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Abstract

Sulfated zirconia-modified NiW/SZ-MCM-41 and alumina-modified NiW/AL,O5-MCM-41 catalysts were prepared and
characterized using the wet co-impregnation method. NiW/SZ-MCM-41 had better acidity. The focus was on NiW/SZ-MCM-
41, and its performance in the deoxygenation of oleic acid was studied under various operational parameters. Kinetic studies
at 375-450°C were done, and the Lingo program was used to correlate oleic acid hydrocracking rates with organic liquid
product formation. The results matched the experimental data well. Under optimal conditions, both catalysts produced kinds
of paraffin (C5-C17) as primary products. Particularly, the content of light paraffin (<C15) was notably high, comprising
86.25% with the sulfided NiW/SZ-MCM-41 catalyst and 81.30% with the NiW/Al,0;-MCM-41 catalyst. Furthermore, the
sulfided NiW/SZ-MCM-41 catalyst exhibited superior physical properties in the hydrocracked product compared to the
sulfided NiW/Al,0;-MCM-41 catalyst. These findings suggest that NiW/SZ-MCM-41 holds promise as a catalyst for

converting waste cooking oil into eco-friendly fuel.
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1. Introduction

At present, the global community is confronted with
two pressing challenges: escalating environmental
degradation and the depletion of fossil fuel reserves.
Transportation is essential for any country's social
and economic development. The need to find
alternative fuels for the transportation sector is of
utmost urgency due to its significant contribution to
greenhouse gas emissions and the accelerating global
oil demand[1, 2]. Biodiesel, also known as fatty acid
methyl ester (FAME), stands as one of the world's
most commonly utilized biofuels. However, its
incorporation into fossil diesel mixtures necessitates
engine modifications. FAME primarily comprises
highly oxygenated compounds, resulting in several
drawbacks, including elevated viscosity, a high pour
point, a substantial acid content, a reduced heating
value, increased nitrogen oxide (NOx) emissions, and

inadequate storage stability[3]. Second-generation
biofuels represent a category of paraffinic fuels
closely aligned with conventional petroleum fuels,
distinguished by their production from renewable
biomass resources[4]. Crucially, their production
does not interfere with food crop cultivation.
Examples of second-generation biofuels encompass
lignocellulosic ethanol, generated production does
not interfere with food crop cultivation. Examples of
second-generation biofuels encompass lignocellulosic
ethanol, generated through the hydrolysis and
fermentation of lignocellulosic biomass; Fischer-
Tropsch (F-T) diesel, produced through F-T synthesis
from biobased syngas derived from waste biomass;
bio-oil, obtained via the pyrolysis of biomass;
hydrotreated vegetable oil (HVO); and deoxygenated
hydrocarbon fuels, synthesized through -catalytic
deoxygenation of straight vegetable oils[5].
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Biofuels have emerged as a crucial and sustainable
fuel source, playing a significant role in reducing
greenhouse gas emissions, enhancing air quality, and
discovering new energy resources[6-8]. Used cooking
oil and fatty acids derived from food processing have
been identified as sustainable feed stocks for biofuel
production [9-11]. As a result, there has been a
growing interest in research and development over
the past decade to optimize biofuel production by
identifying the most effective catalysts and optimal
operating conditions[12]. Numerous countries are
now considering the use of vegetable oils and fats as
raw materials to produce green fuels. The properties
of triglycerides are influenced by the composition of
fatty acids and their arrangement on the glycerol
molecule[13-17].  Green Chemistry principles
promote the application of heterogeneous catalysis
and renewable feedstocks in chemical synthesis.
Among the various materials, ordered mesoporous
silica such as MCM-41 has gained significant
attention due to its high surface area and uniform
pore size. Modification of MCM-41 with transition
metals offers an effective approach to creating active
catalytic sites and anchoring active metals, leading to
the design of new catalysts. MCM-41
materialsmodified with Al, Ti, and Zr have shown
advantages as supports for hydrodesulfurization
(HDS) catalysts[18-24]. Transition metal
modification of MCM-41 has proven to be a practical
methodology for creating active catalytic sites and
enhancing the performance of active metals in recent
catalyst designs[20].The kinetics of oleic acid
hydrocracking reactions were studied at different
temperatures (375-450°C), a pressure of 4 MPa, and
using a catalyst concentration of 5 wt.%. The
experimental data of C18 formation using the

NiW/SZ-MCM-41 catalyst within the temperature

range of 375°C to 450°C were investigated using the
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Lingo program. The main goal of this study is to
assess the effectiveness of the sulfideNiW/SZ-MCM-
41 and NiW/Al,03-MCM-41 catalysts in generating
environmentally friendly fuels. This will be achieved
by utilizing oleic acid as a representative compound

and waste cooking oil in the production process.

2. Experimental

2.1. Materials

The study utilized the following materials:
Tetraethylorthosilicate (TEOS, 98% purity, Aldrich),
CetylTrimethyl Ammonium Bromide (CTAB, 98%
purity, Aldrich), deionized water, ethanol (99.8%
purity Sigma-Aldrich), Zirconyl Chloride (99%

Sigma-Aldrich), ammonia (28-30%

purity,
concentration, Sigma-Aldrich), sulfuric acid (97-99%
purity, and ammonium metatungstate hydrate, Sigma-

Aldrich).

2.2. Catalyst preparation

The synthetic catalysts of NiW/SZ-MCM-41 and
NiW/AL,03-MCM-41 were prepared using the wet
co-impregnation method. The physical properties of
the NiW/SZ-MCM-41 catalysts are provided in Table
1.

Table 1: Physical properties of the NiW/SZ-MCM-41 catalysts
[25]

Catalysts SBET (m%g) VP (ccl/g) Dp (nm)
MCM-41 1448.66 0.87 2.40
Sulfated zirconia 62.083 0.09 3.81
NiW/SZ-MCM-41 | 444.48 0.30 221

2.2.1. MCM-41 Preparation
The procedure for synthesizing mesoporous material

based on MCM-41 silica was carried out as described
in reference[26]. Deionized water was stirred while
adding a specific quantity of CTAB until the mixture
became transparent. Then, ethyl alcohol and

ammonia liquid were incorporated into the system.
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Subsequently, the mixture was stirred while
introducing TEOS. The stirring was continued at
room temperature for 3 h. The resultant solid product
was obtained through filtration and left to air dry at
room temperature for 12 h. To eliminate CTAB from
the product, calcination was conducted at 540°C for 9

h.

