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Abstract

NiO, Fe20s3, and bimetallic oxide NiFe204 catalysts supported on graphene oxide and promoted with ZrOs were
synthesized via wet-impregnation approach. A systematic characterization of the catalysts physicochemical properties
was evaluated using X-ray diffraction (XRD), Thermogravimetric analysis (TGA), Fourier Transform Infrared (FTIR),
Temperature -programmed desorption CO:z (TPD-COz2), Brunaur-Emmett-Teller (BET) surface area, Field emission
Scanning electron microscopy (FESEM), and Transmission electron microscopy (TEM) analysis. The catalysts were
evaluated as heterogeneous catalysts in the deoxygenation (DO) of palm oil for green diesel production under varying
operating conditions. Among the catalysts tested, Fe203/ZrOs-GO (calcined at 400 °C for 4 h, 5 wt% loading)
demonstrated superior catalytic activity, achieving a maximum hydrocarbon yield (HC%) of 98.0%, bio-jet fuel (BJF)
selectivity of 40%, and kerosene yield of 86%. The exceptional performance is attributed to the catalyst’s large BET
surface area (18.64 m?%/g), substantial pore volume (0.027 cm3/g), and moderate surface basicity (3234.65 pmol/g), which
collectively facilitate efficient deoxygenation via decarboxylation (DCOz) and decarbonylation (DCO) pathways while
suppressing undesired cracking. Furthermore, the catalyst exhibited remarkable stability and reusability over four
consecutive reaction cycles, retaining 92% hydrocarbon yield and 80.9% kerosene yield, with BJF selectivity increasing
to 84%. The gradual decline in performance is attributed to carbon deposition (coke formation), pore blockage, and
sintering-induced degradation of the mesoporous network, as confirmed by post-reaction XRD and BET analysis.

Copyright © 2026 by Authors, Published by BCREC Publishing Group. This is an open access article under the CC
BY-SA License (https://creativecommons.org/licenses/by-sa/4.0).

Keywords: Renewable diesel ; metallic oxide ; Deoxygenation ; Bio-Jet-Fuel ; Graphene oxide

How to Cite: Hassan, A. F., Abdulsahib, H. T., Al-Doghachi, F. A. J., Yun Hin, T. (2026). Efficient Deoxygenation of
Palm Oil to Green Diesel Using a Metal Oxide Catalysts Supported on ZrOsz-Enhanced Graphene Oxide. Bulletin of
Chemical Reaction Engineering & Catalysis, 21 (3), 697-709. (DOI: 10.9767/bcrec.20693)

Permalink/DOI. https://doi.org/10.9767/bcrec.20693

1. Introduction

Green diesel is known as a second-generation
biodiesel made from renewable sources like
animal fats, vegetable oils. It is consisting of
straight chain and branched alkanes, allowing it
to be used as a drop-in fuel in any diesel engine
without blending limits or modification, it has
properties such as a high cetane number, low
sulfur and aromatic content, elevated heating
value, better oxidation stability, and longer
storage life [1].

* Corresponding Authors.
Email: faris.jassim@uobasrah.edu.iq (F.A.J. Al-Doghachi)
taufig@upm.edu.my (T.Y. Yun Hin)

Green diesel production from vegetable oils
and fatty acids through catalytic deoxygenation
DO reaction by removing carbon dioxide CO2 and
CO via decarboxylation (DCOz2), decarbonylation
(DCO) producing n-alkane and n-alkene as major
product and H20 as bi-product [2]. The efficiency
of this process is influenced by the type of catalyst
and its support material as well as the operating
conditions employed [3]. Catalysts investigated
for DO can be classified into four main groups: (i)
noble metals (Pt-group: Pd, Pt, Au, Rh, Ru) [4-6],
which exhibit high intrinsic activity but are
restricted by high cost and limited availability; (i1)
bimetallic catalysts [7], which leverage synergistic
effects to improve activity and stability; ii1) metal-
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based compounds including metal oxides [8],
nitride [9], carbides [10,11], sulfides [12], and
phosphides [13] which have demonstrated
effectiveness in promoting DO reactions; and (iv)
transition metals (Ni, Cu. Fe, Co, W, Mo) [7,14-
18], which offer low-cost alternatives with
satisfactory performance. Beyond the active metal
phase, the choice of catalyst support critically
determines catalytic performance through its
influence on metal dispersion, surface area, pore
structure, thermal stability, and acid-base
properties. Supports are generally classified into
four categories: solid acids (Zeolites) [19],
reducible oxides (ZrOs, TiO2, CeO2) [20-22],
refractory oxides (SiO2, Al2O3) [2,23], and carbon-
based materials (graphene, fullerenes, activated
carbon, carbon mnanotubes) [5,13,24]. These
support catalysts have been widely used in green
diesel production due to their role of enhancing
the activity and stability of the catalyst and
reducing deactivation. It has attracted increasing
attention for designing advanced functional
material.

