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ARTICLE INFO ABSTRACT

Keywords: Palm oil, one of the most widely used vegetable oils, offers significant potential as a sustainable feedstock for
Biofuels biofuel production. This study explores the deoxygenation of palm oil using glycerol as a hydrogen donor, with
Hydrogen donor nickel-molybdenum (NiMo) catalysts supported on commercial alumina (Al;03), and zeolite (HZSM-5)
E;s:g’/ii:g;on comparing with self-prepared zirconia (ZrOz). The catalysts were synthesized via incipient wetness impregnation

and evaluated for their performance in biofuel production. NiMo/Al,O3 exhibited the lowest oxygen removal
efficiency (68.5 %), while NiMo/HZSM-5 achieved a higher oxygen removal (74.3 %) but also demonstrated the
highest coke formation. The type of support material influenced the resulting biofuel range, with NiMo/HZSM-5
and NiMo/ZrO, favoring jet fuel production, whereas NiMo/Al,O3 was more suitable for diesel production.
Notably, NiMo/ZrO, exhibited the highest performance in palm oil deoxygenation while minimizing coke for-
mation. These findings highlight NiMo/ZrO, as a promising catalyst for efficient and stable biofuel production,
with the support material significantly influencing product yield and fuel quality.

NiMo/HZSM-5

1. Introduction

Fossil fuels have played a crucial role in global development across
various sectors. However, their use has caused significant environmental
challenges, particularly through greenhouse gas emissions and their
effects on climate stability [1]. To address these issues, advancing
alternative fuels is vital for reducing emissions and decreasing reliance
on finite resources of fossil fuels. These alternative fuels, which
encompass any fuel other than conventional fossil fuels, are often
derived from renewable resources, including biomass, and typically
have a lower environmental impact. Biofuels are considered carbon-
neutral because the carbon dioxide (CO;) released during combustion

* Corresponding author at: Auburn University, Auburn, AL 36849, USA.
** Corresponding author at: Kasetsart University, Bangkok 10900, Thailand.

is balanced by the CO; absorbed by plants through photosynthesis [2].
Consequently, biofuels are increasingly important and crucial in sus-
tainable energy solutions.

Biofuels are renewable energy from organic materials, such as agri-
cultural waste, vegetable oil, or animal fats. They can serve as alterna-
tives to traditional fossil fuels in transportation. The deoxygenation of
oxygen-containing molecules is an effective process for producing
alkane-based components, which are similar to conventional fossil fuels
[3]. Deoxygenation involves several pathways, including decarbon-
ylation, decarboxylation, and hydrodeoxygenation [4]. Deoxygenation
of Cj6 or C;g oxygen-containing feedstocks produces alkane hydrocar-
bons in the diesel range, resulting in green diesel. Further cracking
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reactions can generate lighter hydrocarbons similar to gasoline and jet
fuel [5,6]. The effectiveness of both deoxygenation and cracking re-
actions is influenced by several factors, particularly the catalyst used.
Most studies have focused on noble metal catalysts, including palladium
(Pd), platinum (Pt), and ruthenium (Ru), for deoxygenation due to their
high activity and selectivity in oxygen removal from feedstock [7].
However, these metals are costly for industrial applications. As a result,
non-noble metals such as nickel (Ni), copper (Cu), molybdenum (Mo),
and cobalt (Co) are becoming more prominent for deoxygenation.
Hachemi et al. (2016) investigated the catalytic hydrodeoxygenation of
stearic acid at 300 °C and 30 bar Hj pressure using 5 wt% Ni on zeolite
H-Y-80, 5 wt% Ni on y-Al;03, and 5 wt% Pd on carbon(C) catalysts. The
stearic acid conversion was 100 % for both Ni/H-Y-80 and Ni/y-Al,O3,
while the Pd/C catalyst achieved only 53.74 %. The primary products
were n-heptadecane (C17H3g) and n-octadecane (CygHsg), with varying
selectivity among the catalysts. The Pd/C catalyst demonstrated lower
activity compared to the Ni-based catalysts, producing a smaller pro-
portion of alkanes and more intermediates. When the feedstock was
changed to fatty acid methyl esters (FAME), tall oil fatty acid (TOFA),
and animal fat, the Ni-based catalysts continued to outperform the Pd/C
catalyst, achieving over 97.5 % feedstock conversion with Cy5 to C;g
alkanes as the major products [8]. This comparison highlights the
effectiveness of Ni-based catalysts in biofuel production over noble Pd/C
catalysts. To enhance the performance of Ni in deoxygenation, the
addition of a promoter is proposed. Among the various transition metals,
Mo is widely used because it can improve Ni distribution by reducing Ni
agglomeration and creating a synergistic effect between Ni and MoOy
[9]. This synergistic effect may further enhance the catalyst’s perfor-
mance in deoxygenation. Yang et al. (2022) studied the effect of Ni, Mo,
and NiMo on MgAl;04 for methyl palmitate hydrodeoxygenation. The
bimetallic NiMo/MgAl,;04 catalyst exhibited higher performance than
either monometallic catalyst. This enhanced performance was attributed
to electron transfer between Ni and MoOyx due to d-d orbital overlap
[10]. In the context of sustainable biofuel production, the traditional
noble metal catalysts, such as Pt, Pd, and Ru, are known for their high
activity and selectivity but are economically unviable for large-scale
applications due to their scarcity and high cost. In contrast, non-noble
metal catalysts, such as NiMo, supported on cost-effective materials,
present an attractive alternative.

The feedstock type is also related to the sustainability of the biofuel
production process, as it influences resource utilization, long-term
environmental impact, and the composition of the biofuel product.
The carbon number of the feedstock determines the carbon number of
the liquid product. For example, palmitic acid has 16 carbon atoms, and
its deoxygenation will result in a liquid product containing C15 and C16
carbon atoms from DCO/DCO; and HDO, respectively [11]. Tri-
glycerides, the main components in vegetable oils and animal fats, are
composed of various fatty acids with different carbon numbers, allowing
them to produce alkanes across a range of fuel types. Over the past two
decades, palm oil production has steadily increased to approximately
one-third of the total vegetable oil produced globally [12]. Therefore,
palm oil is suitable for producing renewable fuel due to its availability.
Deoxygenation typically occurs under high initial hydrogen pressures
between 20 and 50 bars [4]. The use of hydrogen donors is often
preferred over external hydrogen because it simplifies operation, re-
duces costs, and avoids the need for high-pressure hydrogen gas. Various
types of substances can act as hydrogen donors, including alcohols,
acids, and other organic molecules [13]. It can generate hydrogen
through decomposition and aqueous phase reforming (APR) [14,15].
Unlike other hydrogen donors, where alcohols can react with free fatty
acids to form alkyl esters as side products [16], and acids can negatively
impact the environment, glycerol is favored for deoxygenation because
of its minimal side reactions, low cost, availability, and environmental
advantages.

In our previous study, we investigated the effects of reaction tem-
perature, time, and the activation method of a self-prepared NiMo/ZrO»,
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catalyst—via either reduction or reduction and sulfidation—on palm oil
deoxygenation using glycerol as a hydrogen donor. The results showed
that higher reaction temperatures and longer reaction times led to
increased oxygen removal and alkane selectivity. The sulfidation
method outperformed the reduction in palm oil deoxygenation, likely
due to the synergistic effects between Ni with ZrO, and Ni with MoS.
Moreover, sulfidation improved the stability of the NiMo/ZrOj catalyst,
resulting in reduced coke formation [17].

