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Abstract 
This study investigates the catalytic deoxygenation of crude palm oil into premium-grade hydrocarbons, employing a 
series of catalysts, including date seeds (DS), NiO/DS, Ru2O3/DS, and bimetallic NiRu2O4/DS, anchored on a date seed-
derived carbon support. The newly synthesized catalysts were characterized using Fourier Transform Infrared (FTIR), 
NH3/CO2-temperature programmed desorption (TPD-NH3/CO2), X-ray diffraction (XRD), Brunauer-Emmett-Teller 
(BET), Field Emission Scanning Electron Microscopy (FE-SEM), Transmission Electron Microscopy (TEM), 
Thermogravimetric Analysis (TGA), and X-ray photoelectron spectroscopy (XPS) techniques. Structural analysis 
confirmed that the metal nanoparticles were successfully embedded within the porous matrix of the biomass support, 
which significantly augmented both the surface area and the density of active sites. At optimized parameters of 350 °C 
and 40 bar N2 over a 3 h period, the NiRu2O4/DS catalyst achieved a maximum hydrocarbon yield of 95%. Detailed 
chemical profiling of the liquid product showed a high selectivity toward n-Tetradecane (C14) and n-Heptadecane (C17), 
both critical precursors for bio-jet fuel production. The remarkable performance of the catalyst is fundamentally driven 
by a synergistic combination of its structural and chemical properties: a higher BET surface area compared to the DS 
support (4.42 m2/g), a substantial pore volume of 0.0137 cm3/g, and a moderate surface basicity of 8534.6 μmol/g. 
Together, these features facilitate highly efficient deoxygenation pathways via decarboxylation (DCO2) and 
decarbonylation (DCO), while effectively suppressing undesirable cracking side reactions. Furthermore, the catalytic 
system demonstrated exceptional durability, maintaining a robust yield of 88.5% after three consecutive reaction 
cycles, illustrating the viability of these Ni- and Ru-based materials for renewable aviation energy solutions. 
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1. Introduction  
With the growing recognition that fossil fuel 

combustion contributes significantly to climate 
change, increasing attention has been paid to 
developing sustainable alternatives, including 
biomass-derived fuels. Biomass is considered a 
promising substitute for fossil fuels because of its 
favorable chemical composition [1]. Biofuels are 
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renewable energy sources that represent a 
potential solution to the increasing global energy 
demand in both developing and developed 
countries [2]. Green diesel is a second-generation 
biofuel that shares the same major structural 
components as petroleum-based diesel, consisting 
of alkane hydrocarbons without oxygen atoms [3]. 
Green diesel is a renewable fuel produced from 
oils and fats through various conversion 
processes. In addition to its sustainability and 
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wide availability, green diesel exhibits several 
favorable fuel properties, including reduced 
greenhouse gas emissions, a high cetane number 
resulting from the absence of oxygen-containing 
compounds in its molecular structure, and a high 
calorific value [4-6]. Vegetable oils are among the 
most suitable feedstocks for green diesel 
production via catalytic deoxygenation. Compared 
with other biomass resources such as starch and 
cellulose, which are primarily composed of 
complex carbohydrates, vegetable oils consist 
mainly of triglycerides with long-chain aliphatic 
structures and a relatively low oxygen content. 
Consequently, they are considered more suitable 
candidates for biofuel production than other 
biomass-derived materials. In addition, their wide 
availability, and physicochemical properties, 
which are closely comparable to those of 
conventional petroleum diesel, further enhance 
their suitability. Among these feedstocks, palm oil 
has emerged as one of the most extensively 
studied and promising sources for large-scale 
green diesel production. The use of palm oil 
derivatives, such as fatty acid distillates, and 
waste cooking oils further strengthens its 
potential as a sustainable feedstock [7]. Green 
diesel is primarily produced via catalytic 
deoxygenation (deCOx) of vegetable oils and free 
fatty acids under a hydrogen atmosphere. During 
this process, C16 and C18 fatty acid intermediates 
undergo complete deoxygenation via 
decarboxylation, decarbonylation, and 
hydrodeoxygenation, yielding CO2, CO, and H2O 
as by-products. This conversion results in the 
formation of paraffinic and olefinic hydrocarbons 
with shorter carbon chains (C15 and C17) relative 
to their parent fatty acids [8].  