Graphene with its ultrathin structure and
hexagonal sp? lattice, stand out among them.
Graphene oxide (GO) is produced from oxidation
of Graphite, which 1s reduced chemically or
thermally into nanosheets. The abundant of
oxygen functional groups on the surface and edges
of Graphene oxide serve as enhancing sites for
nanoparticles hybrids. However, Graphene
tendency to agglomerate due to Vanderwal’s
interactions, which can be mitigated by organic
modifiers or revers micelles’ which help stabilize
the material and act as micro-reactors for
immobilizing noble metal ions [25].

This study investigates the synthesis of NiO,
Fe20s, and NiFe204 catalysts supported on a ZrOs-
GO composite and evaluates their performance in
the DO of palm oil for green diesel and bio-jet fuel
production. The aim of this work lies in the usage
of ZrO2 promoted GO as a bifunctional support
that simultaneously provides structural stability,
high surface area, and tunable acid-base
properties, while systematically comparing mono
and bimetallic oxides on the physicochemical
properties and catalytic performance of the ZrO2-
GO support. The reusability and deactivation
behavior of the optimal catalyst are also
investigated in depth.

2. Materials and Methods
2.1 Materials

Palm oil was obtained from Malaysia
(Selangor), and used for DO reaction without
further treatment. Ni(NOs3)2.6H20 (H&W; > 99%),
Fe((NOs3)3.9H20 (RDH; > 99%), NaNOs (Merck; >
99%), H2S04, KMnO4, and Graphite with 99%
purity was supplied by Merck (Germany), ZrCly
anhydrous (Merck; 99%). All chemicals were used
without any treatment.

80 wt % of GO was K =

2.2 Methods

2.2.1 Preparation of Graphene oxide (GO) via
modified Hummer's method

Graphite powder (2 g) was mixed with conc.
H2S04 (46 mL) and NaNOs (1g) in 500 mL flask
and then placed in an ice bath (0-5 °C) under
vigorous magnetic  stirring. After about
approximately 15 min, potassium permanganate
KMNO4 (6 g) was added gradually to the
suspension in about 90 min with stirring to keep
the reaction temperature below 20 °C. During this
process, the solution turned dark green. The
mixture was then stirred for 2 h and subsequently
maintained at 35 °C for 30 min. Deionized water
(100 mL) was slowly added, and the reaction
temperature was increased to 98 °C, with
continuous stirring for 30 min. After an additional
15 min, the mixture was further diluted to a total
volume of approximately 208 mL using hot
deionized water. Next, 20 mL of 30% H,0O, was
added dropwise to eliminate residual KMnO, and
MnO,, resulting in a dark brown solution. The
suspension was stirred overnight at ambient
temperature, then filtered and washed multiple
times with deionized water until a neutral pH was
reached. Finally, the product was dried under
vacuum at 50 °C until a constant weight was
obtained [26].

2.2.2 Synthesis of ZrO2-GO support catalyst

Zr02-GO support catalyst was synthesized
via a wet-impregnation method as reported
previously [27]. Graphene oxide (80 wt%) was
dispersed in deionized water in a 250 mL beaker.
Subsequently, an aqueous solution containing 20
wt% ZrCl, was added to the GO suspension. The
resulting mixture was stirred under gentle
heating for 4 h to ensure proper mixing. The
mixture was then dried overnight at 80 °C,
followed by calcination at 400 °C for 4 h with
heating rate of 5 °C/min (Scheme 1).
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Scheme 1. Preparation of ZrOs:-GO support
catalyst.
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2.2.3 Synthesis of MO/ ZrOsz-GO catalyst

5 wt% NiO was introduced via wet
impregnation using nickel nitrate hexahydrate
Ni(NOs3)2.6H20 as the precursor. The appropriate
amount of nickel nitrate was dissolved in
deionized water and added to a suspension
containing 95 wt% ZrO2-GO. The mixture was
stirred under gentle heating for 4 h to ensure
uniform dispersion. The resulting suspension was
dried overnight at 80 °C and then calcined at 400
°C for 4 h with a heating rate of 5 °C/min (Scheme
2). The Fe203/ZrO2-GO catalyst was synthesized
following the same procedure, using iron nitrate
nonahydrate (Fe(NO3); ‘9H,0) as the precursor.

2.2.4 Synthesis of NiFe204 Zr02-GO catalyst

Aqueous  solutions  containing 5wt%
Ni(NO3)2.6H20 and 5 wt% Fe((NOs3)3.9H20 were
prepared and added to aqueous solution of 90 wt%
of ZrO2-GO. The mixture was stirred under gentle
heating for 4 h, followed by drying at 80 °C
overnight. Finally, the dried sample was calcined
at 400 °C for 4 h with a ramping rate of 5 °C/min.