Aly,03, a widely available and cost-effective material, possesses
moderate acidity, making it ideal for green diesel production. HZSM-5, a
zeolite with strong acidity and a distinctive pore structure, facilitates
cracking reactions and supports the production of lighter alkanes, such
as jet fuel and gasoline. These supports not only enhance catalyst per-
formance but also contribute to the sustainability of the process by
reducing dependence on scarce materials and improving the efficiency
of biofuel production. However, the primary limitations of Al;O3 as a
catalyst include its deactivation due to water absorption [18], and
HZSM-5’s susceptibility to coke formation [19], resulting in reduced
catalytic efficiency and a short lifespan that necessitates frequent
regeneration, thereby increasing production costs. By leveraging the
properties of these supports, our study aims to investigate the perfor-
mance and stability of these materials, identifying viable pathways for
the economic and environmental advancement of renewable energy
technologies.

Therefore, this study aims to compare the performance of our self-
prepared NiMo/ZrO, catalyst with a commercial catalyst, specifically
NiMo, on Al,03 and HZSM-5, both of which are widely used in industrial
hydroprocessing [20]. The sulfidation method was selected for catalyst
activation, with reactions carried out at 400 °C for 1 and 3 h. The cat-
alysts were characterized using several techniques, including Fourier
transform infrared spectroscopy (FTIR), x-ray diffraction (XRD), scan-
ning electron microscopy (SEM), scanning transmission electron mi-
croscopy (STEM), x-ray photoelectron spectroscopy (XPS), nitrogen
sorption, and thermogravimetric analysis (TGA). Liquid and gas prod-
ucts were collected, and the liquid products were analyzed using gas
chromatography-mass spectrometry (GC-MS), elemental analysis, total
acid number (TAN), high heating value (HHV), and Simulated distilla-
tion (Simdist). All data relating to the NiMo/ZrO: catalyst (reduced and
sulfided) performance presented in this manuscript are derived from our
previous publication [17] and have been included here solely for
comparative purposes. While previous studies have investigated biofuel
production through deoxygenation, most research has focused on either
noble metal catalysts or single-support NiMo catalysts, with limited
direct comparisons of different supports under identical reaction con-
ditions. This study advances the field by evaluating the performance of
NiMo catalysts supported on both self-prepared and commercial mate-
rials for palm oil deoxygenation, utilizing glycerol as an in-situ hydrogen
donor. By assessing reaction performance, catalyst stability, and biofuel
properties, this study provides valuable insights into the influence of
catalyst supports on optimizing biofuel production. Moreover, the use of
glycerol—a byproduct of biodiesel production—as a hydrogen donor
presents a sustainable alternative to conventional hydrogen gas-based
hydrodeoxygenation, thereby reducing process complexity and opera-
tional costs. The findings offer a practical framework for selecting cost-
effective and efficient catalyst systems, contributing to the advancement
of large-scale renewable fuel production.

2. Materials and method
2.1. Materials

Zeolite ZSM-5 (ammonium form) with the SiO,/Al;03 ratio of 50:1,
aluminum oxide (y-phase, high surface area catalyst support bimodal
(y-Alz03)), ammonium heptamolybdate tetrahydrate >99 % ((NHa)
6M07024-4H-0), nickel (II) nitrate hexahydrate 98 % (Ni(NOs)2-6H20),
and 99 % eicosane (CgoH42) were purchased from Thermo Scientific
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Chemicals (Waltham, Massachusetts, USA). Glycerol with 99.5 % purity
was obtained from VWR (Radnor, Pennsylvania, USA). Refined,
bleached, and deodorized (RBD) palm oil, a yellow solid, was utilized as
the reactant and purchased from Soapeauty Co. Ltd. (Des Plaines, Illi-
nois, USA). The fatty acid composition in palm oil is provided in the
previous study [17]. Dichloromethane (DCM) was purchased from
Macron Fine Chemicals (Radnor, Pennsylvania, USA). Alkane standard
solution Cg-Cyg (Cg-Cap, ~40 mg/L each, in hexane) was purchased from
Sigma Aldrich (St. Louis, Missouri, USA). High-purity nitrogen and
hydrogen gases were obtained from Airgas Inc. (Opelika, Alabama,
USA).

2.2. Catalyst preparation

Two commercial supports, HZSM-5 and Al=0s, were chosen for this
study. Fourier transform infrared spectroscopy (FTIR) was employed to
verify the bonding types of HZSM-5 and Al-Os before loading with active
metals. Metal salt reagents were measured to achieve 10 wt% Ni and 5
wt% Mo on the supports. Metals were introduced using the incipient
wetness impregnation method, where metal reagent solutions were
gradually added to the support. The resulting slurry was dried at 110 °C
for 12 h, then calcined at 550 °C for 5 h. The catalysts were reduced
before deoxygenation for 4 h at 500 °C in a tube furnace with a 10 ml/
min flow of 10 % Hz in N2 to convert the metal oxides into their metallic
forms.

2.3. Catalyst characterization

Detailed description of catalyst characterization using FTIR, XRD,
SEM/EDS, STEM, Ny sorption, and TGA are described in the published
document elsewhere [17]. Chemical analysis of the supported catalyst
surfaces was conducted using an Escalab 250 Xi XPS instrument. Mon-
ochromated Al Ka radiation (1486.6 eV) was used as the excitation
source operating at 225 W with an X-ray beam spot size of 650 pm, and
an electron flood gun was utilized to neutralize any charge during the
acquisition process. A pass energy of 20 eV was used to acquire high-
resolution spectra, while a pass energy of 120 eV was used for survey
spectra. Binding energies for AloO3 supported catalysts were corrected
for charging by referencing the Al 2p peak at 74.5 eV [21]. For quan-
tification, variation with the kinetic energy of the Effective Attenuation
Length (EAL) was corrected as described by Seah et al. (2012) [22].
Scofield cross-sections were used [23], and inelastic background was
accounted for using the Shirley method [24]. S 2 s and Mo 3d region
(S2S + Mo3d) was fitted using synthetic components comprised of
single-parameter Voigt function [25], LA(m), where m of 50 was used in
all but components. Spin-orbit coupling was accounted for when con-
straining Mo 3ds/3 and Mo 3ds,2 components while the doublet splitting
was set to 3.13 eV. The processing of the XPS spectra was performed
with CasaXPS software [26].

2.4. Deoxygenation under glycerol as a hydrogen donor

A detailed description of the deoxygenation of palm oil using glyc-
erol is discussed in the published document [17]. Briefly, 12 g of palm
oil, 5 g of glycerol, and 0.5 g of reduced NiMo catalyst were added into
the reactor, aligning with the stoichiometric requirements (the calcu-
lation is shown in the previous study [17]). For catalyst sulfidation, 0.4
ml of dimethyl disulfide was added to form NiMoS [17,27]. To remove
the air inside the reactor, the N, was used to flush the reactor three times
before the reaction. The reactions were conducted at 400 °C for 1 and 3 h
once the desired temperature was achieved. The final pressure varied
depending on the reaction conditions, ranging from 600 to 1100 psi.
After the reaction, the reactor was allowed to cool to room temperature
and then weighed. The liquid product was filtered to separate the
catalyst. Each experiment was performed in duplicate.
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2.5. Product analysis

The liquid product was filtered to separate the catalyst using What-
man No.50 filter paper, which has a particle filtration size of 2.7 pm. The
filtered liquid was then prepared in solution for the GC-MS analysis.
Additional analyses included CHNS-O, total acid number (TAN), higher
heating value (HHV), and simulated distillation (SimDis). These tech-
niques are explained in detail in a previously published document [28].
The results from GC-MS and CHNS-O were utilized to calculate the mass
balance and other indicators using the equations provided below.