Historically, the industrial synthesis of 
biodiesel has used potassium and sodium 
hydroxide as the main agents in alkaline 
catalysis. Although traditional catalysts have 
chemical advantages such as facile catalysis, 
rapid kinetics, low cost, easy access, and mild 
conditions, their operational advantages are 
severely compromised by their pronounced 
weakness toward water and free fatty acids 
(FFAs). This weakness creates unwanted 
saponification pathways that contribute to soap 
buildup and increased effluent pollution, thereby 
elevating the cost of downstream processing and 
purification [9]. Therefore, these weaknesses 
negate the benefits and true “greenness” of 
homogeneous systems. Consequently, overcoming 
these weaknesses has attracted considerable 
attention [9]. To this end, a wide range of solid 
catalysts, including transition-metal oxides, 
sulfides, phosphides, and carbides, as well as 
supported noble metals on SiO2, TiO2, and Al2O3, 
have been thoroughly evaluated. Noble metal 
catalysts (Pd, Pt) provide maximum efficiency and 

green hydrocarbons as products of deoxygenation 
(DO) transformations, but their prohibitive costs 
make them economically non-viable [10-12].  

Therefore, it is of interest to develop 
heterogeneous bimetallic catalysts that strike an 
optimal balance between deoxygenation and 
mechanical stability. The choice of support 
materials is crucial as it can enhance the overall 
efficiency of the active sites by preventing metal 
leaching and improving thermal stability and 
metal distribution [13]. Non-noble transition 
metals, principally nickel, are attracting 
considerable interest for enhancing catalytic 
performance and durability in the cleavage of C-C 
and C-O bonds during deoxygenation. Previous 
publications suggest that Ni-based catalysts 
exhibit about 80% selectivity for diesel-range 
fractions when operated at 390 °C in an inert 
environment. However, monometallic Ni catalysts 
suffer from excessive cracking and coking, which 
negatively affect their structural stability and fuel 
yield. To address this, the addition of cobalt (Co) 
to Ni systems was considered; for example, a 
Co/AC catalyst achieved efficient deoxygenation of 
palm fatty acid distillate, yielding a hydrocarbon 
fuel with 91% yield. Interestingly, the Ni-Co 
bimetallic system exhibits synergistic structural 
and electronic effects, thereby improving 
deoxygenation activity at lower temperatures 
[14]. In catalyst design and development, the 
greatest importance is placed on the choice of 
synthesis method. The most significant effects of 
catalyst synthesis are reflected in the 
arrangement of atoms within the crystal and in 
the size and distribution of crystals and particles. 
Synthesis methods affect the texture of the 
catalyst’s surface and the arrangement of pores to 
a large degree, which in turn affects overall 
catalytic activity. Presently, the principal 
methods of catalyst preparation include wet 
impregnation, hydrothermal methods, and co-
precipitation. Of the three methods, wet 
impregnation is the most preferred for its ease of 
use, efficiency, and repeatability at both 
industrial and laboratory scales. This involves 
contacting the support with an excess of the 
precursor solution, followed by controlled thermal 
drying to remove the solvent [15].  

In the present work, a suite of catalysts 
comprising Date Seeds (DS), NiO/DS, Ru2O3/DS, 
and the bimetallic NiRu2O4/DS was fabricated via 
wet impregnation. The physicochemical 
characteristics and metal-support synergistic 
effects of the resulting materials were 
systematically investigated using a 
comprehensive array of analytical tools. 
Subsequently, the catalytic efficacy of these 
systems was examined in the deoxygenation of 
vegetable oil. A primary objective was the rigorous 
assessment of catalyst stability and structural 
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robustness through recyclability experiments 
across consecutive cycles, thereby evaluating their 
viability for large-scale industrial deployment. 

 
2. Materials and Method 
2.1. Chemical and Materials 

This section summarizes the types and 
suppliers of chemicals and gases, along with their 
purities, used in this study. All chemicals were 
used as received from suppliers, without 
modification or purification. The feedstock used in 
the deoxygenation process was industrial-grade 
Crude Palm Oil (CPO), obtained from Selangor, 
Malaysia. Date seeds (DS) from a local market in 
Iraq were used as the raw material for the catalyst 
support. The metallic precursors used for the 
synthesis of the active metal phases included 
Nickel(II) nitrate hexahydrate (Ni(NO3)2.6H2O) of 
98% purity, obtained from Sigma-Aldrich. 
Anhydrous Ruthenium (III) chloride RuCl3 with 
99% purity was obtained from Sigma Aldrich 
(Merck). Additionally, n-hexane (C6H14) with 99% 
purity was obtained from Sisco Research 
Laboratories Pvt. Ltd. (SRL) and used as a 
solvent. The gases, Nitrogen (N2) and Hydrogen 
(H2), were of high purity (99.99%). 

