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This study investigated the catalytic conversion of WCO using bentonite as a low-
cost silica-alumina catalyst to produce a hydrocarbon-rich liquid containing green-
diesel-range components. WCO was pretreated at 105 °C, while bentonite was
dried at the same temperature and characterized by SEM-EDX, BET surface-area
analysis, and TGA. Catalytic cracking was conducted at 350 °C using bentonite
loadings of 1, 3, and 5 wt%. The liquid products were evaluated by GC-MS, FT-
IR, cetane-related fuel-property analysis, and physicochemical tests. Increasing
catalyst loading improved WCO conversion and liquid-product yield. At 5 wt%
bentonite, the conversion and liquid-product yield reached 99.236 and 75.768 wt%,
respectively, while coke formation decreased to 0.763 wt%. GC-MS showed that
this product was dominated by the kerosene-range fraction (65.79%) and contained
18.25% diesel-oil-range compounds. FT-IR indicated substantial deoxygenation
through decreased carbonyl intensity and disappearance of the carboxylic-acid O-
H region. The product showed a cetane-related value of 48.2, viscosity of 4.93
mm?/s, density of 862 kg/m?, flash point of 39 °C, corrosion class 1a, and carbon
residue of 0.100069% m/m. Among the investigated catalyst loadings, 5 wt%
bentonite gave the best overall catalytic performance; however, the low flash point
and broad product distribution indicate that further upgrading and optimization are
required before the product can be considered a drop-in diesel fuel.

Keyword: Bentonite, Catalytic Cracking, Deoxygenation, Hydrocarbon-Rich
Biofuel, Waste Cooking Oil
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Penelitian ini mengkaji konversi katalitik minyak jelantah menggunakan bentonit
sebagai katalis silika-alumina berbiaya rendah untuk menghasilkan produk cair
kaya hidrokarbon yang mengandung komponen pada rentang green diesel. Minyak
jelantah dipreparasi pada 105 °C, sedangkan bentonit dikeringkan pada suhu yang
sama dan dikarakterisasi menggunakan SEM-EDX, analisis luas permukaan BET,
dan TGA. Perengkahan katalitik dilakukan pada 350 °C dengan variasi bentonit 1,
3, dan 5 wt%. Produk cair dianalisis menggunakan GC-MS, FT-IR, analisis sifat
bahan bakar terkait cetane, serta uji sifat fisika dan kimia. Pada 5 wt% bentonit
diperoleh konversi 99,236 wt% dan rendemen produk cair 75,768 wt%, sedangkan
pembentukan kokas menurun menjadi 0,763 wt%. Analisis GC-MS menunjukkan
bahwa produk ini didominasi fraksi rentang kerosin sebesar 65,79% dan
mengandung fraksi rentang diesel oil sebesar 18,25%. Hasil FT-IR menunjukkan
deoksigenasi melalui penurunan intensitas karbonil dan hilangnya daerah O-H
asam karboksilat. Produk memiliki nilai terkait cetane 48,2, viskositas 4,93 mm?/s,
densitas 862 kg/m?, titik nyala 39 °C, kelas korosi la, dan residu karbon
0,100069% m/m. Di antara variasi katalis yang diuji, 5 wt% bentonit memberikan
kinerja terbaik; namun titik nyala yang rendah dan distribusi produk yang luas
menunjukkan bahwa upgrading dan optimasi lebih lanjut masih diperlukan
sebelum produk dapat dipertimbangkan sebagai bahan bakar diesel drop-in.

Kata Kunci: Bentonit, Bahan Bakar Kaya Hidrokarbon, Deoksigenasi, Minyak
Jelantah, Perengkahan Katalitik
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1. Introduction

Indonesia's population grew by 1.13% in 2023, and population growth is accompanied by increasing energy
demand. The 2022 Indonesia Energy Outlook reported that national energy consumption in 2021 increased by
about 1.6% from 2020 to 123 million tonnes of oil equivalent, with transportation accounting for the largest
share, followed by industry, households, and other sectors. Globally, approximately 86% of energy is still
supplied by fossil fuels [1]. Because fossil fuels are non-renewable and renewable-energy generation can
remain comparatively costly, sustainable and affordable alternative energy sources are required.