2.2.2. Amorphous Alumina
Preparation

The procedure for preparing amorphous mesoporous

Mesoporous

alumina was as follows. Initially, a suitable quantity
of aluminium isopropoxide was dissolved in 0.15 mol
of n-heptane and stirred for 1 min. Then, 0.01 mol of
acetic acid was added to the solution and stirred.
Following that, 0.03 mol of water and 0.01 mol of
CTAB were introduced and magnetically stirred for
one hour at a temperature of 25°C. After aging for 24
h at room temperature, the mixture was filtered
without any rinsing and dried at 60°C for 24 h,
followed by an additional 24 h of drying at 90°C. The
resulting material was calcined with a gradual
temperature increase of 2°C/min until it reached
600°C.

2.2.3. NiW/(Al,03-MCM-41) Catalyst Preparation
The NiW/(ALLO;-MCM-41) catalyst preparation
consisted of the following procedures. Mesoporous
alumina and MCM-41 were mixed mechanically with
a weight ratio of 1:3. The metal content of NiW was
achieved by employing the wet co-impregnation
method using aqueous solutions of Ni (NOs),-6H,0O
and (NH;)6(H,W1,049)-xH,0, with a composition of
10% Ni and 3% W. The obtained solid was dried and
then subjected to a 4 h calcination process at a
temperature of 450°C.

2.2.4. Sulfiding of NiW/(Al,0;-MCM-41) Catalyst
Before conducting the experiments, the catalyst
underwent sulfidation (activation) by utilizing a
mixture of dimethyl disulfide (DMDS) in isooctane,
with a concentration of 5% DMDS[4].The mixture

flowed through the catalyst bed at a rate of 1.5
ml/min, with a hydrogen pressure of 3.0 MP.
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Initially, the reaction temperature was set at 260°C
for 2 h, followed by an increase to 360°C for 4 h[27].

2.3. Catalyst Characterization

The catalyst was characterized using different
techniques. X-ray diffraction (XRD) patterns were
recorded using a Brucker D8 Advanced Powder X-
ray Diffraction instrument. N, adsorption studies
were conducted at -196°C using a NOVA 3200
Apparatus, USA, to evaluate the solid materials'
surface area and pore structure. High-resolution
transmission electron microscopy (TEM) was
performed using a JEOL JEM 2100 Model apparatus

(Japan). Fourier Transform Infrared (FTIR)
spectroscopy was carried out using a Nicolet Is-10
FT-IR  spectrometer[28]. Thermal gravimetric

analysis (TGA) [29] and differential scanning
calorimetry (DSC) measurements were conducted
simultaneously using an SDT Q600 apparatus (USA).
Temperature programmed desorption of Ammonia
(TPD) was performed using a CHEMBET 3000
Chemical Absorber instrument (Quantachrom) by
JAPAN, INC.

2.4. Hydrocracking Experiments procedures

The hydrocracking experiments were conducted
using a high-pressure autoclave (Parr model 4575)
with a volume of 500 ml. The autoclave was
equipped with a digital controller for precise
temperature control Figure 1. The operating
conditions for the experiments were as follows:
temperature (375, 400, 425, and 450°C), initial
hydrogen pressure (2, 4, 6, and 8 MPa), catalyst
weight percentage (1, 3, 5, and 7%), and a reaction
period of 2 h for each run. The operating conditions
were varied one at a time while keeping the
remaining parameters constant.Before conducting the
primary hydrocracking study on oleic acid, a blank
test without a catalyst was performed at 425°C and 4
MPa for 2 h. This test showed minimal conversion of
oleic acid, and no CI18 hydrocarbons such as
octadecane and octadecenes were formed. For the
kinetics study, the reaction was conducted at 425°C
for different durations of 20, 40, 60, 80, 100, 120,
140, and 180 min,while maintaining a constant
stirring rate of 500 rpm. During a typical run, 180 g

of the feed sample (oleic acid or waste cooking oil)
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was introduced into the reactor and purged with
hydrogen four times at various pressures to remove
air. The reactor was then pressurized with hydrogen
to the desired level. In a typical run, the system
underwent heating at a rate of 20°C/min while
maintaining a stirring speed of 500 rpm. Once the
specified reaction time had elapsed, the reactor was
cooled, and the resulting liquid products, comprising
organic and aqueous fractions, were collected
separately in designated containers. The aqueous
phase and catalyst were then separated from the
liquid products using a syringe and filtration process.
The organic liquid products (OLP) were carefully
weighed to determine the OLP yield and stored in
glass containers for subsequent analysis. Following
each run, the utilized catalyst was removed from the
autoclave and rinsed with hexane[4]. Likewise, the
inner surface of the autoclave was cleansed using
hexane. The dissolved fraction in hexane was
categorized as residual oil or unconverted oil. The
rinsed catalyst was subsequently dried for one hour at
100°C and regenerated by subjecting it to a nitrogen
flow at 500°C for one hour. The weight difference
before and after catalyst regeneration was recorded as
coke. The conversion and yield are defined according

to the following equations (1 and 2):

conversionwt %

_ feedoil(g) — residualoil(g)
h feedoil(g)

100 (1)

) liquidproduct(g)
yieldwt = Feedoil(g) 100 2)

2.4.1. Reusability study

Once the reaction reached completion, the mixture
underwent filtration, resulting in the collection of the
solid catalyst[4]. This catalyst was then rinsed with n-
hexane and subsequently subjected to oven drying at

a temperature of 100°C. Afterward, the catalyst was
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reused for five consecutive hydrocracking cycles
under the optimal reaction conditions, which included
a temperature of 425°C, a catalyst concentration of 5
wt.%, a pressure of 40 bar, and a reaction time of 2
hours. The determination of Conversion wt.% and
Yield wt.% for both the freshly prepared and the
recovered sulphide NiW/SZ-MCM 41 catalyst was
carried out.