2.3 Deoxygenation Reaction of Palm oil

Deoxygenation (DO) of palm oil was carried
out in 250 mL semi-batch reactor using 9.8 g of
palm oil and 0.2 g of catalyst. The reaction was
conducted at 350 °C for 3 h. under a constant N2
flow of 40 mL/min. During the reaction, volatile
products were condensed into a liquid
deoxygenated fraction using an external water-
cooling circulator maintained at 15 °C and
collected in a receiving flask. The composition of
the deoxygenated products was analyzed by Gas
chromatography with flame ionization detection
(GC-FID), and Gas Chromatography- Mass
Spectrometry (GC-MS).
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Scheme 2. Synthesis of NiO/ZrOz2-GO catalyst.

2.4 Product Characterizations

For quantitative analysis, the deoxygenated
liquid samples were analyzed by Gas
chromatography with flame ionization detection
(GC-FID) and compared against a standard
containing Cs - Css alkane mixtures. Prior to
injection, the DO liquid sample were diluted in
GC- grade hexane employed as an internal
standard. Analysis was performed on a
SHIMADZU GC-14B system equipped with an-
Hp-5 capillary column (30 m X 0.32 mm). A 1pL
aliquot of each sample was injected into a front
inlet set at 250 °C. The detector temperature was
maintained at 300 °¢C [27]. The oven temperature
program was initial at 40 °C (held for 6 min.),
followed by a ramp of 7 °C/min to a final
temperature of 270 °C, under N2 carrier gas flow.
Hydrocarbon yield, Kerosene yield, and bio jet fuel
BJF selectivity were calculated based on Equation
(1), (2), and (3) [27].

Hydrocarbon yield (%) =
Y. Area of alkane(C8—C20)+), Areaof alkene(C8—C20)

X 0,
Y. Area of the product 100%

1

Kerosene yield (%) =
Y. Area of alkane (C8—C16)+ ), Area of alkene(C8—C16)

0,
Y. Area of the product x 100%
@)
BJT selectivity (%) =
Y. Total area of alkane & alkene (C11+C13+C15) x 100%

Y. Area of alkane(C8—C20)+), Area of alkene (C8—C20)

®3)

A SHIMADZU QP2010 plus GC-MS instrument
equipped with a Zebron ZB-5 MS column (30 m X
0.25 mm X 0.25 pm) and a splitless inlet was
employed to identity the organic components in
the DO products. The liquids were diluted to 100
ppm in n-hexane (>98% purity), and the detected
compounds were compared with the National
Institute of standards and Technology (NIST)
Library [28]. The selectivity of the DO products
was calculated according to equation (4):

Sproduct % = 5o X 100% (4)

Where Sproauct represents the selectivity of the
products component (%), Cy is the peak area of the
identified compound, and Y ny is peak area of all
organic products.

2.5 Optimization Study using the One-variable-at-
a-time (OVAT) Technique

The reaction conditions for the best-
performing catalyst were optimized using the one-
variable-at-a-time (OVAT) approach. To establish
the optimum reaction conditions, temperature
(270-370 °C) and reaction time (2-6 h), and
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catalyst loading (1, 3, 5, 7, and 10 wt%) were
systematically varied under a constant Ns
atmosphere at 400 rpm. The resulting liquid
products were analyzed by GC-FID, and the
conditions that produced the maximum
hydrocarbon yield were identified as the optimum
operating parameters via this method.

2.6 Reusability and Stability of New Catalyst

The catalyst was further examined for
reusability and long-term stability at optimized
reaction conditions. Reusability tests were
performed using the spent catalyst was separated
from the reaction mixture, thoroughly washed
within n-hexane several times to remove residual
polar and non-polar compounds, and then dried at
100 °oC for 4 h before reused in the subsequent DO
reaction. The hydrocarbon yield HC%, Kerosene
fraction, and product selectivity were calculated
according to Equations (1), (2), and (3). This
procedure was repeated across successive reaction
cycles. In addition, the spent catalyst was
characterized by XRD, TEM, and BET to assess
its structural and physicochemical properties,
while the deoxygenated liquid product from each
cycle were analyzed using GC-FID.

3. Results and Discussion
3.1. Catalysts Characterizations

The crystallographic structures of the newly
synthesized catalysts were examined by XRD over
the 20 range 5-80°. The identification of
diffraction peaks was carried out with reference to
International Centre for Diffraction Data (ICDD).
The corresponding XRD pattern of the catalysts
are illustrated in Figure 1. Whereby the XRD
results for all catalysts displayed a diffraction
peak at 20 = 26.5° (d-spacing ~3.36 A) is
characteristic of the (0 0 2) plane of graphitic
carbon, indicating the presence of partially
thermal reduced graphene oxide (rGO) or a
graphitic structure with restored sp2 carbon
domains ICDD PDF# 00-041-1487) [28].
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Figure 1. XRD pattern of the catalysts.