 
2.2. Preparation of Date Seed (DS) 

The date seeds were washed with boiling 
distilled water to eliminate impurities and 
saccharides, then dried for 12 hours at 120 °C. 
After drying and grinding, the seeds were crushed 
and sieved to obtain particles smaller than 200 
mm. Then, to ensure stability, 200 g of the DS 
powder was calcined in a furnace at 400 °C for 5 
hours under a nitrogen atmosphere at a heating 
rate of 5 °C/min, after which the material was 
used as a catalyst support. 

 
2.3. Preparation of the NiO/DS Catalyst   

5 wt% NiO was deposited onto DS by 
dissolving 0.54 gm of Ni(NO3)2.6H2O in 10 mL of 
methanol, followed by impregnation of the 
resulting solution onto 30 mL of 95 wt% DS 
support under continuous stirring for 6 hours. The 
mixture was dried overnight in an oven at 60 °C. 
Subsequently, the solid was calcined at 400 °C 
under nitrogen for 5 hours with a heating rate of 
5 °C/min [16]. The Ru2O3/DS catalyst was 
prepared using the same procedures, employing 
the appropriate weight ratio. For the bimetallic 
NiRu2O4/DS catalyst, a precise weight ratio of 90 
wt% DS support was dispersed in methyl alcohol. 
Subsequently, 5 wt% Ni(NO3)2.6H2O and 5 wt% 
anhydrous RuCl3 were introduced into the DS 
dispersion. The mixture was stirred for 6 hours, 
then dried at 60 °C overnight and calcined at 400 
°C for 5 hours under an inert nitrogen atmosphere 
with a heating rate of 5 °C/min. 

2.4. Catalyst Characterizations 
All synthesized catalysts were analyzed for 

their physical and chemical properties using 
several sophisticated methods. The catalysts were 
characterized for their crystallography and 
structural properties using powder X-ray 
diffraction (XRD). XRD analysis of all catalysts 
was performed using a Shimadzu XRD-6000 
diffractometer with a scan speed of 40 °/min and a 
2θ range of 2°- 80° to determine the crystalline 
phases of the supported metals. The average 
crystallite size of the active metals was 
determined using the Debye-Scherrer equation. A 
field-emission scanning electron microscope (FE-
SEM) equipped with energy-dispersive X-ray 
analysis (EDX) (Hitachi S-3400N) was used to 
study the morphology and elemental composition 
of the catalysts. To further investigate the 
chemical states and surface elemental 
composition of the catalysts, X-ray photoelectron 
spectroscopy (XPS) was performed using a 
Thermo Scientific K-Alpha spectrometer with a 
monochromatic Al Kα X-ray source. The binding 
energies were calibrated using the C 1s peak at 
284.8 eV as an internal standard. This analysis 
was crucial for determining the oxidation states of 
the active metals (Ni and Ru) and verifying their 
interaction with the DS support. Elemental 
mapping was conducted to confirm the successful 
loading of 5 wt.% Ru and 5 wt.% Ni on the catalyst. 
Transmission electron microscopy (TEM; JEOL 
JEM-2100, Japan) was used and operated at 200 
keV.  