2.5. Gas chromatography for liquid products

To facilitate the gas chromatography (GC) analysis,
the organic liquid products were dissolved in pyridine
and silylated using N,O-bis(trimethyl)-
trifluoroacetamide (BSTFA) and kept in an oven at
60°C for one hour. The analysis was carried out using
an Agilent 7890A GC system equipped with a flame
ionization detector (FID). The carrier gas used was
nitrogen, and the separation was achieved using an
HP-5 column with a length of 30 m, internal diameter
of 0.32 mm, and film thickness of 0.25 mm. The
following temperature program was employed for the

analysis: starting at 50°C for 10 min, followed by a
ramp of 4°C/min until reaching 300°C, and main

3. Results and Discussion

3.1. Characterization results

3.1.1. FT-IR analysis of NiW/SZ-MCM 41
Catalysts [24]

FTIR analysis was conducted to identify the

functional groups within the NiW/SZ-MCM-41
catalyst. As depicted in Figure 2, a prominent band at
967 cm” was associated with the asymmetric
stretching of Si-O-Zr bonds[27]. Furthermore, a
distinct peak at 3417 cm’' was attributed to the
stretching of O-H bonds in water, accompanied by an
O-H bending feature at 1643 cm™'[30]. The presence
of ZrO, in MCM-41 was indicated by a faint band at
797 cm’, corresponding to Si-O stretching.
Additionally, a subtle signal at 600 cm™ suggested
the existence of ZrO, in the material. The presence of
Zr-O-Si groups was confirmed by a peak at 445 cm™,
while the absence of a band at 425 cm™ indicated the

high dispersion of ZrO, within the silica framework.

taining this temperature for 20 min.
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Figure 2: FT-IR Spectroscopy for NiW/SZ-MCM 41 Catalysts

3.1.2. Low Angle XRD of NiW/SZ-MCM-41
Catalysts [24]
Low-angle X-ray diffraction (XRD) analysis was

performed to investigate the structural properties of
the materials under study. In XRD pattern Figure 3
(MCM-41), displayed a prominent peak at 2.43
degrees, corresponding to the (100) plane reflection
lines. This peak is indicative of the organized
mesoporous structure of MCM-41 and aligns with the
expected hexagonal regularity characteristic of
MCM-41 materials in general. In Figure 3b (sulfated
zirconia), the XRD pattern for nano-structured
exhibited a diffraction peak at 20 = 2.22 in the low-
angle region. This peak underscores the porosity of
nano-sulfated zirconia, demonstrating a well-defined
pore structure at a short range. Moving to Figure 3

(NiW/SZ-MCM-41), the XRD analysis revealed a
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peak at 20 = 2.1 degrees. This observation suggests
that the incorporation of sulfated zirconia (SZ) and
NiW components led to a partial disruption of the
hexagonal ordering within the mesoporous MCM-41
structure, as evidenced by the reduction in peak

intensity.

3.1.3. Field Emission
Microscopy (FE-SEM)[24]
Figure 4 presents FE-SEM images showcasing

Scanning Electron

distinct materials. The image exhibits synthesized
mesoporous silica MCM-41, revealing a consistent
spherical shape, uniform size, and a pristine surface.
In contrast, the image displays sulfated zirconia,
which displays a remarkable surface shine post-
sulfation, likely attributed to the presence of highly
charged SOy- ions. Moving on to the image in Figure
4, we observe the SEM of the NiW/SZ-MCM-41
catalyst. These images affirm the effective
impregnation of SZrO, crystals and NiW oxides onto

the surface of the spherical MCM-41 material.

3.1.4. Nitrogen adsorption-Desorption Isotherms
of Amorphous Mesoporous Alumina
The nitrogenphysisorption isotherms of amorphous

mesoporous alumina were analyzed to obtain
information about its porosity and textural properties.
Table 2 shows the physical properties of amorphous
mesoporous alumina. The isotherms exhibited a
distinctive IUPAC type IV shape,which is a
characteristic commonly observed in mesoporous
materials. Figure 5 shows the isotherm, which
displayed a hysteresis loop in the relative pressure
range of 0.4 to 0.95. This hysteresis loop suggests the
presence of mesoporous channels within the material.
The determined BET surface area of the amorphous
mesoporous alumina was found to be 295 m¥g.
These consistent

findings are with  previous

research[31].
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Figure 4: FE-SEM images: for MCM-41, nanostructured sulfated
zirconia, and NiW/SZ-MCM-41 catalyst at lower and higher
magnification

3.1.4. Nitrogen adsorption-Desorption Isotherms
of Amorphous Mesoporous Alumina
The nitrogen physisorption isotherms of amorphous

mesoporous alumina were analyzed to obtain
information about its porosity and textural properties.
Table 2 shows the physical properties of amorphous
mesoporous alumina. The isotherms exhibited a
distinctive IUPAC type IV shape,which is a
characteristic commonly observed in mesoporous
materials. Figure 5 shows the isotherm, which
displayed a hysteresis loop in the relative pressure
range of 0.4 to 0.95. This hysteresis loop suggests the
presence of mesoporous channels within the material.
The determined BET surface area of the amorphous
mesoporous alumina was found to be 295 m?/g.
These findings are consistent with previous

research[31].
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Table 2: Physical properties of amorphous mesoporous alumina

Support SBET (mz/g) VP (cc/g) Dp (nm)
Mesoporous 294.947 0.5974 8.10192
alumina

Where Dp is the pore diameter, Vp is the pore volume and SBET is
the surface area

Mesoporous alumina

200 4 0 10 il
Pore diameter (nm})

100 A

Adsorbedvolume (cc/g)
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¢ 01 02 03 04 05 06 07 08 09 1
Rlative pressure (p/p°)

Figure 5: Adsorption-desorption isotherms and pore size
distribution for mesoporous alumina

3.1.5. Fourier Transform Infrared (FTIR) of
amorphous mesoporous alumina
The FTIR spectrum of amorphous mesoporous

alumina revealed significant absorption bands. At
3510 cm, a broad band was observed, which
corresponds to physisorbed and coordinated water.
This band is accompanied by a band at 1664 cm’,
which is attributed to the bending mode (VHOH) of
coordinated water. Additionally, two prominent
peaks were observed at 1486 cm? and 687 cm?,
corresponding to the symmetric and asymmetric
stretching of the Al-O-Al bond, respectively. These
peaks can be assigned to the amorphous mesoporous
alumina framework. Refer to Figure 6 for the FTIR

spectrum.