The XRD pattern clearly indicates the
presence of a mixed-phase zirconia system,
containing both monoclinic m-ZrOs, and
tetragonal t-ZrOz polymorphs. The peak at 20 =
28.29° (110) 1s the fingerprint of m-ZrQO2, while
the peak at 20 = 30.86° (101) is the most intense
reflection for t-ZrOz (ICDD PDF #01-179-1765).
Additional peaks at 20 = 40.5° (-1 0 2) and 50.18
(2 2 0) attributed to m-ZrOz (ICDD PDF # 00-037-
1484), while the composite peak at 20 = 50.18°
also contains contributions from t-ZrO2 (200) and
(112) planes [29,30].

The ZrO2-GO support catalyst exhibited
peaks at 20 =17.97¢, 23.8¢, and 25.67° which are
usually associated with presence of GO, with an
expanded d-spacing (1.259, 0.098, and 1.259 A)
respectively compared to pure graphite which
confirms  presence of  oxygen-containing
functional groups, and also showed peaks at
37.11° and 43.37° may be correspond to the (1 0
2) and (1 1 2) planes of t-ZrO2 respectively (ICDD
PDF #01-179-1765) [28,29].

The NiO/ZrO2-GO catalyst exhibited peaks
at 20 = 43.300, 58.64°¢ and 73.70° correspond to (2
00), (22 0), and (3 1 1) planes indicate the
presence of cubic NiO, (ICDD PDF # 00-089-
7390) [31]. The Fe203/ZrO2-GO catalyst showed
the most characteristic peaks of hematite at 20 =
35.70° corresponding to (1 0 4) plane [8]. The
peaks at 20 = 37.18¢, 43.4¢ 58.74°, and 66.74°
correspond to (1 1 0), (200), (116), and (21 4)
planes of hematite, providing strong confirmation
for this phase, (ICDD PDF #01-089-0596)
(Hematite) [32]. The NiO/ZrO2-GO and
Fe203/Zr02-GO catalysts exhibited peak at 20 =
21.30°c may be attributed to a less ordered
structure of GO.

NiFe2Oy ZrO:-GO catalyst displayed a
diffraction peak at 26 = 6.7° correspond to very
large d-spacing (13.2 A), which is characteristic
of the (0 0 1) plane of fully oxidized GO with
extensive oxygen-containing functional groups
(ICDD PDF #00-041-1487) [8]. The presence of
cubic spinel nickel ferrite (NiFe204) is confirmed
its characteristic peaks: The peaks at 20 = 30.81¢,
43.37°, and 57.8° is typical for spinel ferrite [8].
The peaks at 20 = 45.880, and 47.9° likely
correspond to (4 0 0) and (3 3 1) planes of
NiFe204, respectively. The peaks at 20 = 66.500,
and 73.60° can be assigned to (4 4 0) and (5 3 3)
planes of NiFe204 (ICDD PDF # 01-086-2267) for
NiFe204[33].

The Debye-Scherrer equation was employed
to estimate the crystallite sizes of the catalysts
based on the most intense peaks in their XRD
patterns. The calculated crystallites sizes were
(48.2, 19.4, 17.8, and 21) nm for ZrO2-GO,
Ni1O/ZrO2-GO, Fe203/Zr02-GO, and
NiFe204/Zr02-GO catalysts, respectively. The
smaller crystallite size of Fe2Os/ZrO2—GO reflects
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a higher degree of metal dispersion, which directly
contributes to a greater number of accessible
active sites and is consistent with its superior
catalytic activity.

The Nz adsorption—desorption isotherms of all
catalysts (Figure 2) exhibited Type IV isotherms
according to IUPAC classification, confirming
mesoporous character with slit-like pores typical
of graphene-based supports. The BET surface
area, pore volume, and average pore diameter are
summarized in Table 1. The Fe203/ZrOz2-GO
catalyst exhibited the highest BET surface area
(18.64 m2/g) and pore volume (0.027 cm3/g) among
all catalysts, directly reflecting superior metal
dispersion and accessibility. The relatively small
average pore diameter (4.305 nm) falls within the
mesoporous region, which is optimal for the
adsorption and diffusion of fatty acid triglyceride
molecules (kinetic diameter ~ 2-3 nm for fatty acid
chains). The combination of high surface area and
adequate pore size facilitates efficient mass
transfer of both reactants and products during the
DO reaction, thereby enhancing overall catalytic
activity [3]. The high surface area is consistent
with the small crystallite size of Fe2Os (17.8 nm),
confirming finely dispersed active phase on the
Zr0O2-GO support.