%Liquid yield = 2 100 )
Mpitial
%Carbon yield = Meproduct 50 2
NG feed
- _ mOIalkane hydrocarbon in liquid product
%Alkane selectivity = x 100 3)

mOItotal of liquid product

Mo feed — MO, product % 100 (4)

%O0xygen removal =
Mo feed

where mjpitiay = mass of all substances at initial (g)

Myina; = mass of all substances after reaction (g)

mg,feed = Mass carbon in feed (g).

The performance indicators selected in this study—alkane selec-
tivity, oxygen removal, carbon yield, TAN, and HHV—are crucial for
assessing the practical applicability of biofuel production processes.
Alkane selectivity measures the catalyst’s ability to convert oxygen-
containing compounds, such as triglycerides and free fatty acids, into
hydrocarbons suitable for transportation fuels. High alkane selectivity is
essential to minimize undesirable byproducts and ensure the production
of high-quality fuel fractions such as gasoline, jet fuel, and diesel. Ox-
ygen removal is another critical indicator, as it determines the deoxy-
genation process necessary for producing hydrocarbons with higher
heating values and improved stability. This also ensures fuel compati-
bility with existing engines, as residual oxygen can lead to corrosion and
reduced combustion efficiency. Carbon yield quantifies the conversion
of carbon from the feedstock into liquid hydrocarbons, with a high
carbon yield minimizing losses to gaseous or solid products, thus
improving the economic feasibility of the process. TAN and HHV pro-
vide valuable insights into fuel quality and energy content. A low TAN
signifies reduced acidity, which enhances fuel stability and decreases
the likelihood of engine corrosion, while an increase in HHV indicates
the successful conversion of oxygenates into energy-dense hydrocar-
bons, aligning the product with conventional fuel energy requirements.
By focusing on these performance indicators, this study emphasizes the
industrial relevance of NiMo catalysts and the potential of glycerol as a
cost-effective, sustainable hydrogen donor, offering a framework for
optimizing catalyst design and operational parameters for large-scale
biofuel production.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. FTIR

The bonding type of support was determined using FTIR, and the
results are shown in Fig. 1. The transmittance peaks of y-Al,O3 were
observed at four main positions: 3420, 1640, 796, and 540 cm L. The
first two peaks represented O—H stretching and bending vibrations in
adsorbed water molecules, respectively. The peaks at 796 and 540 em™!
are attributed to the vibrations of AI—O—Al [29].

HZSM-5 is a zeolite with framework vibration and surface properties
generated from the SiO5:Al;03. The FTIR spectrum demonstrated the
characteristics of these properties. There were seven major peaks in the
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Fig. 1. FTIR spectrum of catalyst supports.

HZSM-5 spectrum: 3640, 1640, 1220, 1060, 796, 540, and 430 em L
The small band at 3640 cm ™ indicates the hydroxyl group of the extra-
framework alumina (Al—OH framework), which provides Brgnsted acid
sites. The bending vibration of water-adsorbing molecules in the
framework corresponds to the band at 1640 cm ™. The significant bands
at 1220, 1060, and 796 em! corresponded to the Si—O—Si external
asymmetric, internal asymmetric, and external symmetric, respectively
[30]. Thus, those peaks can confirm the presence of external linkages
between the SiO4 tetrahedral structure in zeolite. The absorption bands
at 540 and 430 cm ™! indicate the HZSM-5 crystalline structure of SiOy4
and AlO4 tetrahedral, also known as double five rings.

The FTIR spectrum alumina and HZSM-5 displayed characteristic
peaks as expected. The absence of unknown peaks, along with the
presence of the characteristic peaks, confirmed the purity of selected
supports [30,31].

3.1.2. XRD
XRD analysis was performed to examine the characteristic peaks of
the fresh and spent catalysts. Fig. 2(a) presents the XRD patterns of NiMo
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supported on Al;Os. Significant peaks in the XRD pattern of Al,O3
appeared at 20 of 22°, 37°, 46°, and 66°, corresponding to the (111),
(311), (400), and (440) planes, respectively. These peaks indicated the
formation of the cubic and pure gamma phases of Al,03 [32,33].

Fig. 2(b) shows the XRD patterns of NiMo supported on HZSM-5. The
XRD pattern of HZSM-5, indicative of its MFI (Mobil Composition of
Framework I) structure, was essential for identifying its crystalline
structure. Dominant peaks for NiIMo/HZSM-5 were observed within the
20 range of 8-9 and 22-25°. The diffraction peaks at 8.0°, 8.9°, 23.1°,
23.3°, and 24°, corresponding to the (101), (200), (051), (303), and
(313) planes, respectively. These results confirmed that NiMo/HZSM-5
exhibited an MFI-type zeolite structure [30,34].

A distinct nickel peak was observed in all catalysts, with NiO dis-
playing peaks at 20 = 43.3° related to the (200) planes and Ni exhibiting
characteristic peaks at 20 = 54°, corresponding to the (220) plane [35].
However, Mo species peaks were not detected, possibly due to their
small crystalline size, resulting in a high dispersion of metal particles
across all catalysts [36]. The XRD comparison of fresh and spent cata-
lysts revealed that the diffraction peaks of the supports remained un-
changed after the reaction, indicating that the structure of both supports
remained stable throughout the process. For the Ni peak, the intensity
decreased in all catalysts due to coke deposition, with a significant
reduction observed in NiMo on HZSM-5. This result corresponds with
the TGA analysis (see Section 3.1.7), which shows that NiMo on HZSM-5
exhibited higher coke formation compared to NiMo on AlyO3 [37]. The
presence of Ni?" may result from the weak interaction between Ni and
the support, facilitating the reoxidation of nickel species upon contact
with air. The satellite peak of Ni is associated with multielectron pro-
cesses within Ni%* compounds, such as NiO and NiMoOy alloys.

3.1.3. XPS

The chemical states on the surface of fresh and spent NiMo catalysts
supported on Al,O3 and HZSM-5 were examined using XPS analysis.
Fig. 3 presents the XPS spectra of Ni 2p and Mo 3d for various supports.
Ni 2p region shows that the Ni state in the NiMo/HZSM-5 catalyst ex-
hibits three overlapping peaks at binding energies of 853, 856, and 862
eV, corresponding to Ni°, Ni2*, and the satellite peak, respectively [38].
The presence of Ni?>" may result from the weak interaction between Ni
and the support, facilitating the reoxidation of nickel species upon
contact with air. The satellite peak of Ni is associated with multielectron
processes within Ni%+ compounds, such as NiO and NiMoOy alloys [39].

The Mo states observed in the NiMo catalysts supported on Al,O3 and

# Supports
Ni
) ‘ * als
5 3 *
<
N—"
é‘ Spent NiMo/Al,O,
&
2
=)
- 4
Fresh NiMo/Al, O,
10 20 30 40 50 60 70 80

20 (degree)

(a)

Intensity (a.u.)

* * Supports
% Ni
%
* * Spent NiMo/HZSM-5
Fresh NiMo/HZSM-5
10 20 30 40 50 60 70 80

20 (degree)

(b)

Fig. 2. XRD pattern of (a) NiMo/Al,O3 and (b) NiMo/HZSM-5.
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Fig. 3. XPS spectra of fresh catalyst; (a) Ni 2p and (b) Mo 3d.