Waste cooking oil (WCO) is one such feedstock. It is generated by food-processing industries, households,
restaurants, and other activities [2,3], with global generation from food industries and restaurants reported at
approximately 41-52 Mt per year [4]. Nearly 60% of WCO may be improperly discarded, creating
environmental and economic losses [5]. Treatment of improperly disposed WCO has also been associated with
substantial energy and economic costs [6]. From a circular-economy perspective, WCO can therefore be
viewed as a sustainable feedstock for value-added products [7]. Although collected WCO is widely used for
biodiesel production, biodiesel still contains oxygenated compounds that can lower heating value, reduce
storage stability, worsen cold-flow properties, and create engine-compatibility problems [8]. Biodiesel use
may also increase NOx emissions [9]. These limitations motivate alternative routes that remove oxygen and
produce hydrocarbon-rich green diesel.

Green diesel is obtained through catalytic conversion involving hydrodeoxygenation, decarboxylation, and
decarbonylation, producing a fuel composed primarily of carbon and hydrogen [10,11]. It generally offers a
relatively high cetane number, low sulfur content, and good oxidation stability [8]. Green-diesel pathways
have also been reported to reduce fossil-fuel consumption and greenhouse-gas emissions [12]. However,
hydrodeoxygenation can be expensive because it requires hydrogen. Decarboxylation and decarbonylation
offer more economical alternatives and can operate at lower pressures and temperatures of approximately 350-
500 °C, producing lighter hydrocarbons while oxygen is removed as CO2, CO, or H20 [13,14].

Catalyst development is essential because catalytic cracking can improve hydrocarbon yields and fuel
quality while reducing coke formation and emissions [15]. Silica-alumina materials are particularly promising.
Previous studies have demonstrated WCO or vegetable-oil cracking over nano-ZSM-5 and natural zeolite
catalysts [16,17], showing that aluminosilicate acidity and pore structure can promote deoxygenation and
carbon-chain cracking. Bentonite is a naturally abundant clay mineral with adsorption capacity, swelling
behavior, and interlayer spaces that can provide accessible acid sites, yet its direct use as a low-cost cracking
catalyst for WCO remains less studied than zeolitic systems [18]. The specific contribution of this work is
therefore not the first use of a clay catalyst, but a systematic evaluation of untreated bentonite at low catalyst
loadings (1, 3, and 5 wt%) under the same 350 °C cracking condition, relating catalyst loading to WCO
conversion, liquid-product yield, coke formation, and hydrocarbon-fraction distribution. This approach was
used to assess whether minimally processed bentonite could serve as a simple, low-cost catalyst for producing
a hydrocarbon-rich biofuel from WCO.

2. Methods
2.1 Materials

The materials used were oxalic acid (Merck), distilled water, bentonite, ice, KOH (Merck), waste cooking
oil, phenolphthalein, and silicone grease.

2.2 Experimental Method
2.2.1 Preparation of Waste Cooking Oil

A 100 mL portion of waste cooking oil was placed in a beaker and heated at 105 °C for 1 h. The sample
was then stored in a desiccator until it reached room temperature. Before GC-MS analysis, the WCO sample
underwent derivatization/sample preparation to obtain methyl-ester derivatives prior to chromatographic
injection; therefore, the methyl palmitate, methyl oleate, and related methyl-ester peaks reported below refer
to the derivatized analytical sample rather than to unmodified WCO. The treated oil was also characterized by
FT-IR, and its acid value was determined according to SNI 01-3741-2013.

2.2.2 Preparation of the Bentonite Catalyst
Ten grams of bentonite were placed in a porcelain dish and heated at 105 °C for 1 h. The catalyst was
cooled to room temperature in a desiccator and characterized by SEM-EDX, BET surface-area analysis, and
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TGA. In this work, the bentonite was used in its natural form without further treatment to evaluate its potential
as a low-cost catalyst with minimal pretreatment. The drying treatment was intended primarily to remove
physically adsorbed moisture prior to characterization and catalytic testing.