There are some functional groups on the 
surface of the date seed support, and their 
presence was analyzed by Fourier transform 
infrared spectroscopy (FTIR) before and after 
modification using a Shimadzu FTIR-8400 
(Japan). Ground catalysts and samples were 
analyzed for specific surface area, pore-size 
distribution, and pore volume using the 
Brunauer-Emmett-Teller (BET) method with a 
Thermo-Finnigan Sorptomatic instrument. Before 
the analysis, all catalysts were degassed at 150 °C 
for 12 hours. Adsorption and desorption of N2 were 
done using a vacuum chamber at -196 °C. Total 
acidity and strength of acid sites were measured 
using NH3-TPD with a Thermo-Finnigan TPDRO 
combined with a thermal conductivity detector 
(TCD). Approximately 0.05 g of catalyst was 
loaded into a quartz tube and pretreated under a 
nitrogen atmosphere at 150 °C to remove 
physically adsorbed moisture. After cooling to 
room temperature, the sample was exposed to 
NH₃ gas for 1 h to ensure complete adsorption of 
ammonia on the acidic sites. Excess NH₃ was then 
removed by purging with N₂ at a flow rate of 20 
mL/min for 35 min. Subsequently, the sample was 
heated from 50 to 900 °C at a rate of 10 °C/min 
under a helium flow of 30 mL/ min. The ammonia 
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desorbed during the temperature-programmed 
desorption process was continuously monitored 
using a thermal conductivity detector (TCD). 

Final analyses were conducted with the TGA 
1000i instrument (Instrument Specialists Inc., 
USA) for Thermogravimetric Analysis (TGA) to 
assess the thermal stability of the catalysts. Since 
the deoxygenation reactions occur at higher 
temperatures (> 300 °C), it was important to 
maintain the thermal integrity of the date seed-
based catalyst. The sample was heated from 25 °C 
to 900 °C at a heating rate of 10 °C/min while 
nitrogen gas was flowing at 40 mL/min. The 
weight loss was plotted against the increase in 
temperature. 

 
2.5. Catalytic Deoxygenation of Palm Oil 

To deoxygenate palm oil while keeping 
excellent temperature and stirring control, a 250 
mL semi-batch reactor system with a TOPO MS-
DMS mixing mantle was employed. The common 
method entails mixing 9.8 g of palm oil with 0.2 g 
of the manufactured Ni-Ru/DS catalyst. The 
reaction was maintained at a constant 
temperature of 350 °C for three hours. Continuous 
mixing was carried out at 400 rpm (equivalent to 
40 on the ×10 rpm scale) to minimize mass-
transfer resistance and ensure uniform dispersion 
of the catalyst throughout the oil phase. The 
volatile compounds evolved during the reaction 
were condensed through an external water-cooled 
condensation system maintained at 15 °C. The 
condensed products were then transferred into a 
receiving flask for subsequent characterization 
and analysis. 

 The oxygen-free liquid products (green 
diesel) were further examined using gas 
chromatography-mass spectrometry (GC-MS) and 
gas chromatography with a flame ionization 
detector (GC-FID). These methods were used to 
determine the quantity and chemical composition 
of the generated hydrocarbons. 

 
2.6. Product Characterization 

To identify and correlate the peaks during 
analytical analysis of the liquid products, a 
standard hydrocarbon mixture of C8-C35 alkanes 
and alkenes was used. The deoxygenated liquid 
products were characterized using a Shimadzu 
QP2010 Plus GC–MS system equipped with a 
Zebron ZB-5MS capillary column (30 m × 0.25 mm 
× 0.25 μm) and operated in splitless injection 
mode. Prior to analysis, the samples were diluted 
to 100 ppm using high-purity n-hexane (>98%). 
The resulting chromatographic and mass spectral 
data were used to identify and quantify the 
organic constituents.  The equation assigned to it 
was used to calculate liquid deoxygenation 
product selectivity: 

𝑆𝑆product % = 𝐶𝐶𝐶𝐶
∑𝑛𝑛𝑛𝑛

×  100%                                                (1) 
 
such that Sproduct% represents the percentage 
selectivity of products, while Cy denotes the 
individual peak area of the specific organic 
compound, and ∑ny refers to the total area of the 
organic products identified in the liquid, thereby 
quantifying the relative distribution of each 
compound within the mixture phase. A Gas 
Chromatograph with a Flame Ionization Detector 
(GC-FID) system (Shimadzu GC-14B) was used 
for quantitative analysis. The liquid product from 
the deoxygenation phase was diluted with n-
hexane as the internal standard. 1 μL of the 
diluted liquid was injected into the system using 
an HP-5 capillary column (30 m × 0.32 mm. The 
detector temperature was maintained at 300 °C 
throughout the analysis. The hydrocarbon yield, 
kerosene-range fraction, and bio-jet fuel (BJF) 
selectivity were subsequently calculated using 
Equations (2), (3), and (4), respectively. 
 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (%) =
 ∑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝐶𝐶8−𝐶𝐶20)+∑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝐶𝐶8−𝐶𝐶20)