HZSM-5 included Mo®*, Mo®*, and Mo** [40]. The binding energies for
Mo®" are represented by two peaks at 232.3 eV and 235.8 eV, corre-
sponding to the 3ds/; and 3ds, respectively. Peaks for Mo** appear at
229.5 eV and 232.6 eV, corresponding to the 3ds,5 and 3d3 /5, suggesting
the presence of MoO, along some intermediate Mo®* species in NiMo/
HZSMS5, implying partial reduction to NiMoOy. No metallic Mo was
observed as the binding energy of Mo(0) 3ds, peak is typically at 227.8
eVv.

Elemental quantification of fresh and spent catalyst surfaces is pre-
sented in Table 1. An interesting observation can be made where the
catalyst surface is significantly modified during the reaction. In partic-
ular, spent NiMo/HZSM5 now contains 91 % of carbon, while spent
NiMo/Al,O3 also contains a significant amount. Sulfur in both spent
catalysts does not contribute significantly.

3.1.4. SEM-EDS

Fig. 4 presents the surface morphology and elemental composition of
fresh and spent NiMo catalysts supported on Al,O3 and HZSM-5. Fig. 4
(a) shows the fresh NiMo/Al,O3 catalyst, characterized by a rough
surface with irregularly shaped particles due to metal deposition.
Elemental mapping revealed the distribution of Al in the Al,O3 support,
while O in both the support and oxidized metals, and Ni and Mo across
the catalyst surface. Ni and Mo were evenly distributed without signif-
icant aggregation. In Fig. 4(b), the spent NiMo/Al,O3 catalyst exhibited
a highly textured surface with aggregated particles, where higher
magnification revealed a granular structure. Coke deposition, indicated
by the carbon map, suggested the presence of carbonaceous deposits
that could block the catalyst’s active sites.

Fig. 4(c) depicted the morphology of the fresh NiMo/HZSM-5 cata-
lyst, indicating an uneven and aggregated structure. The even

Table 1
Elemental quantification of the fresh and spent catalyst surfaces.

Sample Identifier Elemental quantification (%)

Al2p Cls Mo3d Ni2p O1ls S2p Si2p
Spent NiMo/Al;03 12.6 61.9 0.3 0.6 23.7 0.9 0.0
Spent NiMo/HZSM- 0.1 91.0 0.0 0.0 7.4 0.2 1.3
5
NiMo/Al,03 31.9 7.3 1.2 2.5 57.0 0.0 0.0
NiMo/HZSM-5 1.6 16.2 2.1 1.6 54.1 0.0 24.5

distribution of Al and Si confirmed the HZSM-5 zeolite structure, with
the silica framework also evenly distributed, indicating a well-
maintained zeolite structure. Ni and Mo were uniformly distributed
across the catalyst, indicating effective preparation and deposition on
the HZSM-5 support. Fig. 4(d) shows the SEM-EDS analysis of the spent
NiMo/HZSM-5 catalyst, revealing significant morphological changes
compared to the fresh catalyst. The surface had become rougher and
more irregular, with larger clusters and signs of sintering or agglomer-
ation, as confirmed by carbon mapping indicating carbon deposits.

3.1.5. STEM-EDS

The dark-field STEM images and EDS mappings of the catalysts are
illustrated in Fig. 5. The dark-field STEM image reveals that the brighter
regions correspond to denser NiMo particles, while the dimmer regions
indicate the support material. In Fig. 5(a), the STEM-EDS analysis of
NiMo/Al;,03 shows a well-dispersed Al content, implying that Al is
evenly distributed within the support. Ni is also well-dispersed on the
Al,0O3 support with minimal aggregation, whereas Mo appears to be
more uniformly dispersed than Ni.

Fig. 5(b) presents the STEM-EDS data for NiMo/HZSM-5, where the
even distribution of Si and Al suggests that these elements are well-
distributed within the support. Similar to NiMo/Al;O3, Ni is well-
dispersed on the HZSM-5 support with limited aggregation, but Mo is
more evenly dispersed than Ni. Notably, Ni shows a higher degree of
aggregation on HZSM-5 compared to AlyOs. This corresponds to Na
sorption results (see section 3.1.6), HZSM-5 exhibits a microporous
structure, while Al,O3 displays a mesoporous structure. Consequently,
NiMo could not effectively penetrate the micropores of HZSM-5,
resulting in greater aggregation compared to AlyOs.

3.1.6. N, adsorption-desorption

Fig. 6 illustrates the N, adsorption-desorption isotherms for the
supports, fresh and spent catalysts. Fig. 6(a) shows the isotherm for Ni
on Al;Os. The results show that Al,O3 displays a type IV isotherm with
an H2-type hysteresis loop, as classified by IUPAC [41]. This hysteresis
loop is evident in the relative pressure ®/P% range of 0.50 to 0.95,
indicating a mesoporous structure [42]. Fig. 6(b) depicts the isotherm
for Ni on HZSM-5, which is a combination of type I and type IV
adsorption isotherms. The H2-type hysteresis loop in HZSM-5 is
observed between relative pressures of 0.5 and 1.0. The type I isotherm
at low relative pressure (P/P° = 0.04) corresponded to the microporous
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Fig. 4. SEM images of fresh and spent catalysts.

structure, while the type IV isotherm with H2-type hysteresis confirmed
the mesoporous structure [43,44]. These findings were consistent with
the BJH analysis (shown in Supplementary Information, Fig. S1), indi-
cating that the pore size distribution of HZSM-5 is composed of micro-
pores (below 0.2 nm) and mesopores structure, whereas AlpO3 only
exhibits a mesoporous structure.

After metal loading, the Ny adsorption of NiMo on Al;03 and HZSM-5
decreased significantly compared to their bare support, suggesting that
the introduction of NiMo may block some pores and decrease overall
porosity corresponding with a decrease in BET surface area (as shown in
Table 2) [45]. However, the type of adsorption isotherm and hysteresis
loop remained unchanged, indicating that metal loading did not
compromise the support structure [46]. For both NiMo on Al,03 and
HZSM-5, the spent catalysts showed a distinct decrease in adsorption
amounts, particularly at higher relative pressures, suggesting pore
blockage or structural changes due to coke formation after catalytic
activity.

Table 2 summarizes the textural properties of the supports, fresh
catalysts, and spent catalysts. HZSM-5 demonstrated a higher surface
area than Al,Ogs, attributed to its microporous structure. After metal
loading, both catalysts exhibited a decrease in surface area due to metal
agglomeration and pore blockage, particularly in NiMo/HZSM-5, where
micropore blockage was observed [47]. However, the surface area of
NiMo/HZSM-5 remains higher than that of NiMo/Al,Os. Interestingly,
the spent NiMo/HZSM-5 exhibited a lower surface area than the spent

NiMo/Al,03, indicating greater coke formation on NiMo/HZSM-5,
which aligns with the TGA results (Fig. 7).

3.1.7. TGA

Fig. 7 presents the TGA profiles of fresh and spent catalysts supported
on ZrOy, Al;03, and HZSM-5. The TGA analysis reveals distinct weight
loss trends for each catalyst, highlighting differences in their stability
and coke formation. Fresh catalysts experienced minimal weight loss of
approximately 5 % for NiMo on AlyO3, and HZSM-5 (with their curves
overlapping after 200 °C), mainly due to moisture evaporation. How-
ever, spent catalysts showed significant weight loss, indicating coke
deposition during the deoxygenation process. Previous experiments
with spent NiMo/ZrO, catalysts under the same conditions showed a
coke deposition of 15 % weight loss [17]. TGA results for commercial
catalysts (NiMo/Al,03 and NiMo/HZSM-5) revealed that decomposition
temperature can be divided into three phases: below 200 °C is physical
processes such as the release of volatile compounds or water evapora-
tion; between 200 and 450 °C, where NiMo sulfides decompose and
residual hydrocarbons combust to form soft coke, which may block
active sites and lead to deactivation; and above 450 °C, where hard coke
decomposes, presenting a more persistent challenge to maintaining
catalyst activity [48].

