared to the SEM-images, the AFM-images provide additional details about the 
catalyst surface composition. The catalyst made with Ludox AS-40 has nano-scale characteristics with an average particle 
diameter of about 416 nm, according to the published literature [48,49]. The particle size histogram distribution of the as-
prepared Y-zeolites is shown in Figure 7 (a) 2-dimensional image and (b) 3-dimensional image, and the entire distribution 
spans from 200 to 1600 nm. For 50% of the average particle sizes were in the range of less than 200 nm, and according to the 
AFM results, 42% of the sample particle sizes were in the range of 900 nm or smaller.  
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(a) 

 
(b) 

Figure 6: EDX-spectra of (a) The synthesized NaY-zeolite form, (b) NH4-Y zeolite form, (c) KOH/HY-zeolite catalyst, 
                     and (d) The regenerated KOH/HY-zeolite catalyst 
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(c) 

 
(d) 

Figure 6: Continued 

3.6 Fourier-Transformed Infrared Spectroscopy (FT-IR) Analysis   
The infrared approach is used to evaluate the chemistry of the catalyst surface, including surface acidity. As illustrated in 

Figure 8, the functional groups and areas present in wave numbers between 500 and 4000 cm-1 are used to describe the 
Faujasite structure. The bands that are visible between 3472 and 3536 cm-1 pointed to the Al-OH-stretching band in the sodalite 
cage, which is made up of SiO4 molecules and Brønsted acid protons, commonly known as the low-frequency band. The 
bending vibration of water molecules within the zeolite structure causes the peak at around 1636.75 cm-1. At the same time, the 
band at about 627 cm-1 is attributed to internal tetrahedral symmetrical stretching. The bands in the range of 988 cm-1 suggest 
the existence of Si-O and are ascribed to external asymmetrical stretching. It is observed that the Al-band is in octahedral 
coordination, and Si-O-Al stretching is attributed to the absorption at around 451-468 cm-1. When comparing, in light of what 
is stated in the literature, it is clear that all active groups within the structure of the catalyst prepared in the laboratory are 
identical to the results of the research publications [50,51]. In fact, it is concluded that the FTIR-spectra of the synthesized HY 
zeolite matched the usual absorption peaks of the commercial HY zeolite. 
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(a) 2-Dimensional image 

 
(b) 3-Dimensional image 

Figure 7: AFM surface analysis of particle size distribution of the as-prepared Y-catalyst  

 
Figure 8: FTIR spectrum of the synthesized Y-zeolite 

4. Effect of Reaction Conditions on Biodiesel Produced 
4.1 Effect of Catalyst Particle Size        

Particle size affects catalytic properties, including activity, porosity, and surface area. Figure 9, a-c, shows that when the 
particle size decreases from 1000 to 75 μm, the WCO conversion increases. When using a Y-zeolite catalyst with the largest 
particle size of 1000 μm, WCO conversion is at a minimum value. A particle size of 75μm results in maximum product 
conversion. The surface reaction and/or the accessible surface area of the reactant are limited by the catalyst particles. There 
are unequivocally greater conversions to methyl esters when active sites are available, and the reaction rate is known to 
increase with decreasing catalyst particle size. Moreover, compared to the reaction on the external surface, the diffusion of the 
reactants into the internal surface of the Y-zeolite catalyst pores takes a relatively long time. As a result, the outer surface of 
the catalyst is the only place where the reactant is consumed, resulting in poor conversion when using large-sized catalyst 
particles [52].  The catalyst is expected to have a larger surface area with a particle size of 75 μm, which increases the reaction 
rate and improves conversion due to the reduction of the external mass transfer barrier of the reactants into the pores of the 
catalyst. As mentioned earlier, in the heterogeneous catalytic process, the reaction rate is inversely proportional to the particle 
size of the catalyst used [53].   
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(a) Conversion of WCO as a function of reaction time at 40, 50, and 60℃ using partical size of 1000 µm   

 
(b) Conversion of WCO as a function of reaction time at 40, 50, and 60 ℃ using partical size of 600 µm   