3.1.6. Low Angle X-ray Diffraction of NiW/Al,O;-
MCM-41catalyst

The XRD pattern for NiW/ALO;-MCM-41
composite shown in Figure 7 features a distinct peak
at 20 attenuated 2.22, which can be indexed as (100)

reflections of hexagonal mesoporous structure.
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Figure 7: XRD of NiW/AL,0s-MCM-41 composite

3.1.7. Adsorption-Desorption Isotherms of
NiW/Al,0;-MCM-41 Catalyst
The nitrogen physisorption

NiW/AL,0;-MCM-41 catalyst were examined to

isotherms of the

assess its porosity and textural properties. Table 3
shows the physical properties of the NiW/AlL,O;-
MCM-41 catalyst.Figure 8§ demonstrates a noticeable
(0.43-0.93),

of both micro and

shift in the isotherm about p/p°
indicating the presence
mesostructures in the composite. The catalyst
demonstrated a BET surface area of 514.663 m®/g

and a total pore volume of 0.13 cm3/g.

Table 3: Physical properties of NiW/Al,O3-MCM-41catalyst

Catalyst SBET (m2/g) VP (cc/g) | Dp (nm)
NiW/ALL,O;-MCM- | 514.663 0.13 3.82
41
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Figure 8: Adsorption-desorption isotherms and pore size
distribution

3.1.8. High-Resolution Transmission Electron
Microscope (HRTEM)
The high-resolution transmission electron
micrographs shown in Figure 9 (a, b, and c) depict
the NiW/ALLO;-MCM-41 catalyst. The images
exhibit a well-defined hexagonal arrangement of
uniform channels, suggesting a highly organized pore
structure. This suggests the absence of bulk

aggregation both inside and outside the pores.

Figure 9: TEM images (a, b, and c) for amorphous mesoporous
alumina at lower and higher magnification

3.1.9. Thermal Analysis
NiW/Al,0;-MCM-41
using TGA

Thermal analysis of the
catalyst was conducted
(thermogravimetric analysis) and DSC (differential
scanning calorimetry) in the temperature range of 35-
550°C. As shown in Figure 10, the TGA and DSC

curves revealed weight losses occurring below
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550°C, with no further weight loss observed
thereafter. The initial weight loss of approximately
10% at temperatures below 100°C, accompanied by
an exothermic peak peaking at 62°C, can be ascribed
to the elimination of physically adsorbed water.
Subsequently, the sample exhibited stability up to
550°C. Overall, the catalyst exhibited high thermal

stability up to 550°C.
100 0
98 L0
9% 1
b 94 — Weight % _1.53
é 92 -2 E
3 = Heat Flow W/g z
90 25
88 Vv ———— F-3
8 T T T T T -35
0 100 200 300 400 500 600
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Figure 10: TGA & DSC for NiW/AlL,O3;-MCM-41 catalyst
3.1.10. Temperature Programmed Desorption
Temperature programmed desorption (TPD) of
adsorbed ammonia was employed to measure the
acidic intensity of the catalyst. The peaks at 200°C
illustrate weak acidic sites, while the signals at 500°C
show strong acidic sites. The peak at 800°C might be
due to phase transitions. Peaks in high-temperature
areas may be related to the desorption of ammonia
from strong Lewis and Bronsted sites which are
important in catalysis applications. The signal at
lower temperatures is called a symmetric peak, while
the peak at higher temperatures is named an
asymmetric peak. The asymmetric peak can be
divided into two peaks. If the asymmetric peak was
large, this related to desorption from a strong
Bronsted acid site. If the asymmetric signal was
small, this indicated the desorption from a strong
Lewis site. For the NiW/SZ-MCM-41 catalyst,
Figure 11(a) indicates the presence of weak acid sites

at 150°C and very strong acid sites at 550°C. On the
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other hand, for the NiW/Al,0;-MCM-41 catalyst
shown in Figure 11(b), weak acid sites are observed
at 104°C, and strong acid sites are observed at 514°C.
This result suggests that the NiW/SZ-MCM-41
catalyst exhibits better acidity compared to the other

catalysts.

700 1
()
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300 4 o NiW/Alumina-MCM-41
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-100 §
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Figure 11: TPD of NiW/SZ-MCM-41 catalyst and
NiW/Al,05-MCM-41 catalyst

3.1.11. Catalyst stability studies

The stability of the sulphide NiW/SZ-MCM 41
catalyst was assessed under the optimal reaction
conditions: a temperature of 425°C, a catalyst
concentration of 5 wt.%, a pressure of 40 bar, and a
reaction time of 2 h. Throughout multiple cycle runs,
a slight decrease in catalytic activity was observed.
Initially, the conversion of oleic acid and the yield of
the organic liquid products (OLP) products were both
maintained at approximately 94.81 wt.% and 73.40
wt.%, respectively. After five consecutive catalytic
runs, these values showed a marginal reduction to
88.53% and 68.82%, respectively. This decline in
deoxygenation activity could be attributed to the
deposition of coke and/or the irreversible adsorption
of large oleic acid molecules, which may lead to gum
formation within the catalyst pores. Nevertheless, it

highlights the overall higher stability of the
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sulfideNiW/SZ-MCM 41 catalyst following the
specified duration of catalytic runs.
3.2. Oleic acid deoxygenation utilizing NiW/SZ-

MCM-41 catalyst
The deoxygenation of oleic acid was investigated
using the NiW/SZ-MCM-41 catalyst to assess the
influence of different operating conditions on the
characteristics of the resulting products. Among the
various  operating factors, some significant
parameters, such as reaction temperature, catalyst
amount, and reaction pressure, influence the
deoxygenation and the

process hydrocarbon

products[5].