In contrast, NiO/ZrO:-GO exhibited the
lowest surface area (7.14 m2/g), suggesting that
NiO deposition caused significant pore blockage

NiFe,0,/2,0,-GO

Quantity adsorbed(cm®g)

0.0 02 0.4 0.6 08 1.0
Relative presure(P/Po)

Figure 2. Isotherm linear plot for newly
synthesized catalysts.

during impregnation. Although its larger average
pore diameter (7.427 nm) may allow molecular
diffusion, the reduced number of accessible active
sites limits overall activity. NiFe204/ZrO2-GO
showed a moderate surface area (14.77 m2/g) but
the lowest pore volume (0.0188 cm3/g), indicating
that co-impregnation with both Ni and Fe
partially fills the pore network, reducing
permeability while maintaining reasonable site
dispersion.

The FTIR spectra of all catalysts reveal a
characteristic absorption band confirming the
coexistence of metal oxides with thermal reduced
of graphene oxide, the diminished oxygen-
containing bands (C=0, C-O) demonstrate partial
thermal reduction of GO during -calcination
process, while the strong M-O vibrations confirm
successful incorporation of Ni, Fe, and Zr oxides
as shown in Figure 3. The FTIR spectra displayed
Absorption bands near 1634 cm cm-! assigned to
O-H bending confirming adsorbed moisture. The
band at 1566 cm~! corresponds to C=C stretching
vibration [34]. The band in range 1367-1214 cm~!
indicate C-O stretching vibration of epoxy groups,
However, the reduced intensity of these bands
compared to pristine GO suggests thermal
reduction of graphene oxide (rGO) during
calcination. Bands in the 1106-977 cm™! region
are assigned to alkoxy C-O stretching, while
strong bands in the 835-440 cm™! region

Wavenumber cm’

1

1554 \Y) NiFe,0,/Zr0,-GO
867 1354
611
1105
@ v Fe,0,/Zr0,-GO
<
=
1107,
1554 e Ni0/Zr0,-GO
72 1371
611 1108
60 1335 1591 it Zr0,-GO
1115
T T T T T T T
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Figure 3. FTIR spectra for all new catalysts.

Table 2. N2- adsorption/desorption analysis for new catalysts.

N2 adsorption-desorption analysis

Catalyst Surface Area (m2/g) Pore size diameter (nm) Pore volume (cm3/ g)
Zr02-GO 14.646 5.783 0.0212
NiO/ZrO2-GO 7.143 7.427 0.0228
Fe203/Zr02-GO 18.64 4.305 0.027
NiFe204 Zr02-GO 14.77 4.499 0.0188

Copyright © 2026, ISSN 1978-2993
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correspond to M-O stretching vibrations (Ni-O,
Fe-0, Zr-0O), confirming successful incorporation
of NiO, Fe20s, and ZrO: into the support
framework [8,31,33,35].

The surface basicity of the catalysts was
evaluated by TPD-CO: (Figure 4, Table 2), as
basicity plays a critical role in deoxygenation
pathways. Basic sites facilitate the activation of
the carboxyl group in fatty acids and promote C-O
bond cleavage via DCO:2 and DCO pathways,
whereas excessively strong basic sites can
catalyze undesired condensation and cracking
reactions. Therefore, a moderate density of basic
sites is optimal for selective deoxygenation to
diesel-range hydrocarbons [36,37]. All catalysts
displayed CO:z desorption peaks at temperatures
>600 °C, classified as strong basic sites associated
with low-coordination O2 species [37]. The
Fe203/Zr02-GO catalyst showed three desorption
peaks at 290°C (weak), 609 °C (moderate), and
950°C (strong), indicating a distribution of basic
site strengths. Importantly, it exhibited the lowest
total basicity among the catalysts (3234.65
nmol/g). This moderate basicity is mechanistically
significant: sufficient to activate C-O bonds and
promote DCO2/DCO pathways, yet mild enough to
suppress secondary cracking and condensation
reactions that would otherwise reduce
hydrocarbon yield and selectivity [41,42]. The
presence of weak and moderate sites also suggests
hydroxyl groups (-OH) and Lewis acid-base pairs
on the ZrO: surface contribute to the broad
basicity distribution.

= NiFe204/2r02-GO
Fe203/Zr02-GO

e NIO/Zr02-GO
—_—7r02-GO

) A
pAu

T T
200 400 600 800
Temperature (°C)

Figure 4. Basicity profiles for new catalysts.