∑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
×

 100%                                  (2) 
 
𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (%) =
 ∑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝐶𝐶8−𝐶𝐶16)+ ∑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝐶𝐶8−𝐶𝐶16)

∑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
×

 100%                                (3) 
 
𝐵𝐵𝐵𝐵𝐵𝐵 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (%)  

=
∑𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 & 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝐶𝐶11 + 𝐶𝐶13 + 𝐶𝐶15)

∑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝐶𝐶8 − 𝐶𝐶20) + ∑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝐶𝐶8 − 𝐶𝐶20)
×  100% 

            (4)  
 
Following the catalyst screening phase, the 
synthesized catalyst with the highest 
performance was chosen for the parametric study 
using the OVAT technique. It achieved the 
highest hydrocarbon yield (HC%) with high 
selectivity towards Green Diesel in the 
deoxygenation reaction. To determine the ideal 
operating parameters, the reaction time was 
varied from two to six hours, while reaction 
temperatures were tested at 270, 300, 350, and 
370 °C. The liquid products from the optimization 
study were analyzed by GC-FID to determine the 
conditions that achieved the maximum 
hydrocarbon content and the highest selectivity 
for Green Diesel. 

   
2.7. Reusability and Stability of the Catalyst  

Further examination of the reusability and 
stability of the synthesized catalyst was done 
under the optimized reaction parameters. 
Reusability studies were conducted using spent 
catalysts that were recovered after each 
deoxygenation (DO) cycle. After deoxygenation, 
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the spent catalyst was separated from the liquid 
product and washed several times using n-hexane 
to eliminate any adsorbed organic material. The 
catalyst was dried and heated at 100 °C for 4 
hours before being used for the next reaction. The 
results for each cycle were analyzed using the 
hydrocarbon yield, the kerosene fraction, and the 
product selectivity as described in Eqs. (2), (3), 
and (4), respectively. The properties of spent 
catalysts were analyzed using TGA, TEM, and 
XRD, and the deoxygenated liquid from each cycle 
was analyzed using GC-FID.  

 
 3. Results and Discussion   
 3.1. Structural and Textural Properties of the 
Catalysts 

The crystalline structure and phase 
composition of the prepared catalysts were 
investigated using XRD analysis over a 2θ range 
of 2-80°. Peak assignment was performed using 
the International Centre for Diffraction Data 
(ICDD). The obtained patterns are illustrated in 
Figure 1. The XRD pattern of the raw Date Seed 
(DS) support exhibits a broad diffraction feature 
centred at approximately 2θ = 23.5°, indexed to 
the (0 0 2) planes of disordered graphitic carbon 
(ICDD 41-1487) [17], while the absence of sharp 
peaks confirms the amorphous nature of the 
support. The NiO/DS catalyst shows sharp, 
intense peaks, primarily at 2θ = 37.44°, 43.3°, and 
75.374°, corresponding to the (1 1 1), (2 0 0), and 
(3 1 1) planes, indicating the presence the face-
centered cubic FCC structure of NiO (ICDD 04-
0787) [6]. The XRD profile of the Ru2O3/DS 
catalyst exhibited only faint diffraction peaks 
with relatively low intensities at 2θ = 42.4° and 
44.37°, corresponding to the (0 0 2) and (1 0 1) 
planes. This reflection can be attributed to 
crystalline ruthenium oxide species with the 
Ru2O3 phase (ICDD 00-002-1365). The relatively 
low intensity of these peaks suggests a high 
dispersion of Ru oxide species across the support 

surface, together with small crystallite 
dimensions and/or poor crystallinity. Such 
characteristics limit the detectability of the Ru₂O₃ 
phase by X-ray diffraction, resulting in the 
observed weak diffraction signals [18]. 

Meanwhile, the bimetallic NiRu2O4/DS 
catalyst exhibited distinctive diffraction peaks at 
2θ = 37.093° (1 1 1), 43.096° (2 0 0), and 51.596° (2 
0 0), which are attributed to the face-centred cubic 
(FCC) structure of NiO (reference code 04-0787). 
Additionally, a specific peak observed at 2θ = 
44.37° (2 0 0) was assigned to the presence of 
Ru2O3 species (ICDD 00-002-1365), confirming the 
successful integration of both active phases within 
the bimetallic catalytic architecture.  The Debye-
Scherrer equation [15] was applied to determine 
the crystal size of catalysts from the diffraction of 
the highest peaks in the XRD patterns. The 
observed crystal sizes were 17.41 nm, 17.50 nm, 
13.34 nm, and 20.21 nm, for the following 
catalysts: DS, NiO/DS, and NiRu₂O₄/DS, 
respectively. The fine crystallite size observed for 
the bimetallic catalyst (20.21 nm) indicates 
uniform metal distribution, thereby increasing 
the number of exposed active centers and 
enhancing catalytic efficiency. 