For the fresh NiMo/Al,03 and NiMo/HZSM-5 catalysts, the weight
loss was approximately 5 %, likely due to water absorption. However,
the spent catalysts demonstrated higher weight losses, reflecting
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Fig. 4. (continued).

significant coke formation. The spent NiMo/Al,03 and NiMo/HZSM-5
catalysts showed weight losses of 39 % and 53 %, respectively. The
stability of NiMo catalysts on different supports decreases in the
following order: self-prepared ZrOy > Al,O3 > HZSM-5, which responds
to weight loss from coke deposition. The HZSM-5 had the highest coke
content because it generated aromatic compounds in the liquid phase at
high reaction temperatures. This is because some compounds could have
cracked and converted to aromatics at strong acid sites [49]. On the
other hand, ZrO, had the lowest coke content because the oxygen va-
cancies on ZrO, could promote the oxidation of deposited coke [50].
Therefore, the TGA results highlight the crucial role of coke deposition
in determining catalyst performance and longevity. NiMo/ZrO,
demonstrated superior stability with minimal coke formation, leading to
extended catalyst life and reduced operational costs. Conversely, NiMo/
Al»03 and NiMo/HZSM-5 exhibited significantly higher coke deposition,
which could result in more frequent catalyst regeneration and increased
maintenance expenses. These findings emphasize the importance of
choosing catalyst supports that offer a balance of activity, selectivity,
and stability, ultimately improving both the performance and economic
viability of biofuel production processes at an industrial scale.

3.2. Palm oil deoxygenation under glycerol as a hydrogen donor

3.2.1. Liquid products
It is well established that Al;O3 and HZSM-5 supports are widely

used catalysts in deoxygenation processes. In this study, the perfor-
mance of self-prepared ZrO, as a support for palm oil deoxygenation
using glycerol as a hydrogen donor was compared with these two
commercial supports. Reactions were conducted at 400 °C for 1 and 3 h.
The results including elemental analysis, reaction evaluation (percent of
carbon yield, oxygen removal, and alkane selectivity), and the proper-
ties of the liquid products (TAN and HHV), are presented in Table 3. A
control experiment without a catalyst (blank test) was performed to
assess the role of the catalyst, with the results described in our previous
publication [17]. Palm oil deoxygenation with glycerol as a hydrogen
donor in the absence of a catalyst showed maximum values at 400 °C for
3 h, with 65.9 % oxygen removal and 59.9 % alkane selectivity. As seen
in Table 3, the use of the three catalysts significantly enhanced deoxy-
genation performance by markedly increasing oxygen removal and
alkane selectivity. Thus, NiMo supported on commercial Al;03, HZSM-
5, and self-prepared ZrO, had a strong influence on this reaction.

As shown in Table 3, although palm oil contains high carbon content
and a high HHV along with low TAN and oxygen content, it still requires
transformation to be suitable for use as a transportation fuel. Palm oil is
a triglyceride compound, which hinders efficient air mixing in com-
bustion chambers, leading to poor fuel atomization. Additionally, its
high viscosity makes it unsuitable for direct use as fuel without further
processing [51].

At 1 h of reaction time, NiMo/Al,03 achieved the highest C yield at
86.0 %, while NiMo on ZrO2 and HZSM-5 produced similar C yields (as
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Fig. 5. Dark-field STEM image and EDS mapping of (a) NiMo/Al,O3 and (b) NiMo/HZSM-5.

shown in Table 3). The lower carbon yields were attributed to reduced comparable across all three catalysts, but there were differences in
liquid yield (as shown in Table S1), indicating carbon in palm oil loss to alkane selectivity. NiMo/ZrO, exhibited the lowest alkane selectivity
gas products due to decarboxylation, decarbonylation, and gas-phase (68.8 %) and retained higher amounts of free fatty acids after triglyc-
reactions. The oxygen removal rates at 1 h of reaction were eride hydrogenolysis [52], suggesting that the self-prepared ZrO, may
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Fig. 6. N, adsorption-desorption isotherm of (a) NiMo on Al,0O3 and (b) NiMo on HZSM-5.

Table 2
Textural properties of supports, fresh, and spent catalysts.

Sample BET surface area (m?/g) Total pore volume (cm®/g)
HZSM-5 377.0 0.09
NiMo/HZSM-5 325.0 0.11
Spent-NiMo/HZSM-5 3.0 0.01
Al,05 285.0 0.79
NiMo/Al;05 233.0 0.61
Spent-NiMo/ Al;O3 71.0 0.16
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Fig. 7. TGA profile of fresh and spent catalysts.

exhibit slower catalytic activity for palm oil deoxygenation than Al,O3
and HZSM-5. However, an extended reaction time was necessary, as the
results of 1 h for all catalysts were unsatisfactory.

The results of extending the reaction time from 1 to 3 h are presented
in Table 3. For all catalysts, an increase in reaction time led to higher %C
in the liquid product, while %0 and %C yield decreased, indicating
enhanced oxygen removal and cracking. These findings are consistent
with the carbon distribution observed in Fig. 8 from GC-MS analysis,
which showed that longer reaction times resulted in the production of
lighter alkanes due to increased cracking [53]. At 3 h of reaction, the
carbon and oxygen content in the liquid products, as well as carbon
yield, appeared similar for NiMo/ZrOs, NiMo/Al»03, and NiMo/HZSM-
5. NiMo/Al;O3 still exhibited the highest %C yield, but with no

significant difference compared to other catalysts due to its higher liquid
yield, suggesting limited oxygen removal and cracking. However, NiMo/
Al;O3 had the lowest oxygen removal and alkane selectivity, while
NiMo/ZrO, and NiMo/HZSM-5 showed comparable results. The highest
oxygen removal was achieved with NiMo/ZrO, at 75.7 %, and the
highest alkane selectivity was observed with NiMo/HZSM-5 at 95.9 %.
The variations in oxygen removal were linked to the remaining oxygen
content in the palm oil (triglyceride) and palm oil hydrolysates (free
fatty acids) [52]. This suggests that the triglyceride content in palm oil
remained higher with NiMo/HZSM-5 compared to NiMo/ZrO,, indi-
cating that NiMo/ZrO, had a higher efficiency in converting both tri-
glycerides and free fatty acids into alkane hydrocarbons. Overall, NiMo/
Al;03 demonstrated the lowest performance compared to NiMo/ZrO,
and NiMo/HZSM-5. This difference can be attributed to the substantial
water produced within the reactor as a result of gas-phase reactions and
the hydrodeoxygenation pathway [35]. The presence of water may
hinder the performance of Al;Os, as strong water adsorption on its
surface can suppress its active sites. When water interacts with the
surface of AlpOg, it can lead to the formation of hydroxyl groups (-OH)
on the catalyst surface. These hydroxyl groups can occupy active sites
and alter the electronic properties of the surface, thereby hindering the
catalyst’s performance in palm oil deoxygenation [18]. This effect is
evident from the slight decrease in fatty acid content and the corre-
sponding increase in oxygen removal observed for NiMo/Al,O3 as the
reaction time was extended from 1 to 3 h. In contrast, ZrO, and HZSM-5
exhibited greater resistance to water deactivation, as both oxygen
removal and alkane selectivity continued to increase with longer reac-
tion times.