2.2.3 Catalytic Cracking of Waste Cooking Oil

A 100 mL portion of waste cooking oil was mixed with bentonite at catalyst loadings of 1, 3, and 5 wt%
using a magnetic stirrer. The mixture was transferred to a three-neck flask connected to a distillation setup and
heated to 350 °C. The condensed distillate was collected and analyzed by GC-MS, FT-IR, calculated cetane
number, and physical and chemical property tests.

3. Results and Discussion
3.1 Catalytic Cracking Using Bentonite

A hydrocarbon-rich liquid product was obtained by catalytic cracking of waste cooking oil at 350 °C with
bentonite loadings of 1, 3, and 5 wt%. Cracking was indicated by vapor formation followed by condensation
into a greenish-brown distillate. The average WCO conversions were 96.494, 97.644, and 99.236 wt%,
respectively. The corresponding liquid-product yields were 46.630, 70.625, and 75.768 wt%, while coke yields
were 3.505, 2.355, and 0.763 wt%. Thus, 5 wt% bentonite gave the best performance among the loadings
investigated. The reaction scheme in Figure 1 is presented as a literature-based conceptual pathway rather than
as direct mechanistic evidence from the present experiment [19,20]. Triglyceride hydrolysis, decarbonylation,
and decarboxylation can generate hydrocarbons while removing oxygen as CO, CO-, and H20. Some literature
mechanisms also include hydrogenation or hydrocracking steps involving activated hydrogen [21]. However,
no external H> was supplied in this study; therefore, hydrogen-dependent pathways were not experimentally
demonstrated here and should only be regarded as possible secondary routes under conditions where hydrogen-
donor species may be available.

Figure 1. Proposed catalytic cracking/deoxygenation mechanism on bentonite

3.2 Reaction Pathway of Catalytic Cracking

Catalyst acidity, surface area, and pore volume are major factors that influence catalytic activity [22]. In
vegetable-oil conversion, however, pore structure and the presence of suitable acid and base sites can be more
important than surface area alone. Catalyst composition also affects the amount and distribution of
hydrocarbon fractions [23]. Brensted acid sites promote cracking and aromatization, whereas Lewis acid sites
are associated with deoxygenation [24]. Lewis and Brensted sites can activate hydrocarbon intermediates
through carbocation chemistry [25], while metal-oxide acid-base sites can facilitate decarbonylation and
decarboxylation [14]. The mechanisms illustrated in Figure 2 are therefore used to rationalize the observed
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product distribution on the basis of previous studies; they were not directly verified by in situ mechanistic
measurements in the present work.
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Figure 2. (a) Literature-based reaction pathway for catalytic cracking of waste cooking oil; (b) proposed decarboxylation and decarbonylation
pathways on metal oxides [14].

Although the current results remain useful for interpreting the catalytic performance of bentonite, it should
be noted that direct acidity characterization, such as NH3-TPD or pyridine-FTIR analysis, could provide more
comprehensive information on the acidity and the distribution of Brensted and Lewis acid sites. Acid sites
facilitate C—C and C-O bond cleavage, whereas basic sites can promote deoxygenation and suppress coke
formation [26]. The synergistic combination of acid and base sites may therefore improve both cracking and
deoxygenation. Catalytic cracking is commonly described by carbonium-ion/carbocation chain concepts
involving initiation, propagation, and termination. In the present study, this framework is used only as a
literature-based interpretation of the product chemistry and does not constitute direct identification of
individual surface intermediates.