 
(c) Conversion of WCO as a function of reaction time at 40, 50, and 60℃ using partical size of 75 µm   

Figure 9: Conversion of WCO as a function of reaction time at 40, 50 and 60℃ using various unloaded 
                            Y-zeolite catalyst particle sizes 

4.2 Effect of Reaction Time and Reaction Temperature 
According to Figure 9, the type of catalyst particle sizes and reaction temperature at a constant molar ratio of MeOH/Oil 

determine how much biodiesel is converted over time, for example, with a MeOH : Oil molar ratio of 11.5, 600 rpm stirring 
speed, and reaction temperatures of 40, 50, and 60℃. The largest biodiesel conversion of 53.33% was achieved within 3 h at 
60℃ using a non-KOH-loaded Y-zeolite catalyst with a particle size of 75 μm. It is also observed that the biodiesel conversion 
increases with the reaction duration. 

On the other hand, Figure 10, a-c, shows the impact of reaction temperature on biodiesel production from WCO 
transesterification processes. The reaction temperature had a significant effect on biodiesel yield using an unloaded Y-zeolite 
catalyst with a particle size of 75 μm, where the greatest yield was achieved between 40 and 60℃ on its surface. The 
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maximum yield of products was achieved with a reaction time of 3 h at 60℃, in other words, the longer the reaction time and 
the higher the temperature, the greater the yield of reaction products. 

 
(a)  Biodiesel yield as a function of reaction time at 40, 50, and 60℃ using partical size of 1000 µm   

 
(b) Biodiesel yield as a function of reaction time at 40, 50, and 60℃ using partical size of 600 µm   

 
(c) Biodiesel yield as a function of reaction time at 40, 50, and 60℃ using partical size of 75 µm   

Figure 10: Biodiesel yield as a function of reaction time over different particle sizes of unloaded 
                                    Y-zeolite catalysts at temperatures of 40, 50 and 60℃ 

4.3 Effect of KOH Loaded on The Catalyst Surface 
The process of loading 10 wt% KOH onto a zeolite catalyst leads to the synthesis of KOH/HY zeolite catalysts, which are 

then used to catalyze the trans-esterification reaction using 75 µm particle size of the catalyst during 3 h, 0.5 v/v MeOH : Oil 
ratio (i.e. 11.5 M ratio) and 5.76 wt% Catalyst Weight : WCO ratio at 60℃. The results demonstrate that the produced 
biodiesel conversion increased with the reaction time, and it peaked at 2 h with the maximum conversion and the highest yield 
reaching 84.44 and 80%, respectively, as shown in Figure 11-a. It has been proven that extending the reaction time to 3 h leads 
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to a decrease in conversion and low yield, reaching 80 and 77.78%, respectively. Comparing these results with the previously 
reported results for the unloaded HY zeolite catalyst, it appears that the KOH/HY-fresh zeolite catalyst was affected by an 
increase in reaction time, which causes a decrease in its activity during the reaction, and thus a decrease in yield and 
conversion too. In addition, this behavior could be due to the prolongation of the reaction time, which leads to the hydrolysis of 
esters and more fatty acids to turn into soaps [54], and the decrease in the activity and basicity of the loaded catalyst during the 
process mechanism, which somewhat encouraged the esterification reactions of the free fatty acids with glycerol and 
consequently reducing the amount of biodiesel produced [55]. From the comparison, at the same reaction time for the 
homogenous catalyst KOH the biodiesel yield increases after 2 h because the soap formation is lower than the heterogenous 
catalyst those found in previous studies [56,57]. Furthermore, to evaluate whether the reactivated catalyst can be reused in the 
post-reaction by examining whether the deactivated Y-zeolite catalyst can be recycled under the same reaction conditions. 
Filtration and regeneration were used to separate the spent catalyst from the reaction products at the end of the reaction. 