3.2.1. Effect of temperature on the deoxygenations
of oleic acid
The impact of temperature on both the yield and

quality of the hydrocracked products of oleic acid,
employing the sulphide NiW/SZ-MCM-41 catalyst,
was assessed at various temperatures, i.e., 375°C,
400°C, 425°C, and 450°C; the remaining operating
conditions were kept constant (p: 2 MPa, 3 wt.%
catalyst, and 2 h). As indicated in Table 4. The
organic liquid product (OLP) decreases from 73.9%
at 375 °C to 60.28% at 450°C. As the reaction
temperature increases, the gas yield gradually
increases from 5.87% at 375°C to 25.48% at 450 °C.
The increasing severity of the reaction conditions led
to the decomposition of oleic acid, producing low
molecular weight gases. The yield of the Residue
gradually decreases from 14.07% at 375°C to 6.13%
at 450°C. We noticed that with increasing
temperature, the conversion increases because, under
the hydrocracking conditions, as the temperature
increases, the severity of the reaction conditions
intensifies, leading to more vigorous interactions
between the molecules of oleic acid and the hydrogen
gas at the active sites of the sulfideNiW/ZS-MCM-41
catalyst. The data illustrated in Table 4 also indicate

that increasing the temperature to 450°C resulted in
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the gradual improvement of the properties of the
hydrocracked product, as the density dropped to
0.8576 with a significant reduction in viscosity to
2,88 cSt in addition to improvement in pour point (-
39°C), total acid number (0.031) and calorific value
(42.83). As expected, the gaseous products increased
substantially with temperature. They were associated
with a slight drop in the OLP due to the
sulfideNiW/SZ-MCM-41 catalyst, which
incorporates sufficient strong acid centers. The
presence of water during the temperature range of the
deoxygenation process suggests that the reaction
proceeds through decarbonylation and
hydrodeoxygenation pathways. Therefore, a reaction
temperature of 425°C could be regarded as the most
suitable temperature for deoxygenation of the oleic
acid as it gives satisfactory conversion with an
appropriate yield of OLP. Moreover, the product is

distinguished by an excellent pour point, calorific

value, total acid number, and good flash point.

Table 4: Properties of Bio-Crude Products from the Conversion of
oleic acid over NiW/SZ-MCM-41 at 20 bars, 3 wt.% catalyst, 2 h
and 375, 400, 425, and 450°C

Properties 375° 400°C | 425°C | 450°C | Method
C
Density at 0.873 | 0.8598 | 0.858 0.857 ASTM
20°C.g/cm’ 3 0 6 D-1298
Kinematic 4.5 3.15 3.06 2.88 ASTM
visc. \cStat D-445
40°C
Total acid 0.072 0.056 0.034 | 0.031 ASTM
no., mg D-664
KOH/gm
Calorific 40.98 41.49 4270 | 42.83 ASTM
value KJ/Kg D-240
Flash point 121 96 68 65 ASTM
°C D-92
Pour point °C 21 =27 -39 -39 ASTM
D-97
Sulfur wt.% Nil Nil Nil Nil ASTM
D-129

Conversion 85.92 89.32 92.14 | 94.76 -
wt. %

Gas yield 5.87 18.05 24.66 25.48 -
wt. %
OLP wt.% 73.9 67.04 65.71 60.28 -

Residue wt.% | 14.07 10.68 7.86 6.13 -

Water wt.% 4.76 2.02 1.19

Coke wt.% 1.40 1.61 0.58 2.39 -
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3.2.2. Effect of -catalyst quantity on the
deoxygenations of oleic acid

The amount of catalyst utilized in the deoxygenation
process of oleic acid plays a crucial role in
determining the efficiency and effectiveness of the
reaction. Table 5 shows that increasing catalyst wt.%
(1, 3, 5, and 7) positively affects oleic acid
conversion. Oleic acid conversion rose from 93.33%
(at 1 wt.% catalyst) to 96.81% (at 7 wt.% catalyst.).
Increasing the catalyst quantity provides a greater
number of active sites, which can enhance the
reaction efficiency and promote higher conversion
rates[32]. Table 5 shows the organic liquid product
decreased from 71.83% at 1 wt.% to 65.71% at 3
wt.% and then increased to 75.14% at 7 wt.%. As the
catalyst wt.% increased, the gas yield increased from
19.22% at 1wt.% to 24.66 at 3wt.% and then
decreased to 16,95% at 7 wt.%. The yield of the
Residue decreases from 6.66% at 1 wt.% to 5.42% at
7 wt.%. It can be demonstrated the slight Effect of
sulfided NiW/SZ- MCM 41 catalyst quantity on OLP
yield between 5% and 7% catalyst was observed.

Table 5: Properties of bio-crude products from the conversion of
oleic acid over SulfideNiW/SZ-MCM-41 at, 20 bar, 425°C, 2 h,
and catalyst 1, 3, 5, and 7 wt.%

The Effect of pressure on hydrocracked product
phase yields is illustrated in Table 6. A slight
decrease in OLP yield was observed by increasing the
pressure from 20 bar to 80 bar. This may be due to
the hydrodeoxygenation mechanism (HDO) being
favored at higher pressure; this, however, produces
more water as well, which may deactivate the catalyst
and reduce the yield of the OLP product. At the same
time, Residue and gas are slightly affected by the
increasing pressure. The data show that the 4 MPa is
regarded as the preferable pressure applied here since
it gives low viscosity (2.4 cSt) and a good conversion
of OLP (94.81%) that is characterized by a suitable
pour point (-33°C) and flash point (75°C). Therefore,
according to the data mentioned, the highest
conversion and the lowest viscosity can be achieved
at 4 MPa hydrogen pressure. Hence, the hydrogen
pressure of 4 MPa can be considered the best
hydrogen pressure for economic purposes. According
to the above discussions, it can be seen that
temperature at 425°C, catalyst 5 wt.%, pressure 4
MPa, and 2 h are the most suitable experimental
conditions for hydrocracking the oleic acid on
sulphide NiW/SZ-MCM-41 catalyst.