In contrast, NiO/ZrO2-GO had the highest
basicity (7273.3 pmol/g), which correlates with its
lower catalytic performance. Excessively strong
basic sites promote over-activation of the
substrate, leading to undesired cracking and
condensation products rather than selective Cis-
C17 hydrocarbons. This mechanistic link between
basicity and selectivity is clearly demonstrated by
comparing the catalytic performance of NiO/ZrOz2-
GO (lowest HC% and kerosene yield) with
Fe203/Zr02-GO (highest HC% and kerosene yield)
although the former possesses almost double the
basic site density compared to the latter.

TEM micrographs (Figure 5a—d) reveal the
morphological features of the synthesized
catalysts. The TEM image of ZrOz2-GO catalyst
shows thin, wrinkled rGO nanosheets supporting
well-dispersed, angular ZrOs: nanoparticles
forming small semi-agglomerated clusters
without significant overgrowth, confirming strong
anchoring of ZrOz on the GO surface.

In the metal oxide-loaded catalysts, the active
oxide nanoparticles (NiO, Fe203) appear as
compact, angular grains forming densely packed
clusters with high electron density, embedded
within brighter ZrO2 promoter domains. The faint,
translucent backgrounds confirm effective
anchoring of all nanoparticles onto thin GO
nanosheets. For Fe203/ZrO2-GO, the fine
dispersion of Fe203 nanoparticles on the
mesoporous support creates an extensive
interfacial area between the active phase and the
support. This morphology promotes electron
transfer and facilitates the interaction of fatty
acid molecules with active Fe3+ sites during DO,
consistent with the superior catalytic activity of
this catalyst. These microstructural features
directly correlate with the high BET surface area
and pore volume observed for Fe20s/ZrO2-GO.

The thermal resistance of the newly
synthesized catalysts was examined by TGA
analysis, which calculate the weight loss of
catalysts as increasing the temperature from
ambient temperature to 1000 °C under nitrogen
atmosphere, and the corresponding results are
presented in Figure 6. As shown in Figure 6, all
catalysts revealed three distinct decomposition
stages. The first stage occurring between
approximately ~ 55-370 °C involved a weight loss
about 5-20% attributed to desorption of
physiosorbed water molecules and removal of

Table 2. TPD-CO, basicity data for the synthesized catalysts.

COz2- desorption temperature

Amount of CO2- desorbed

Catalyst (umol/g)
Zr02-GO 6018.42
NiO/ZrO2-GO 7273.3

Fe203/Zr02-GO 290, 609, 950 3234.65
NiFe204/Zr02-GO 6618.399

Copyright © 2026, ISSN 1978-2993
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labile oxygen containing groups on the surface of
graphene oxide (-COOH, -CO, -OH, epoxy) [26].
The second stage in the range (370-716 °C) showed
a weight loss (~ 1.48-7.68%) associated with
further deoxygenation of graphene oxide
framework. The most significant weight loss
about (23-48%) was observed between (~700-998
oC) indicating combustion of carbon framework
and possible sintering of metal oxide.

The Fe203/ZrO2-GO catalyst demonstrated
the highest thermal resistance, retaining 71%
mass at 886°C. This superior thermal stability is
attributed to the strong anchoring of Fe20s3
nanoparticles on the ZrOs:-GO support and the
protective effect of the ZrO:z layer, which retards
carbon oxidation. The thermal resistance followed
the order:

Fe205/ZrO2 -GO > NiFe20y ZrO2 -GO > NiO/ZrOs -
GO > ZrO2-GO

Overall, the catalysts demonstrated excellent
thermal resistance up to 400 °C, making them
suitable for catalytic deoxygenation reaction
typically conducted between 320-370 °C.

3.2 Catalytic Deoxygenation Activity for New
Catalysts

3.2.1 Gas Chromatography-Flame Ionization
Detector (GC-FID) analysis

The catalytic performance of all ZrO2-GO
supported catalysts in the DO of palm oil was

evaluated by GC-FID (Figure 7). The results
demonstrate significant differences in HC%,
kerosene yield, and Bio-jet fuel selectivity across
the catalyst series. The performance followed the
order:

HC% and kerosene yield:
Fe203/Zr02-GO > NiFe204/Zr02-GO > ZrO2-GO >
NiO/ZrO2-GO

Bio-jet fuel selectivity:
NiFe204/ZrO2-GO > ZrO2-GO > Fe203/ZrO2-GO >
NiO/ZxrO2-GO

iFe,0,/Zr0,-GO
_ Fe,0,/Zr0,-GO \
=
: NiO/Zr0,-GO N
8
£ \
5
2 210,-GO

260 460 660 860 1000

Temperature °C

Figure 6. TGA analysis for new catalysts.