3.3 Bentonite Catalyst Characterization
3.3.1 SEM-EDX Analysis

SEM analysis (Figure 3) was used to evaluate the surface morphology and particle-shape distribution of
the bentonite [27]. The SEM images showed irregular smectite layers with plate-like and honeycomb-like
features that accumulated as agglomerates [28,29].
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Figure 3. SEM Images of the Bentonite Catalyst

EDX characterization as can be seen in Figure 4 showed that the catalyst consisted mainly of Si (40.73
wt%), O (35.65 wt%), and Al (10.88 wt%), together with smaller amounts of Na, Mg, K, Ca, and Fe (Table
1). Moreover, it shoud be noted that the definitive identification of the mineralogical phases in natural bentonite
would require complementary characterization such as X-ray diffraction (XRD).

Table 1. EDX composition of the bentonite catalyst.

Element At (%) Wt (%)
0 50.65 35.65
Na 1.26 1.27
Mg 0.99 1.06
Al 9.17 10.88
Si 32.96 40.73
K 0.85 1.47
Ca 1.68 2.96
Fe 243 5.98
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Figure 4. Elemental mapping of the bentonite catalyst.

3.3.2 BET Surface-Area Analysis

BET analysis was performed to determine the specific surface area and pore-size distribution of the
bentonite. The BJH method was used to evaluate the mesopore distribution in the 2-50 nm range [30]. The
adsorption-desorption isotherm was classified as type IV with an H4 hysteresis loop (Figure 5 and Table 2),
indicating mesoporosity [31,32]. The pore-size distribution was approximately unimodal, and the measured
surface area, total pore volume, and average pore size were 36.254 m?*/g, 0.0670249 cm?*/g, and 3.69751 nm,

respectively

Table 2. Textural properties of the bentonite catalyst.

Total pore volume
(cm?/g)

Bentonite catalyst 36.254 0.0670249 3.69751

Sample Surface area (m%g) Average pore size (nm)
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Figure 5. (a) BET adsorption-desorption isotherm and (b) BJH pore-size distribution of bentonite.

3.3.3 TGA Analysis

TGA analysis that can be seen in Figure 6 was used to evaluate the thermal stability of bentonite.
Measurements were performed using a NEXTA STA-200RV under nitrogen at a flow rate of 100 mL/min.
Coke formation and thermal mass loss are important because deposited coke can cover active sites and reduce
catalytic activity [24]. Acid strength may also influence coke production, and mesopores can affect molecular
diffusion to acid sites [35].
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Figure 6. TGA profile of the bentonite catalyst.

The bentonite showed multistage decomposition. Between approximately 78 and 200 °C, a 10.2536% mass
loss was attributed mainly to dehydration [34]. From 200 to 600 °C, a further 3.4522% loss was associated
with removal of residual lattice water, dehydroxylation, and structural changes in the silica-alumina layers
[35,36]. Above 600 °C, an additional 1.2237% loss indicated progressive chemical decomposition;
temperatures above about 700 °C were considered damaging to the bentonite structure [37].

3.4 Characterization of Waste Cooking Oil
3.4.1 GC-MS Analysis

The composition of WCO (Figure 7) was analyzed using a Shimadzu GCMS-QP2010S with an Rtx-5MS
column (30 m x 0.25 mm, 0.25 pm film thickness). Helium was used as the carrier gas at 0.50 mL/min and
13.7 kPa; the column-oven and injector temperatures were 70 and 300 °C, respectively. The chromatogram
indicated fatty-acid-related components including oleic, palmitic, stearic, myristic, and lauric derivatives.
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Figure 7. GC-MS chromatogram of the derivatized waste cooking oil sample.

Table 3. GC-MS components of the derivatized waste cooking oil sample.

Retention time (s) Compound Molecular formula Selectivity (%)
20.592 Methyl dodecanoate Ci3H260: 0.22
25.180 Methyl tetradecanoate Ci5H300; 0.60
29.238 Methyl palmitate C17H340; 37.52
32 410 9,1 2-Hex:;1ifz1cadlen01c C1HasOs 11.92
32.548 Methyl oleate C19H360, 44.52
32.673 Methyl oleate Ci9H3607 1.90
33.051 Methyl stearate C19H330> 3.33

The total saturated-fatty-acid-related fraction determined by GC-MS was 41.67%. Compared with the limits cited from SNI 3741:2013 for edible
cooking oil, this composition was considered outside the specification and supported classification of the sample as waste cooking oil.