Thus, another identical process lasting 3 h at 60℃ was applied using the same 75 μm particle size of 10 wt% KOH/HY-
reactivated zeolite catalysts. Within a couple of hours, the diesel fuel production reached its maximum. It reduced again after 
another hour of reaction time, as it was seen that the yield decreased from 80 to 72%, and conversion also diminished from 
84.44 to 77%, as shown in Figure 11-b. The feasibility of reusing the catalyst after its activation in the trans-esterification 
processes of the WCO to produce biodiesel several times has great economic benefits on the overall process in terms of 
reducing the cost of using new expensive catalysts.  It can be concluded that the activity of the loaded KOH represents the 
basicity of the catalyst, and corresponds in the opposite direction to the acidity of the catalyst, which is represented by the 
Lewis and Brønsted acid sites within the zeolite structure. These acidic and basic sites create the optimal balance for the 
reaction to occur. Increasing the reaction time negatively affects the activity of these sites, which sometimes leads to an 
increase in the production of glycerol at the expense of a decrease in the production of biodiesel, according to the following 
Equation 5: 

 𝐶𝐶𝐻𝐻2 − 𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑅𝑅1                                    𝑅𝑅1 − 𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑅𝑅′     𝐶𝐶𝐻𝐻2 − 𝑂𝑂𝑂𝑂   

   𝐶𝐶𝐶𝐶 − 𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑅𝑅2 + 3 𝑅𝑅′𝑂𝑂𝑂𝑂 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
������ 𝑅𝑅2 − 𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑅𝑅′ + 𝐶𝐶𝐶𝐶 − 𝑂𝑂𝑂𝑂  

 𝐶𝐶𝐻𝐻2 − 𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑅𝑅3                                      𝑅𝑅3 − 𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑅𝑅′     𝐶𝐶𝐻𝐻2 − 𝑂𝑂𝑂𝑂 (5) 

 
 

 
(a)  10 wt% KOH/HY-fresh zeolite catalyst 

 
(b) 10 wt% KOH/HY-reactivated zeolite catalyst  

Figure 11: Catalytic behavior over 75 μm particle size of (a) 10 wt% KOH/HY-fresh zeolite catalyst and (b) 10 wt%  
                      KOH/HY-reactivated zeolite catalyst in biodiesel production reactions for 3 h at 60℃ 

5. Testing Components and Properties of Waste Cooking Oil and Biodiesel 

5.1 GC-MS Chromatogram Analysis 
Free fatty acids (FFAs) were quantified in the sample, and the acid value (AV) of the feedstock from the remaining frying 

oil was 0.8 mg KOH per gram of oil. The basic catalyzed transesterification application criteria for the acid values of the 
feedstock are often met by the acid values of the feedstock present in this test. According to the published literature, the 
appropriate acid value is usually less than 1.0 mg KOH per gram of oil [58].  

GC-MS chromatogram analysis of a biodiesel sample produced during the methyl esterification process by heating waste 
cooking oil components at temperatures of 40, 50, and 60℃ for 3 h over the best HY catalyst particle size of 75 μm was used. 
The total fatty acid methyl ester concentration at the three temperatures mentioned above was determined to be 27.933, 37.158, 
and 39.303%, respectively. Tables 3 to 5 show the results of calculations for various FAME concentrations. 

TGA  Alcohol 

 

Alkyl-ester  Biodiesel Glycerol 
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In addition, the accuracy of laboratory result calculations is determined by comparing the calculated laboratory yield 
results (i.e., the productivity) with those obtained from GC-MS for 3 h biodiesel production using the best HY catalyst (i.e., 75 
μm particle size) prior to loading with 10% KOH under different temperatures (i.e., 40, 50 and 60℃). Table 6 displays the 
yield results obtained from the comparison, and it is clearly noted that they give good agreement, and this logically indicates 
the accuracy of the laboratory results calculations. 

5.2 Physical and Chemical Characteristics of Biodiesel 
The properties of the produced biodiesel have been measured, including kinematic viscosity, flashpoint, specific gravity, 

calorific value, and acid number, which are important criteria for determining the fuel efficiency produced from waste cooking 
oil. In fact, these measurements were made to determine the quality and the physical characteristics of the locally produced 
biodiesel fuel and to compare it with the standard properties of the produced diesel fuel globally. Table 7 gives an illustration 
of these characteristics, and the results show the great convergence between the characteristics of laboratory-produced fuels 
with those of globally-produced fuels. 