Figure 5. TEM image of (a) ZrO2-GO, (b) NiO/ZrOz-GO, (c) Fe203/Zr02-GO, (d) NiFe204ZrO2-GO catalyst.
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The superior performance of Fe20s/ZrO2-GO
(HC% = 98%, kerosene yield = 86%, BJF
selectivity = 40%) can be explained by the
convergence of three key physicochemical factors.
First, its high BET surface area (18.64 m2?/g) and
pore volume (0.027 cm3/g) maximize the number
of accessible Fe3+ active sites and facilitate
efficient intraparticle diffusion of bulky
triglyceride molecules. Second, the small
crystallite size (17.8 nm) of Fe203 ensures a high
density of surface-active sites per unit mass of
catalyst. Third, the moderate surface basicity
(3234.65 pmol/g, distributed across weak,
moderate, and strong sites) optimally steers the
DO reaction toward DCO2/DCO pathways,
producing Ci5 and Ci7 hydrocarbons while
minimizing cracking to lighter fractions. The Fe3*
species in hematite (a-Fe20s3) are well-established
active sites for deoxygenation, facilitating C-O
bond activation through a redox mechanism in
which Fe3+is reduced to Fe2* and reoxidized by the
released CO2/CO [38-40].

The inferior performance of NiO/ZrO2-GO
(HC% = 90%, kerosene yield = 60%, BJF
selectivity = 35.5%) is mechanistically linked to its
combination of low surface area (7.14 m2/g) and
excessively high basicity (7273.3 pmol/g). The
former restricts the accessibility of active sites
and hinders diffusion of large triglyceride
molecules, while the latter promotes undesired
side reactions including cracking, and
isomerization that reduce selectivity toward
diesel range hydrocarbons [38,39]. This
demonstrates that catalytic performance in DO is
not governed solely by the number of active sites
but critically depends on their spatial distribution
and the acid—base balance of the catalyst surface.

Compared with previously reported systems,
Fe203/Zr02—GO demonstrates markedly superior
performance. The Fe/HMS catalyst achieved
81.4% conversion and 96.4% Cs—Cis selectivity at
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380 °C [38], while Fe/AC showed only 55% HC
yield and 52% alkane selectivity in palmitic acid
DO at 450 °C [39] both surpassed by Fe203s/ZrOz—
GO at lower temperature of 350 °C. The NiO—
MoQO2/CeO2 catalyst delivered ~77% HC yield at
15 wt% loading and 300°C [40], compared to 98%
achieved here at only 5 wt% loading. The superior
performance of Fe203/ZrO2-GO over these
benchmarks is attributed to the synergistic effect
of the ZrO:-GO bifunctional support, which
simultaneously provides high surface area,
structural stability, and optimal surface basicity.

3.2.2 Gas Chromatography - Mass spectroscopy
GC-MS

The GC-MS analysis (Figure 8) provided
detailed compound distributions in the
deoxygenated liquid products. Fe203/ZrOz-GO
achieved the highest alkane and alkene fraction
(90%) with minimal oxygenated species (10%,
including aromatics, ketones, and acids). The
predominance of odd-carbon hydrocarbons (Cis,
C17) in the product distribution is consistent with
DCO2/DCO as the dominant pathway, in which
the carboxyl carbon of fatty acids is removed as
COz or CO, yielding alkanes one carbon shorter
than the parent fatty acid. This pathway
preference 1is consistent with the moderate
basicity of Fe203/ZrOz-GO, which activates the C-
O bond while retaining selectivity toward
paraffins [41,42].

In contrast, the ZrO:-GO support alone
produced the lowest HC% (80%) with the highest
oxygenated content (20%), attributable to its
relatively high basicity (6018.42 pmol/g)
promoting  undesirable condensation and
retarding complete C-O bond cleavage. The
presence of oxygenates in the product confirms
that strong basic sites alone, without
appropriately dispersed metal active phases, are
insufficient for complete deoxygenation.
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Figure 7. (A) carbon selectivity of deoxygenated product for (al) ZrO:-GO (a2) NiO/ZrO:-GO (a3)
Fe203/Zr02-GO (a4) NiFe204/ZrO2-GO catalysts (B) HC %, kerosene %, BJF and Scis+c17 selectivity for

catalysts.
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3.2.3 Optimization of deoxygenation reaction
conditions

Reaction conditions for Fe203/ZrOs-GO were
optimized using the OVAT approach, varying
temperature (270-370 °C), reaction time (2-6 h),
and catalyst loading (1, 3, 5, 7, and 10 wt%) under
Nz atmosphere at 400 rpm. The optimal conditions
were identified as: temperature = 350 °C, reaction
time = 3 h, and catalyst loading = 5 wt%, yielding
HC% = 98% and kerosene yield = 86%. At
temperatures below 350 °C, incomplete
deoxygenation was observed due to insufficient
thermal energy for C-O bond activation. Above
350 °C, cracking of the hydrocarbon products
became increasingly significant, reducing
selectivity  toward  diesel-range  fractions.
Similarly, catalyst loadings above 5 wt% did not
further improve yield, likely due to mass transfer
limitations at higher solid fractions, while excess
catalyst promoted secondary cracking reactions.