The mechanisms for catalyzing the deoxygenation process differ
between ZrO2 and HZSM-5. In ZrOo, oxygen vacancies play a crucial role
in the reaction by providing active sites that facilitate the adsorption and
activation of reactants. The formation of these vacancies, often through
the removal of oxygen atoms, results in charge compensation within the
material, enhancing its catalytic properties. When reactants adsorb onto
these surface vacancies, C—O bonds are activated and subsequently
cleaved, releasing byproducts such as carbon monoxide and carbon di-
oxide. This process not only increases the reactivity of ZrO, but also
allows for continuous catalytic activity, making it an effective catalyst
for deoxygenation reactions [36,54].

HZSM-5, on the other hand, has two types of acid sites: Lewis and
Brgnsted acid sites. Lewis acid sites act as electron acceptors, while
Brgnsted acid sites function as proton donors [19]. The mechanism
involving these acid sites is illustrated in Fig. 9. The deoxygenation
mechanism over HZSM-5 involves the synergistic actions of both
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Table 3
Elemental composition, evaluation of reaction performance, and properties of liquid products using NiMo on different supports.
Catalyst Reaction time Elemental analysis (%)*** Calculation (%) Properties
h
® C H S o= C yield Oxygen Alkane TAN HHV
removal selectivity** (mg KOH/ MJ/kg)
g)
Palm oil 76.9 12.5 10.6 1.05 39.3
Glycerol 38.5 9.1 52.4 0.00 17.8
NiMo/ZrO, 1 76.7 + 11.3 £ 0.5+ 115+ 79.6 + 64.3 +1.4 68.8 + 1.3 50.7 + 2.0 39.9 +
[17] 0.4 0.7 0.5 0.4 0.4 0.2
3 79.4 + 12.2 + 0.1+ 82+06  79.0+ 75.7 £ 1.8 92.9 + 1.1 320401 422+
0.5 0.1 0.1 0.5 0.2
NiMo/Al;03 1 76.5 + 11.9 + 0.5+ 111 + 86.0 + 62.8 + 0.7 81.9+1.1 772+£02 396+
0.3 0.0 0.1 0.2 0.3 0.1
3 77.5 + 11.9 + 0.3+ 10.2 + 80.5 + 68.5+ 1.9 85.9 + 2.5 467 +05 413+
0.5 0.1 0.1 0.2 0.5 0.6
NiMo/HZSM5 1 76.4 + 11.6 £ 0.7 + 11.2 + 79.4 + 65.3 £ 0.5 88.4 + 2.3 595+ 1.1 40.1 =
0.3 0.2 0.1 0.2 0.3 0.3
3 78.7 + 12.1 + 0.5+ 86+0.1 784+ 74.3 + 0.2 95.9 + 0.0 31L7+£12 417+
0.1 0.1 0.1 0.1 0.4
" By difference.
" The liquid product consists of fatty acids and alkane hydrocarbons.
" %N less than 0.1 for all case.
subsequently desorbed [19]. Furthermore, as an electron acceptor, the
100 I 18 Lewis acid sites can enhance oxygen adsorption, leading to increased
5.6 - 6.9 6.0 53 = c17 - .
T Ccis oxygen removal [55,56]. Although the acidity of HZSM-5 is highly
= 804 :]:Iglli beneficial for catalysis, coke deactivation can occur easily at high re-
2 33.7 370 360 | Il 13 action temperatures as aromatic compounds form on the acid sites [57].
= 42.1 44.0 44.1 [ Jci2 . . 1. i .
5 o The experimental findings showed that small quantities of aromatic
=] . . .
3 601 68 36 C10 compounds were present when using NiMo/HZSM-5, which were not
3 . - : ; . .
g 57 7.0 7.9 7.5 % E: detected with the other catalysts. The existence of aromatic compounds
£ 40 68 g-g g'g 72 71 3‘7‘ correlated with the stability of NiMo/HZSM-5, as evidenced by the TGA
@} ) 9‘3 e 72 o 9'0 (as shown in Fig. 7). NiMo/HZSM-5 exhibited the lowest stability due to
N = Ll = 2 B . . . .
= 204 72 : 6.5 8.4 6.9 coking deactivation, approximately 53 %.
8.7 10.7 8.4 9.1 9.0 1 The main components of the liquid product consist of alkane hy-
1.1 123 10.9 96 9?6 122 drocarbons with varying carbon chain lengths and fatty acids. The dis-
0 ; ] ; ] ; ] Time (h) tribution of carbon number in liquid products using different catalysts at
1ime ° . . . . . .
NiMo/ZO, NiMo/ALO, NiMo/HZSM-5  Catalyst 400 °C is illustrated in Fig. 8. The results indicated that the carbon

Reaction conditions

Fig. 8. The carbon distribution in liquid products using different catalysts
at 400 °C.
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Fig. 9. The characteristics of acid sites on HZSM-5.

Brgnsted and Lewis acid sites. Oxygenated compounds are adsorbed into
the unique pore structure of HZSM-5 and are then protonated at the
Brgnsted acid sites, leading to the formation of reactive intermediates.
The Lewis acid sites stabilize these intermediates and facilitate C—C
bond formation. This activation step weakens C—O bonds, resulting in
their cleavage and the formation of hydrocarbons, which are

10

content of alkanes ranged between Cg and C;g, with C;sHsy being a
major component in all cases. Longer alkanes (>C;s) appeared as the
primary component, potentially suitable for the hydrocarbon range of
jet fuel and diesel fuel [58]. With increased reaction time, the produc-
tion of lighter alkanes intensified. Lighter alkanes (Cg-C14) exhibited an
increased production order of NiMo/Al,03 < NiMo/HZSM-5 ~ NiMo/
ZrO,. Moreover, NiMo/HZSM-5 and NiMo/ZrO, demonstrated similar
capabilities in producing carbon distribution in liquid products. Another
contributing factor to the decreased performance of Al,Os in cracking
was its moderate acidity [59]. Strong acid sites typically facilitate more
cracking reactions [19], implying that Al,O3 may not be optimal for
producing gasoline or jet fuel hydrocarbons, but it could be suitable for
green diesel production. These findings are consistent with Dada et al.
(2022), who studied the effect of mono (SrO) and bimetallic (Cu-SrO)
catalysts over different catalyst supports (HZSM-5, Y-zeolite, activated
carbon, Al;O3, and ZrO3) on co-pyrolysis of biomass (ironbark) and
waste cooking oil. Their research showed that both SrO and Cu-SrO on
HZSM-5 and Y-zeolite exhibited similar behavior, promoting cracking
reactions that produced lighter alkane hydrocarbons (C < 14) and
reducing the formation of compounds with more than 20 carbon atoms
compared to other supports, due to the strong acid sites on the HZSM-5
catalyst [60].

TAN and HHV are important indicators of the quality and stability of
biofuel produced via the deoxygenation of palm oil. Table 3 presents the
TAN and HHYV values of both palm oil and the liquid products obtained
from various catalysts. Palm oil has a low TAN and high HHV due to its
high carbon content in the form of triglyceride structures and low oxy-
gen content. The liquid products from all catalysts exhibited higher TAN
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and HHV than palm oil. The increase in TAN is attributed to the fatty
acids produced during the hydrogenolysis of palm oil and the formation
of fatty acids reduces HHV [28]. However, the overall increase in HHV
of liquid products for all cases is driven by the production of alkane
hydrocarbons.