Table 3: Calculations of various FAME concentrations at 40℃ 

 No. R.T. (min.) Area Compounds FAME M.Wt. 
1 7.306 0.54% C9H18O2 C9:0 158.2  
2 17.244 1.09% C15H30O2 C15:0 242.4 
3 18.84 0.80% C16H30O2 C16:1 254.5 
4 20.034, 

23.192, 
24.938, 

3.99%, 
2.36%, 
0.72% 

C19H36O2 C19:1 296.5 

5 20.416 11.943% C17H34O2 C17:0 270.5 
6 21.361 0.72% C17H32O2 C17:1 268.5 
7 21.698 0.24% C18H34O2 C18:1 282.5 
8 23.371, 23.741 0.63%, 

0.66% 
C19H34O2 C19:2 294.5 

9 23.542 0.55% C21H36O2 C21:3 320.5  
10 24.517 0.62% C21H32O2 C21:5 316.5 
11 24.701 0.54% C16H26O3 C16:3 266.4 
12 25.206 0.47% C21H42O2 C21:0 326.6 
13 25.696 0.50% C54H110 - 759.5 
14 26.468 0.61% C25H42O2 

 
C25:4 374.6 

15 26.617 0.16% C22H34O2 C22:5 330.6 
16 27.266, 0.79% C23H46O2 C23:0 354.6  
17 29.21 0.27% C25H50O2 C25:0 382.7 
  27.933    

Table 4: Calculations of various FAME concentrations at 50℃ 

No. R.T. (min.) % (Area) Compounds FAME M.Wt. 
1 7.287 0.28% C9H18O2 C9:0 158.2  
2 17.2, 

21.063,  
21.272 

1.65%, 
0.26%, 
0.85% 

C15H30O2 C15:0 242.4 

3 18.354 0.18% C19H32O2 C19:3 292.5 
4 18.503,  

19.959, 
 24.878 

0.12%, 
3.49%, 
0.88% 

C19H36O2 C19:1 296.5 

5 18.768 0.84% C16H30O2 C16:1 254.5 
6 19.717 0.69% C17H28O2 C17:3 264.4 
7 20.338 9.26% C17H34O2 C17:0 270.5 
8 21.6 0.39% C18H36O2 C18:0 284.5 
9 22.623,  

22.961, 
23.641 

11.108%, 
2.38%, 
0.20% 

C19H34O2 C19:2 294.5 

10 23.077 2.15% C19H38O2 C19:0 298.5 
11 23.412 0.15% C20H32O2 C20:4 304.5 
12 23.784 0.12% C20H38O2 C20:1 310.5 
13 24.447 0.78% C21H32O2 C21:5 316.5 
14 24.649 0.14% C18H34O3 C18:1 298.5 
15 25.162  0.47% C21H42O2 C21:0 326.5  
16 26.434 0.10% C23H34O2 C23:6 342.5  
17 27.241 0.55% C22H44O2 C22:0 340.6 
18 29.195 0.12% C25H50O2 C25:0 382.7 
  37.158    
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Table 5: Calculations of various FAME concentrations at 60℃ 

No. R.T. (min.) % (Area) Compounds FAME M.Wt. 
1 7.292 0.15% C9H18O2 C9:0 158.2 
2 13.978 0.50% C13H26O2 C13:0 214.3 
3 17.189 0.55% C15H30O2 15:0 242.4 
4 18.351 0.11% C8H10O2 C8:3 138.2 
5 18.499, 23.753, 