3.2.4 Reusability and stability of optimal catalyst

The reusability of the Fe203/Zr0O2-GO catalyst
was evaluated over four consecutive DO cycles
under optimized conditions (Figure 9A-B). The
catalyst retained 92% HC yield after four cycles,
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Figure 8. The liquid product distribution of new
catalysts.
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demonstrating excellent stability and reusability.
A moderate decline in kerosene yield (from 86% to
80.9%) was observed alongside an increase in BJF
selectivity (from 40% to 84%), reflecting a gradual
shift in product distribution toward lighter BJF-
range hydrocarbons (C;1-Ci5). This shift is
consistent with minor progressive changes in pore
structure across repeated cycles, which is common
behavior in heterogeneous catalysts operating
under high-temperature conditions and does not
significantly compromise the overall catalytic
performance.

Post-reaction characterization confirmed that
the catalyst largely retained its structural
integrity across four cycles. BET analysis showed
a reduction in surface area from 18.64 m?2/g to
2.023 m?/g and a decrease in pore volume from
0.027 to 0.016 cm?®/g after four cycles, accompanied
by an increase in average pore size from 4.305 to
10.65 nm. These changes are attributable to
partial coke deposition within the pore network
and are typical of carbon-supported catalysts
under prolonged high-temperature operation.
Importantly, despite these textural changes, the
catalyst retained 92% HC yield, confirming that
the active Fe2Os phase and the ZrO2-GO support
framework remain sufficiently intact to sustain
high catalytic activity.

Post-reaction XRD and TEM analyses further
confirmed that the overall crystalline structure of
the catalyst was preserved after four cycles, with
only minor evidence of phase evolution. XRD
patterns (Figure 10) showed slightly sharper
peaks at 30.3°, 35.5°, 43°, 57°, and 63°, suggesting
a degree of crystallite ordering consistent with
mild thermal annealing rather than severe
sintering.

The N:-adsorption /desorption isotherm of
Fe203/Zr02-GO catalyst before and after four
catalytic reaction cycles are illustrated in Figure.
11. Both fresh and spent catalysts showed Type-
IV isotherm based on IUPAC classification, which
indicate to mesoporous material with slit-like pore
and aggregated plate-like particles typical of
graphene-based support.
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Figure 9. (A) Carbon distribution product on reusability study, (B) Hydrocarbon yield on 4th run.
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TEM imaging (Figure 12) revealed some
increase in nanoparticle size (to 30-56 nm), which
is reasonable considering the repeated exposure to
reaction temperatures of 350 °C, and the GO
support sheets remained largely intact with only

partial restacking observed. Overall, the
Fe,03/7Zr0,-GO catalyst demonstrated
commendable durability, maintaining high

performance across four consecutive reaction
cycles, which underscores its practical potential as
a stable and reusable catalyst for green diesel and
bio-jet fuel production from palm oil.

4. Conclusion

This study successfully demonstrated the
solvent-free production of bio-jet fuel and green
diesel hydrocarbons through catalytic
deoxygenation of palm oil over ZrO2-GO-
supported mono- and bimetallic oxide catalysts.
Among the catalysts evaluated (ZrO:-GO,
NiO/ZrO2-GO, Fe203/Zr02-GO, and NiFe204/ZrOz2-
GO), the Fe203/ZrO2-GO catalyst demonstrated
superior performance, achieving 98% hydrocarbon
yield and 86% kerosene yield under optimized
conditions (5 wt% catalyst, 350 °C, 3 h, N
atmosphere). The exceptional activity is
attributed to the synergistic combination of high
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5
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Figure 10. XRD pattern for the fresh and spent
Fe203/Zr02-GO catalyst.
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BET surface area (18.64 m2/g), large pore volume
(0.027 cm?/g), fine Fe203 crystallite dispersion
(17.8 nm), and moderate surface basicity (3234.65
pmol/g). These properties collectively optimize
mass transfer, maximize active site accessibility,
and direct the DO reaction toward selective
DCO2/DCO  deoxygenation pathways while
suppressing cracking. The catalyst demonstrated
remarkable stability over four consecutive cycles
(92% HC yield retained), with deactivation
attributed to coke deposition, sintering, and
structural degradation of the GO support, as
confirmed by post-reaction BET, XRD, and TEM
characterization. These findings establish
Fe203/Zr02-GO as a promising, low-cost catalyst
for sustainable aviation fuel and green diesel
production from palm oil and highlight the
potential of ZrOz-promoted graphene oxide as a
bifunctional support for deoxygenation catalysis.
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