Table 6: Properties of bio-crude products from the conversion of
oleic acid over SulfidedNiW/SZ-MCM-41 at5 wt.%

Properties 1% 3% 5% 7% Method
Density at 0.8811 | 0.8570 | 0.8673 | 0.866 ASTM Properties 20 40 bar 60 bar 80 bar Method
20°C.g/em? D-1298 bar
Kinematic 334 3.06 3.06 3.02 ASTM -
viscosity ¢St D-445 Density at 0.86 0.865 0.861 0.868 ASTM D-
at40°C 20°C.g/em® 7 1298
Total acid 0.08 0.034 0.035 0.041 ASTM
no., mg D-664 Kinematic 3.06 | 24 4.23 4.28 ASTM D-
KOH/gm. P

viscosity ¢St at 445
Calorific 3057 | 42.70 33.66 33.18 | ASTM 40°C
value KI/Kg D-240 -
Total acid no., mg 0.04 0.035 0.062 0.035 ASTM D-
Flash point 91 68 75 73 ASTM KOH/gm 7 664
“C D-92
Calorific value 43.6 40.66 43.97 43.12 ASTM D-
Pour point a1 39 39 35 ASTM
,é“ poin D97 KJ/Kg 6 240
Flash point °C 75 75 81 85 ASTM D-
Sulfur wt.% | Nil Nil Nil Nil ASTM 9
D-129
Pour point °C -39 -33 -25 -20 ASTM D-
Conversion 9333 | 92.14 94.27 96.81 97
wt. %
- Sulfur wt.% Nil Nil Nil Nil ASTM D-
Gas yield 1922 | 24.66 19.44 16.95
Wt.% 129
SiF o =155 =551 =105 =514 Conversion wt.% 34.2 94.81 94.27 92.35 -
'\f_fj‘;’“c 6.66 786 LR 542 Gas yield wt.% 194 [ 2073 21.80 2416 | -
% 4
Water wt.% 1.78 1.19 0.52 1.85 OLP wt.% 74.0 73.40 72.96 70.81 —
Coke wt.% 051 058 0.23 0.64 8
Residue wt.% 5.73 5.19 3.60 3.10 -
A slight viscosity and flash point variation is noticeable at 5 wt.% Water wt.% 052 | 047 1.41 1.68 -
and 7 wt.%. From the above data, 5 wt.% can be considered the Coke wt.% 0.23 0.21 0.23 0.25 -

best catalyst quantity under the same conditions.

3.2.3. Effect of pressure on the deoxygenations of
oleic acid

In the deoxygenation process, the presence of
hydrogen is often necessary to prevent catalyst
deactivation and preserve the activity of the catalysts.
Hydrogen plays a crucial role by scavenging the
surface of the catalyst from deactivating species[33].
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3.3. Kinetics study

The kinetic modeling results led to the proposal of
reaction schemes for the hydrodeoxygenation
process. Equations (3-10) represent the mass balance
and reaction kinetics, along with their corresponding
reaction routes and rate constants (k values) with
confidence intervals. The kinetics of oleic acid
hydrocracking reactions were studied at different
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temperatures (375-450°C), a pressure of 4 MPa, and
using a catalyst concentration of 5 wt.%.

It should be noted that the hydrodeoxygenation of
oleic acid typically proceeds through sequential
hydrogenation, saturating the double bonds to form
stearic acid (SA). As a result, the direct formation of
the C18 biofuel may not be readily feasible, and the
corresponding rate constant (k1 in Scheme 1) can be
set to zero, consequently, the following sets of
differential equations (3-10) were obtained.

dCoa _
i = K2Coa

3

dCsa
dt

=k;Coa —k3Csa(4)

From equation (3)

Coa = COA(,-E_(kZ)t (5)
k;
C,;;H;;COOH —— = CygHsg
Oleic acid ;)fucl

N
A
w

C,7H3;5COOH
Stearic acid

Scheme 1: Possible reaction pathways for deoxygenation of oleic
acid

Substituting Eq. (5) into Eq. (4) gives Eq. (6), which
upon integration with boundary limits:

When: t = 0, COA = COAO and CSA = CSAO =0

Gives rise to Eq. (7).

dc -
it =ksCon,-e (2t — k3 Csp 6
k,C _ -
Sl S R ™

By substituting Equations (5) and (7) into Equation
(8), the formation of C18 biofuel can be determined.
Both n-C gHsgand iso-C gHsg are combined as C18
since they have the same molecular formula and

weight.

i.eCig = Cop, — Coa — Csa(®)
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By rearranging Equation (9), Equation (10) is
obtained, which establishes a relationship between
the production of C18 biofuel and the initial
concentration of oleic acid as a function of reaction

time.

— JaCorg yoioyr _

Cig = COAO - COAoe_(kZ)t (ks3—k,)

et (9)

Cig _ 1
Coay  (ka—k3)

|ks[1 — e"®2t] — k,[1 — e~*s)t]|(10)

The experimental data for C18 formation using the
NiW/SZ-MCM-41 catalyst at temperatures ranging
from 375°C to 450°C were fitted to Equation (10)
using the Lingo program[34]. The resulting plots,
illustrated in Figure 12, exhibited a reasonable level
of correlation between the experimental and
developed models, with observed R? values of 0.975,
0.963, 0.955, and 0.948 for temperatures of 375°C,
400°C, 425°C, and 450°C, respectively.

_ (Cexp —Cest)z

(Cexp —Cexp)2

RZ=1 (11)

Furthermore, the production of C18 biofuel increased
with longer reaction times and higher temperatures

(Figure 12).

120

100

8

—Model at 375 ¢"""
—Model at 400 C*
—Model at 425 C*
—Model at 450 C

= Expermental at 375 C"
x Expermental at 400 C"
© Expermental at425C"
A Expermental at 450 C

€18 PRODUCTION %
8 3

~
S

0 50 100 150 200
Hydrodeoxygenation time, min

Figure 12: Experimental data fitting of the HDO of oleic acid at 5
wt.% catalyst and 4 MPa pressure

The estimated results were compared with the
experimental data, and a good agreement was
observed, as indicated by the calculated R? values.

Table 7 provides a summary of this comparison.
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Table 7: Comparison between the experimental and estimated
results at different temperatures

Parameter 375°C 400°C 425°C 450°C
Est Exp Est Expt Est Expt Est Expt

Conversio 81 859 85. 89.32 89.1 92.1 92.1 94.76

n wt.% 3

Gas wt.% 8.43 5.87 20. 18.05 27.7 24.6 32.1 2548
6

OLP wt.% 69.9 739 63. 67.04 61.8 65.7 58.8 60.28
2

Residue 15.8 14.0 10. 10.68 6.89 7.86 5.6 6.13

wt.% 0

Water 39 4.76 19 2.02 1.54 1.19 1.32 572

wt. %

The  effect of reaction time on the

hydrodeoxygenation (HDO) of oleic acid using the
NiW/SZ-MCM-41 catalyst was investigated. The
product distribution profile as a function of HDO
time is shown in Figure 13. It can be observed that as
the reaction progressed, stearic acid (SA) was formed
and reached its peak formation at around 20 min of
reaction time. However, after 50 min of reaction
time, the formation of SA started to decrease. This is
because the

hydrodeoxygenation of unsaturated

compounds proceeds through sequential

hydrogenation to saturate the double bonds, followed

by deoxygenation.