As the reaction time increases, TAN decreases across all catalyst
systems (NiMo/ZrO,, NiMo/Al;03, and NiMo/HZSM-5), reflecting the
ongoing deoxygenation process. For instance, at 3 h, the NiMo/HZSM-5
and NiMo/ZrO, catalysts significantly reduced TAN compared to 1 h,
demonstrating their ability to efficiently remove oxygen from fatty acids
and convert them into hydrocarbons. The highest remaining fatty acid
content at 3 h for NiMo/Al,O3 resulted in lower TAN and HHV
compared to NiMo/ZrO, and NiMo/HZSM-5.

The HHV of the liquid product tends to increase with longer reaction
times. This is because the production of an energy-rich alkane hydro-
carbon is associated with prolonged reaction times. Alkanes have higher
HHYVs than fatty acids due to their greater hydrogen-to-carbon ratio and
lower oxygen content [61]. The increase in HHV over time reflects the
improved conversion of oxygenates into alkane hydrocarbons,
enhancing the biofuel’s energetic density and making it more compa-
rable to conventional fuels. NiMo/ZrO, and NiMo/HZSM-5 exhibited
similar TAN and HHV values, which aligns with the results from GC-MS
and CHNS-O analyses that demonstrated high alkane selectivity and
effective oxygen removal. According to Jet A and Jet Al standards, the
HHYV value is 42.8 MJ/kg [62]. Our highest recorded HHV result was
42.2 MJ/kg, which is close to the ASTM standard. Therefore, it appears
that NiMo/ZrO, exhibited the best performance for palm oil deoxy-
genation using glycerol as a hydrogen donor for two primary reasons.
First, NiMo/ZrO5 demonstrated superior performance in terms of oxy-
gen removal and alkane production. Second, NiMo/ZrO, exhibited the
best stability, which was attributed to its lowest coke deactivation, as
determined from the TGA analysis (as shown in Fig. 7).

While NiMo/ZrO, demonstrates superior performance in terms of
oxygen removal, alkane selectivity, and resistance to coke formation,
certain practical considerations should be noted. ZrO,, despite its
excellent thermal stability and ability to provide oxygen vacancies, may
be more expensive and less readily available than Al;O3 and HZSM-5,
which are commonly used commercial supports. The preparation of
high-purity ZrO5 with controlled properties may also require additional
processing steps, increasing its overall production cost. These factors
could limit its widespread adoption in industrial applications unless
offset by its enhanced performance and longer catalyst lifespan, which
could reduce the frequency of catalyst replacement. Future research
could focus on developing strategies to reduce the cost of ZrO, pro-
duction and improve its economic viability.

The performance of the catalysts in this study was compared to
previous work reported in the literature. Khan et al. (2024) investigated
palm oil deoxygenation using a 10 wt% Ni/ZSM-5-SAPO-11 catalyst at
350 °C and 60 bar Hs for 2 h in a batch reactor, with a calculated WHSV
(weight hourly space velocity, g feed/g catalysteh) of 2.2. Their study
resulted in a high alkane yield, predominantly in the jet fuel range, with
the liquid product containing 77.2 % carbon, 12 % hydrogen, and a HHV
of 43.38 MJ/kg [63]. Similarly, our study using a NiMo/HZSM-5 cata-
lyst with a WHSV of 8 also produced alkanes in the jet fuel range, but
with higher carbon (78.7 %) and hydrogen (12.1 %) contents, along
with a comparable HHV of 41.7 MJ/kg after 3 h of reaction time.
Although our reaction time was longer, the higher WHSV implies a
shorter residence time for the palm oil on the catalyst surface, leading to
a faster reaction rate [64], without the need for external hydrogen, as
glycerol acted as a renewable hydrogen donor. Additionally, Tsiotsias
et al. (2023) explored palm oil deoxygenation using a Ni/ZrO, catalyst
at 300 °C and 30 bar H; for 20 h in a continuous reactor, reporting 95 %
palm oil conversion and a 90 % alkane yield in the C8-C18 range [50].
In comparison, our NiMo/ZrO, catalyst achieved a similar alkane
selectivity of 92.9 % in the C8-C18 range with a shorter reaction time
and minimal coke formation. Another relevant comparison is Alwan
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et al. (2015), who studied biofuel production via oleic acid deoxygen-
ation using glycerol as an in situ hydrogen donor. The reaction was
carried out at 400 °C for 4 h using a NiWC/Al-SBA-15 catalyst, with a
WHSYV of 1.1. Their results showed 97.3 % oleic acid conversion with
selectivity of 5.2 % and 13 % for C17 n-alkane and C17 alkene,
respectively. Although our WHSV is higher than theirs, the results are
comparable in terms of using glycerol as a hydrogen donor [65]. These
comparisons underscore the efficiency and sustainability of our NiMo-
based catalysts, particularly the use of glycerol as a hydrogen donor,
which enhances the overall practicality and environmental compati-
bility of the process.

3.2.2. The effect of catalyst on different fuel range production

The catalytic performance of NiMo-based catalysts supported on
different materials—ZrO,, Al,O3, and HZSM-5—was assessed for fuel
production using the SimDist technique. As illustrated in Fig. 10, the
various fuel ranges produced by these catalysts show distinct product
distributions. The reaction was carried out at 400 °C for 3 h. According
to previous research, the NiMo/ZrO, catalyst yielded a product distri-
bution of 18.2 % diesel, 45.5 % jet fuel, and 36.2 % gasoline, with jet fuel
constituting the largest fraction [17]. In contrast, the NiMo/Al,O3
catalyst showed a higher selectivity towards diesel, producing 56.7 %,
the highest among all catalysts studied. The alkane hydrocarbons in the
jet fuel and gasoline ranges were produced at 20.8 % and 22.6 %,
respectively, making it the catalyst with the lowest gasoline production.
The NiMo/HZSM-5 catalyst generated 20.4 % diesel, slightly more than
NiMo/ZrO5 but less than NiMo/Al;O3, with jet fuel and gasoline pro-
duction of 45.7 % and 33.9 %, respectively. The fuel range production of
NiMo/HZSM-5 was comparable to that of the NiMo/ZrO, catalyst. This
result was consistent with the carbon distribution observed in the liquid
products. The active sites on NiMo/ZrO5 and NiMo/HZSM-5 effectively
promoted the formation of lighter alkanes through cracking [42,66],
leading to the conversion of long-chain alkanes into shorter ones within
the gasoline range. Conversely, NiMo/Al,0s3, characterized by moderate
acidity [42], exhibited a lower rate of cracking, resulting in a predom-
inance of long-chain alkanes within the diesel fuel range as the primary
product. These findings suggest that the support material plays a crucial
role in determining the selectivity and efficiency of NiMo catalysts in the
conversion process, significantly affecting the relative yields of diesel,
jet fuel, and gasoline. Consequently, this study recommends NiMo/
Al,03 for green diesel production, while NiMo/ZrO, and NiMo/HZSM-5
are suggested for jet fuel production.