3.4.2 FT-IR Analysis

FT-IR (Figure 8) characterization was performed using a Shimadzu IRPrestige-21 with an attenuated total
reflectance accessory. The WCO spectrum (Table 4) showed an ester C=O stretching band at 1743.65 cm—1,
together with C=0 overtone and C-O-C stretching bands at 3469.94 and 1238.30-1116.78 cm—1. A band at
3005.09 cm—1 was assigned to =C-H sp? stretching, while bands at 2922.16 and 2852.72 cm—1 were assigned
to asymmetric and symmetric sp* C-H stretching of CH2. Additional bands at 1463.97 and 1375.25 cm—1 were
assigned to CH; and CH3 bending, and the band at 723.31 cm—1 indicated long-chain -(CHz)n- groups.

Table 4. FT-IR bands of waste cooking oil.

Wavenumber (cm™) Assignment
3469.94 C=0 overtone
3005.09 =C-H sp? stretching
2922.16 Asymmetric sp* C-H stretching of CH»
2852.72 Symmetric sp* C-H stretching of CH»
1743.65 Ester C=0 stretching
1658.78 C=C stretching (trans)
1463.97 sp* C-H bending of CH,
1375.25 sp* C-H bending of CH3
1238.30-1116.78 C-O-C stretching
966.34-873.75 =C-H sp? out-of-plane bending
723.31 -(CH2)n-, n>4 rocking
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Figure 8. FT-IR spectrum of waste cooking oil.

3.4.3 Total Acid Value

The acid value (Table 5) was determined by alkalimetric titration according to SNI 3741:2013. KOH
volumes of 3.50, 3.75, and 4.00 mL were required in three replicates, giving an average acid value of 2.096
mg KOH/g. This value was higher than the 0.6 mg KOH/g limit cited for cooking oil, further supporting
classification of the sample as waste cooking oil.

Table 5. Acid-value titration data for waste cooking oil.

Replicate KOH volume (mL) KOH normality (N) Oil mass (g)
1 3.50 0.100 10.079
2 3.75 0.100 10.006
3 4.00 0.100 10.017
Average 3.75 0.100 10.034

3.5 Characterization of the Hydrocarbon-Rich Liquid Product
3.5.1 GC-MS Analysis

The hydrocarbon-rich liquid products were analyzed using a Shimadzu GCMS-QP2010S with an Rxi-1ms
column (30 m x 0.25 mm, 0.25 pm film thickness). Helium was used at 3 mL/min and 100 kPa, with column-
oven and injector temperatures of 60 and 200 °C, respectively. Without catalyst, the oxygenated-hydrocarbon
fraction dominated at 58.68%. With bentonite loadings of 1, 3, and 5 wt%, the kerosene-range fraction
increased to 51.54, 58.84, and 65.79%, respectively (Figure 9 and Table 6). At 5 wt% bentonite, the diesel-oil-
range fraction was 18.25%. Accordingly, the condensate is more accurately described as a hydrocarbon-rich
biofuel or green-diesel-containing liquid product rather than a compositionally pure green diesel.
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Figure 9. GC-MS product-fraction distribution of the hydrocarbon-rich liquid at different bentonite loadings.

Table 6. GC-MS product fractions of the hydrocarbon-rich liquid.

Fraction No catalyst 1 wt% 3 wt% 5 wt%
Gasoline 10.28 0 3.11 6.45
Kerosene 26.68 51.54 58.84 65.79
Diesel oil 4.36 26.65 20.29 18.25
Oxygenated 58.68 15.38 17.22 8.61
hydrocarbons
Paraffin 0 3.17 0.54 0.90
Vaseline 0 3.26 0 0

3.5.2 FT-IR Analysis

FT-IR analysis (Figure 10) of the hydrocarbon-rich liquid products showed a decrease in the C=O0 stretching
intensity in the 1700-1750 cm™ region, a characteristic C—(C=0)—C vibration in the 1300-1000 cm™ region,
and disappearance of the broad carboxylic-acid O—H stretching region at 3400-2400 cm™ (Table 7). These
changes indicate substantial deoxygenation and cleavage of carboxylic-acid functionalities during catalytic

cracking.