100
-+~0LIECACID
~-residue
-+N-C18 H36
~STIERIC ACID
70 -+Is0 C18H38
—gas
60
£
S 50
2
54
2
% 30
T
s
ﬁ
g 10
£
S o
0 2 40 60 80 100 120 140 160 180
time, min

approximately 54% and 28%, respectively. The
presence of isomerized products can be attributed to
the acidity of the catalyst. At 75 min of HDO time,
the yield of the main products started to decrease,
possibly due to the prevalence of specific secondary
reactions such as cracking and oligomerization. This
was evidenced by an increase in the number of gases
produced. After 180 min, oligomerization reactions
became more prevalent, as indicated by an increase in
the fraction of residue from approximately 4% at 50
min to 23%, while the fraction of gases decreased.
The estimated rate constants for the HDO of oleic
acid are presented in Table 8. The results showed that
the effect of temperature on the kinetics of the HDO
process follows the Arrhenius theory, which
describes the temperature dependence of reaction
rates. It is also observed that the sequential
hydrogenation of oleic acid to form stearic acid (k2)
is favored and faster compared to the eventual
formation of C18 biofuel (k3), indicating that the
deoxygenation step is the rate-controlling step. For
all four temperatures studied, the rate constant for the
hydrogenation of oleic acid (k2) is much higher than
the deoxygenation rate constant (k3), indicating that
deoxygenation is

the rate-limiting step at all

investigated temperatures. Moreover, with an
increase in reaction temperature, all the rate constants

increase as well.

Table 8: Estimated parameters at different temperatures

Figure 13: Effect of time on the HDO of oleic acid into biofuel at
425°C, 4 MPa, and Swt.% catalyst

The yield of both normal and isomerized octadecane
(n-C,gH3g and iso-C;gHsg), which are considered the
main fractions, increased progressively until reaching

a maximum at 50 min of reaction time, with yields of
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parameters 375°C 400°C | 425°C | 450°C
k, (ST 0372 0424 | 0482 | 0.523
ks (ST) 00464 | 00521 | 0.063 | 0.0672

3.4. Hydrocracked waste cooking oil (WCO)
The composition of WCO indicates that it has a high

density (0.9239), viscosity (38.02), and acid value (4
mg. KOH/g. oil), demonstrating that it contains free

fatty acids. The physicochemical characteristics of
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hydrocracked products from the conversion of waste
cooking oil over sulfideNiW/SZ-MCM
41(hydrocracked Product 1) &sulfidedNiW/AlO;-
MCM-41 (hydrocracked Product 2) at 425°C, 5 wt.%
catalyst, 40 bar for 2 h were illustrated in Table 9.
Furthermore, Table 9 provides a summary of the
physicochemical properties of Waste Cooking Oil
(WCO) in comparison to petroleum diesel, and the

Biodiesel standard[12].

The represented data demonstrated the crucial
improvement in the quality of the obtained
hydrocracked product using NiW/SZ-MCM-41
compared to NiW/Y-Al,0;-MCM-41, as observed
from the data. It is noticed that a distinct reduction of
the density to 0.8431 and 0.8491 gm/cm® for
NiW/SZ-MCM-41 &NiW/Y-AL,0;-MCM-41,
respectively. As well as an enormous drop in
viscosity to 2.61 and 2.86 cSt, this may be due to
breaking the triglyceride molecules in WCO into
smaller fragments that are much less viscous than the
parent oil. Furthermore, a marked improvement in the
pour point dropped to -19°C and -15°C for
hydrocracked products, respectively. The flash point
of the obtained product is entire and amounts to
135°C and 140°C, confirming the fuel's safety to the

handle during operation or storage.

The calorific value of the product obtained from the
HDO of the waste cooking oil using the NiW/SZ-
MCM-41 catalyst was determined to be 43.96 kJ/kg.
This value is higher compared to the calorific value
of 42.02 kJ/kg obtained from the NiW/Al,0;-MCM-
41 catalyst. The increase in calorific value can be
attributed to the reduction in the number of
oxygenated compounds, such as fatty acids, present
in the product. The shallow values of the acid number
indicated that the products did not contain any free
acids. The obtained result suggests that all the

cracked products exhibited no corrosion (la Effect).
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The cetane index is a measure of the ignition quality
of diesel fuel, specifically related to its ignition delay
period in a diesel engine[35]. Based on the results
obtained, it is observed that the hydrocracked
products obtained using the NiW/SZ-MCM-41
catalyst possesses a good cetane index compared to
the NiW/Al,03-MCM-41 catalyst. In addition, the
obtained data closely aligns with the ASTM
standards for both biodiesel and petroleum diesel, as

shown in Table 9.

Table 9: Properties of the Hydrocracked Products from the
Conversion of Waste Cooking Oil Over SulfidedNiW/SZ-MCM-
41(1) &NiW/Y-AL,0;-MCM-41(2) at 425°C, 5 wt.% Catalyst and
40 MPa, 2 h, as Compared with That of The Petroleum Diesel and
The Biodiesel Standard, (USA).