3.2.3. Gas products

The gas product composition from palm oil deoxygenation at 400 °C
for 1 and 3 h, using glycerol as a hydrogen donor without a catalyst,
primarily consisted of Hy, CO2, CH4, CoHg, and CoHy, with CO2 being the
dominant component, as reported in [17]. When using NiMo catalysts
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Fig. 10. The various fuel range production from palm oil deoxygenation from
different catalysts.
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on different supports under the same reaction conditions, as shown in
Fig. 11, the resulting gas products displayed a similar composition,
indicating that despite variations in catalysts and reaction times, the key
gases produced remained consistent. This consistency can be attributed
to the predominant occurrence of several key gas-phase reactions. Hy
was present despite not being introduced at the initial, indicating that
glycerol can produce Hy and confirming its role as a hydrogen donor. Ha,
which is produced via glycerol decomposition and aqueous-phase
reforming (APR), is a critical contributor to the process efficiency, as
it acts as a renewable hydrogen source, reducing the dependence on
externally supplied hydrogen. This self-sufficiency in hydrogen pro-
duction can lower operational costs and improve the sustainability of
the process. The deoxygenation of palm oil could potentially produce CO
and CO; through decarbonylation and decarboxylation, respectively
[37], but CO was not detected. Both CO and CO, are reactants in
methanation reactions that produce CH4 (as shown in Eq. (5) and (6))
[67]. CO methanation is favored over CO5 methanation due to its more
negative Gibbs free energy, making it more likely to occur [68]. Addi-
tionally, CO reacts in the water-gas shift reaction to form CO and Hj (as
shown in Eq. (7)), a process that also happens due to the presence of HoO
from hydrodeoxygenation [69]. CO5 was the most abundant gas across
all experiments might be due to it being produced from both water gas
shift and decarboxylation without further reaction. The complexity of
the gas-phase reactions makes it challenging to correlate the gas-phase
components with those in the liquid-phase reactions. The major gas
phase reactions are listed below [68].

CO methanation; CO + 3H,-CH, + H,0 AG 533 = — 88.4 kJ/mol 5)
CO, methanation; CO, + 4H,»CH, + 2H,0 AG 533 = — 69.2 kJ/mol

(6)
Water gas shift; CO + H,O-CO, + H, 7

Lighter hydrocarbons were generated through cracking [70]. CHy
and other light hydrocarbons offer potential as energy carriers. These
gases can be captured and utilized as fuel for heating the reactor or
powering auxiliary systems, thereby enhancing the energy efficiency of
the overall operation. For example, the energy content of CH4 could
significantly offset the energy demands of high-temperature reactions,
reducing external energy inputs and improving process profitability.
These gas products can improve process profitability by being integrated
into circular economy strategies and utilized for energy recovery. By
harnessing the energy potential of these gaseous byproducts, biofuel
production can become more sustainable and economically viable,
enhancing the overall efficiency and profitability of the process.

100 [ JCHy
00l 176 113 1.1 | 111 168 | | 177 [ CH,
] 7.0 69 | [ 69 [ ]CH,
801 109 145 169 104 | | 110 [[E0CH,
70 2|87 = [co,
2 60 ] 173 = |02 |[CH,
= 50
> 422
%40 494 413
1 493
30| 47.3 473
20
10 4 7 229 | | 22.0
0 6.8 9.7
1 3 1 3 1 3 Time (h)
NiMo/ZrO, NiMo/Al, O, NiMo/HZSM-5 Catalyst

Reaction conditions

Fig. 11. Composition in gas phase products using NiMo on difference support
at 400 °C.
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3.2.4. The proposed reaction pathway of palm oil deoxygenation using
glycerol as a hydrogen donor over NiMo-based catalyst

The proposed reaction pathway for palm oil deoxygenation using
glycerol as a hydrogen donor over a NiMo-based catalyst is depicted in
Fig. 12. This pathway describes the conversion of triglycerides in palm
oil into alkane hydrocarbons through glycerol reactions, hydro-
processing in the liquid phase, and gas-phase reactions. The liquid
product primarily consists of alkane hydrocarbons with varying carbon
numbers, along with unreacted free fatty acids. The reaction mechanism
can be described as follows;

Initially, glycerol undergoes decomposition and aqueous phase
reforming (APR), producing CO, COz, and Hy [71]. The hydrogen
generated from glycerol can be utilized in liquid-phase reactions. Tri-
glycerides are subjected to hydrogenolysis, breaking down into three
fatty acids and propane (C3Hg) [72]. These fatty acids are subsequently
transformed into long-chain alkanes through deoxygenation, with the
carbon number of the resulting alkanes corresponding to that of the
original fatty acids. Three main reaction pathways of deoxygenation are
observed: decarbonylation, in which fatty acids react with Hy, releasing
CO and H30 to form alkanes with one less carbon (R-H); decarboxyl-
ation, resulting in the release of CO; and the formation of alkanes with
one fewer carbon (R-H); and hydrodeoxygenation, where fatty acids
react with Hy, removing oxygen in form of HyO and producing alkanes
with the same carbon number as the original fatty acid (R-CHs) [73,74].
The longer-chain alkanes produced can further undergo cracking, pro-
ducing lighter alkane hydrocarbons suitable for use as jet fuel and gas-
oline [75]. Gas-phase reactions complement these processes by
converting gases such as CO, CO2, and Hs. Methanation reactions
convert COz and Hj into CH4 and H,0, while the water-gas shift reaction
generates additional Hy through the reaction of CO with HyO [74].

The reaction of pure glycerol with the NiMo/ZrO, catalyst was
conducted at 400 °C for 3 h, resulting in the complete conversion of
glycerol, with no residual glycerol detected in the final product. The
primary products included water and gas-phase compounds, as illus-
trated in Fig. S2. The gas-phase composition consisted of Hy, CO, CHy,
COy, and light hydrocarbons. The formation of CO, CO,, and H; was
attributed to direct reactions involving glycerol, such as decomposition
and APR [76]. Methanation reactions contributed to the production of
CH4 and water, while light hydrocarbon gases were generated through
the hydrodeoxygenation of glycerol [77]. Consequently, in the deoxy-
genation of palm oil using glycerol as a hydrogen donor, the liquid-
phase alkane hydrocarbons were exclusively derived from palm oil
deoxygenation rather than glycerol conversion. The absence of glycerol
peaks in the GC-MS analysis of the liquid phase confirmed its complete
conversion. Ultimately, this integrated reaction pathway not only fa-
cilitates the efficient conversion of palm oil into valuable hydrocarbons
but also maximizes the utilization of glycerol as a renewable hydrogen
donor, enhancing the sustainability and economic viability of the pro-
cess for biofuel production.

4. Conclusions

This study highlights the critical role of support materials in
enhancing the performance of NiMo catalysts for palm oil deoxygen-
ation using glycerol as a hydrogen donor. In our previous work, NiMo/
ZrOy demonstrated superior performance for palm oil deoxygenation
and stability with minimal coke formation. These attributes make it the
most promising catalyst for efficient and sustainable biofuel production.
In comparison, NiMo/A203 exhibited lower oxygen removal efficiency
(68.5 %) due to water adsorption-induced deactivation, while NiMo/
HZSM-5 showed high alkane selectivity but suffered significant coke
formation (53 % weight loss). The choice of support also influenced the
product range: NiMo/A20j3 is optimal for green diesel, whereas NiMo/
ZrO and NiMo/HZSM-5 are more suitable for jet fuel production.

The findings emphasize the industrial relevance of NiMo/ZrO in
achieving high-quality biofuels with improved catalyst longevity and
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Fig. 12. The proposed reaction pathway of palm oil deoxygenation using glycerol as a hydrogen donor over NiMo-based catalyst.

reduced operational costs. These insights provide a foundation for
designing advanced catalysts and optimizing renewable fuel production
processes.
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