T T T | %
4000 1500 3000 2500 2000 1500 1000 S00

Transmittance (%)

Wavenumber (cm'')

Figure 10. FT-IR spectra of the hydrocarbon-rich liquid products obtained using 1, 3, and 5 wt% bentonite.
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Table 7. FT-IR bands of the hydrocarbon-rich liquid product.

Wavenumber (cm™) Assignment
3427.51 C=0 overtone
3076.46 =C-H sp? stretching
2954.95 sp* C-H stretching
2924.09 Asymmetric sp® C-H stretching of CH2
2852.72 Symmetric sp* C-H stretching of CH2
1718.58 Ketone C=0 stretching with a,3-C=C
1641.42 C=C stretching (trans)
1462.04 sp® C-H bending of CH2
1375.25-1301.95 sp* C-H bending of CH3
1163.08 C-(C=0)-C bending
993.34-908.47 =C-H sp? out-of-plane bending
721.38 -(CH2)n-, n>4 rocking

3.5.3 Physical and Chemical Properties of the 5 wt% Bentonite Product

Physical and chemical properties (Table 8) were evaluated to assess the fuel-like characteristics of the
product [38]. The product obtained with 5 wt% bentonite had a calculated cetane index of 48.2 (ASTM D4737)
[39], viscosity of 4.93 mm?/s (ASTM D445), density of 862 kg/m* (ASTM D4052) [40], carbon residue of
0.100069% m/m (ASTM D189), copper-strip corrosion class 1a (slight tarnish) (ASTM D130), and flash point
of 39 °C (ASTM D93). The measured flash point of 39 °C is an important limitation. For comparison, ASTM
D975 specifies a minimum flash point of 52 °C for No. 2-D diesel fuel using ASTM D93 [41]. Therefore, the
obtained product does not satisfy this diesel flash-point criterion and should be considered a hydrocarbon-rich
biofuel intermediate that requires further fractionation or upgrading before practical use as a diesel-like fuel.

Table 8. Physical and chemical properties of the hydrocarbon-rich liquid product obtained with 5 wt%

bentonite.

Characteristic Unit Method Result
Calculated cetane ) ASTM D4737 482
index
Viscosity mm?/s ASTM D445 4.93
Density kg/m? ASTM D4052 862
Carbon residue % m/m ASTM D189 0.100069
Corrosion - ASTM D130 1a (slight tarnish)
Flash point °C ASTM D93 39

4. Conclusion

Bentonite showed an agglomerated smectite-layer morphology and was composed mainly of Si (40.73 wt%),
O (35.65 wt%), and Al (10.88 wt%). Increasing the bentonite loading from 1 to 5 wt% increased WCO
conversion from 96.494 to 99.236 wt% and liquid-product yield from 46.630 to 75.768 wt%, while coke yield
decreased from 3.505 to 0.763 wt%. At 5 wt% bentonite, GC-MS showed a kerosene-range fraction of 65.79%,
a diesel-oil-range fraction of 18.25%, oxygenated hydrocarbons of 8.61%, gasoline of 6.45%, and paraffin of
0.90%. FT-IR results supported substantial deoxygenation. Among the catalyst loadings investigated, 5 wt%
bentonite gave the best overall performance; this result should not be interpreted as a globally optimized
condition because catalyst loadings above 5 wt%, other temperatures, residence times, and catalyst
modifications were not evaluated. Moreover, the 39 °C flash point and the dominance of the kerosene-range
fraction show that the condensate is better described as a hydrocarbon-rich, green-diesel-containing biofuel
intermediate rather than a finished drop-in diesel fuel. Further optimization, fractionation, upgrading, and
standardized fuel testing are therefore required.
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