24.862 
0.12%, 
0.08%, 
0.35% 

C19H36O2 C19:1 296.5 

6 18.759 0.67% C16H30O2 C16:1 254.5 
7 19.702 0.15% C19H32O2 C19:3 292.5 
8 19.941 1.37% C17H32O2 C17:1 268.4 
9 20.305 9.16% C17H34O2 C17:0 270 
10 21.078 0.13% C18H36O2 C18:0 284.5 
11 21.243 0.49%    
12 21.578 0.13% C17H34O2 C17:0 270 
13 22.674 20.943% C18H32O2 C18:2 280.4 
14 22.978 2.45% C19H38O2 C19:0 298.5 
15 23.158, 23.606 0.26%, 

0.16% 
C18H32O2 C18:2 280.4 

16 23.358 0.15% C20H32O2 C20:4 304.5 
17 24.42, 26.576 0.47%, 

0.15% 
C21H32O2 C21:4 216.5 

18 25.144 0.27% C21H42O2 C21:0 326.5 
19 26.428 0.18% C23H34O2 C23:6 342.5 
20 27.229 0.31% C22H44O2 C22:0 340.6 
  39.303    

Table 6: Comparison results for biodiesel yield 

Temperature (℃) 40 50 60 
Laboratory results 26.67 35.56 37.78 
Yield (%) 
GC-MS results 27.933 37.158 39.303 
Yield (%) 

Table 7: Characteristics of the biodiesel produced 

Properties Units Test method Min. 
limit 

Max. 
limit 

The value of biodiesel 
produced in the current 
study 

Kinematic viscosity at 40℃ mm^2/sec. STM  D-6751 [59] 1.9 6 7.543, ASTM D-7042 
Kinematic viscosity at 100℃ mm^2/sec. _ _ _ 2.6441, ASTM D-7042 
Specific gravity at 15℃ _ EN-BD: EN 14214 [60] 0.86 0.9 0.9009, ASTM D-7042 
Flash point ℃ STM  D-6751 [59] 55 130 165, ASTM D-6450 
Calorific value MJ/kg EN14213 [61] _ 35 38.122, ASTM D-240 
Acid value (AV) mg KOH/ g oil STM  D-6751 [59] 0.5 0.8 0.5 

6. Conclusion   
The study concluded that the utilization of laboratory-prepared HY-zeolite catalyst loaded with 10% KOH using the 

impregnation method enhances its activity in catalyzing reactions, particularly in the transesterification of waste cooking oil. 
This resulted in a conversion rate of 84.44% and a yield of 80%. The primary focus of this research was to analyze the impact 
of catalyst particle size on the reaction pathways. The findings indicated that smaller catalyst particle sizes, such as 75 μm, 
accelerated the reaction rate, thereby increasing overall productivity. The study also optimized the reaction conditions, 
including temperature and time, and revealed that higher reaction temperatures and/or longer reaction times positively affected 
the yields of reaction products using the non-KOH-loaded catalyst. Although the activity of the catalyst was improved by 
loading it with 10% KOH, long reaction times of more than two hours subsequently caused a decrease in catalytic efficiency. 
Optimal conditions for the highest biodiesel production were determined as a 0.5 v/v MeOH/Oil ratio (equivalent to an 11.5 M 
ratio) and a 5.76% Catalyst Weight : WCO ratio at 60℃ with an agitation speed of 800 rpm. A comparison between the 
laboratory-calculated compounds and biodiesel yield and the results obtained from GC-MS tests demonstrated reasonable 
agreement. Furthermore, an examination of the physical properties of biodiesel produced from spent cooking oils was carried 
out, and a comparison was made against the properties of standard-fuel production procedures. The results of this comparison 
confirmed the satisfactory quality of the produced biodiesel fuel, which can be effectively employed as an alternative fuel 
source. Importantly, the study deduced that the use of a base-loaded heterogeneous catalyst, particularly KOH at a 
concentration not exceeding 10%, eliminates the requirement for high-cost, high-percentage homogeneous catalysts that are 
challenging to separate and reuse. In practice, the heterogeneous solid catalyst was successfully extracted from the reaction 
products, reactivated, and reutilized in post-reactions to achieve biodiesel production with acceptable conversion and yield. 
This contributes to a reduction in the overall economic cost of the process, as demonstrated by this study. 
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