Properties Feed Hydro- Hydro Biodies Petroleu Method
(WC cracked - el m diesel
0) Product cracke standar
(1) d d,
Produ ASTM
ct(2) D6751-
07b
Density at | 0.923 0.8431 0.8491 - 0.820 to | ASTM D-
20°C.g/em® | 9 0.845" 1298
Kinematic 38.02 2.61 2.86 1.9t06 2t04.5 ASTM D-
visc. ¢St at 445
40°C
Total acid | 4 0.07 0.34 0.50 - ASTM D-
no., mg maximu 664
KOH/gm. m
Calorific 2035 43.96 42.02 - 45.5 ASTM D-
value Ml/kg 240
KI/Kg
Flash point | 230 135 140 93 55 ASTM D-
°C minimu minimu 92
m m
Pour point -6 -19 -15 -15 to -90 ASTM D-
°C 10 97
Sulfur Nil Nil ASTM D-
(wt.%) 129
Copper la la la ASTM D-
stripper 130
corrosion
(3h, 50°C)
Cetane 70 65 471060 | 51 ASTM D-
index minimu 976
m
Conversion 91 90.43
(wt.%)
OLP 69.81 65
(wWt.%)

Figure 14 and 15 shows the FID-GC charts of liquid
hydrocarbons formed from the hydrocracking of
waste cooking oil over sulfided NiW/SZ-MCM-41
and sulfided NiW/AL,O3;-MCM-41 catalysts at the
optimum conditions (4 MPa, temp. 425°C, 5wt.%
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catalyst, and 2h). The OLP contains large amounts of
normal and iso-paraffins C5-C17 as the main
products, and the amounts of light paraffin (<C15)
were very high (86.25%) for sulfidedNiW/SZ-MCM-
41catalyst and (81.30%) for NiW/Al,0;-MCM-41
catalyst, this may be due to the acidic strength of the

sulfided catalysts.

r x  min

Figure 14: The FID-GC charts of liquid hydrocarbons formed
from the hydrocracking of waste cooking oil over sulfided
NiW/SZ-MCM-41 catalyst at 4 MPa, temp. 425°C, Swt.% catalyst,
and 2 h

12

T
1] il k] ] £ ® min

Figure 15: The FID-GC charts of liquid hydrocarbons formed
from the hydrocracking of waste cooking oil over sulfided
NiW/ALO;-MCM-41 catalyst at 4 MPa, temp. 425°C, 5wt.% and 2
h

Table 10 presents a comparative analysis of catalytic
deoxygenation performance using various feedstocks.
The experimental conditions, including temperature,
pressure, and hydrocarbon yield, closely resemble
those from previous research, enabling a meaningful
comparison of results. The findings indicate that the
NiW/SZ-MCM-41 catalyst in our study exhibited
superior deoxygenation capabilities, yielding 73.40%
for oleic acid and 69.81% for waste cooking oil,
compatible with the performance of other
catalysts[36-39]. The enhanced efficiency of the
NiW/SZ-MCM-41 catalyst can be attributed to its
robust acidity and the synergistic interaction between
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the Ni-W components and the SZ-MCM-41 support, in
contrast to the NiW/Y-Al,O;-MCM-41 catalyst.

Table 10: Comparison study of the catalytic deoxygenation
activity with various feeds

Catalyst Feed Reaction Hydro | Referen
conditions carbon | ces
Yield
(wt.%)
NiW/SZ- Oleic acid | 425°C, 73.40 Present
MCM-41 catalyst 5 study
wt. %,
pressure 4
MPa,and 2 h
NiW/SZ- Waste 425°C, 69.81 Present
MCM-41 | cooking catalyst 5 study
oil wt.%,
pressure 4
MPa, and 2 h
NiW/Y- Waste 425°C, 65 Present
ALOs— cooking catalyst 5 study
MCM-41 | oil wt.%,
pressure 4
MPa,and 2 h
NiMol/y- waste 400C, 77,97 33
Al O4 cooking pressure 60 | %
oil bar and 4 h
20 wt.% | waste 400 °C, H, | 66.29 34
ofCaO in | cooking pressure 50 | vol%
BBTPES oil bars,and 1 h
catalyst
Mo- carinata 350 °C, H, | 81.05 35
Zn/Al,O4 oil pressure 300 | %
catalyst psi,and 5 h
catalyst sunflower | 300°C, H, | > 36
(Pd/C) oil pressure 40 | 78%.
bar, and
molar  ratio
Hy/o0il 2.5:1
Abbreviations

High-resolution American Society for Testing and
transmission electron | Materials(ASTM)
microscope (HRTEM)

Hydride oxygenation | Organic liquid products (OLP)
mechanism (HDO)
The surface area (SBET) Fatty acid methyl ester (FAME)

Temperature programmed | Nitrogen oxide (NOx)
desorption (TPD)

High-resolution American Society for Testing and
transmission electron | Materials(ASTM)
microscope (HRTEM)

Gas Chromatography | Hydrotreated vegetable oil (HVO)
(GO)

N,O-bis(trimethyl)-
trifluoroacetamide
(BSTFA)

Temperature-programmed desorption
of Ammonia (TPD)
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Thermal gravimetric
analysis (TGA)

Tetraethylorthosilicate (TEOS)

The pore diameter (Dp) Dimethyl disulfide (DMDS)

The pore volume, (Vp) X-ray diffraction (XRD)

Fourier transform infrared | Olic acid concentration, (Cy,)

(FTIR)

Rate constants (k1, k2, Olic acid concentration at time 0 (Cq
k3)

Differential scanning Stearic acid concentration at time ze
calorimetry (DSC)

Stearic acid concentration| Flame ionization detector (FID)

5. Conclusion

The study compared two
NiW/SZ-MCM-41 and  NiW/Al,05-MCM-41,
prepared using wet co-impregnation. Various
characterization techniques were employed to
evaluate these catalysts, revealing that NiW/SZ-
MCM-41 outperformed NiW/Al,O0;-MCM-41.
Optimal conditions for hydrocracking oleic acid
using NiW/SZ-MCM-41 were found to be 425°C, 5
wt.% catalyst loading, 4 MPa pressure, and a 2-hour
reaction time. Higher temperatures and longer
reaction times increased C18 biofuel production,
which is in good agreement with the estimated values
obtained using the lingo program. Waste cooking oil
hydrocracking with NiW/SZ-MCM-41 yielded a
significant amount of normal and iso-paraffins (C5 to
C17), with the majority being light paraffins (<C15).
In comparing physical properties, NiW/SZ-MCM-41
outperformed NiW/AL,O;-MCM-41, particularly in
deoxygenation capabilities, achieving 73.40% for
oleic acid and 69.81% for waste cooking oil. These
results suggest that NiW/SZ-MCM-41 is an excellent
catalyst for converting waste cooking oil into eco-
friendly green fuel.

synthetic catalysts,
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