The surface morphology and structural 
evolution of the synthesized samples were 
evaluated using FE-SEM, revealing distinct 
transitions among the materials. The raw data 
seeds (DS) [Figure 2-A] initially exhibit an 
irregular, amorphous, and highly heterogeneous 
morphology composed of sharp-edged flakes and 
sub-micron blocks aggregated into larger clusters, 
confirming a porous matrix, suitable for catalyst 
support. Upon modification, the NiO/DS catalyst 
displays a distinct multi-phasic structure. The 
underlying carbonaceous sheets become heavily 
decorated with a dense, uniform distribution of 
granular NiO/DS nanoparticles and coral-like 
clusters driven by active surface anchoring sites. 
In contrast, the Ru2O3/DS composite shows dense 
polymeric sheets interwoven with irregular 
carbon blocks, acting as a robust substrate finely 
embedded with sub-micron, spherical grain-like 
clusters and ultra-fine Ru2O3/DS particulates. 
Ultimately, the bimetallic NiRu2O4/DS composite 
reveals a synergistic structural modification. 
Large, smooth underlying carbon sheets are 
extensively covered by a highly dispersed network 
of fragmented flakes, nanoparticles, and porous 
aggregates, indicating the successful co-
deposition of both Ni and Ru oxide phases, which 
effectively suppresses severe self-agglomeration 
and maximizes the number of exposed 
catalytically active sites. 

Using FTIR spectroscopy, the surface 
chemical functionality of the synthesized catalysts 
and the unprocessed Date Seed (DS) support was 
examined in the spectral region of 4000-400 cm-1. Figure 1. XRD patterns for DS, NiO/DS, 

Ru2O3/DS, and NiRu2O4/DS. 
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Catalyst C (wt%) O (wt%) Ni (wt%) Ru (wt%) other material (wt%) 
Date seed (DS) 83.72 12.63 - - 1.91 
NiO/DS 73.95 16.78 7.14 - 1.53 
Ru2O3/DS 83.29 15.73 - 1.21 - 
NiRu2O4/DS 72.22 25.36 1.71 0.71 - 

All samples' spectra display a wide absorption 
band between 3400 and 3600 cm-1, attributed to O -

H stretching vibrations of adsorbed moisture and 
residual phenolic groups. The continuous band at 
1604 cm-1 corresponds to aromatic C=C skeletal 
vibrations, confirming the structural stability of 
the carbonaceous framework after calcination at 
400 °C [17]. Except for the DS support, all 
catalysts exhibited distinctive bands in the 400-

650 cm-1 region, which are attributed to metal-
oxide (Ni -O and Ru -O) stretching and bending 
vibration modes [19-21]. This spectroscopic 
behaviour suggests the development of a stable 
bimetallic oxide interface on the treated carbon 
substrate. The FTIR data are consistent with the 
XRD and FE-SEM-EDX analyses, demonstrating 
that the calcination procedure successfully 
anchored the active metal oxide phases and aided 
in the formation of an active catalytic surface. 

To evaluate the textural characteristics of the 
prepared catalysts (DS, NiO/DS, Ru2O3/DS, and 
NiRu2O4/DS), N2 adsorption-desorption isotherms 

were analyzed to determine their BET surface 
area, pore volume, and pore diameter (see Table 
2). All samples exhibited a pattern similar to type 
IV isotherms according to the International 
Union of Pure and Applied Chemistry (IUPAC) 
classification, confirming the predominant 
presence of a mesoporous framework. Moreover, 
the noticeable increase in nitrogen uptake at 
elevated relative pressures (P/P0 ≈ 0.8-1.0) 
suggests capillary condensation within the pore 
channels, confirming an interconnected network 
of mesopores and macropores (see Figure 4). 
Based on the results summarized in Table 2, the 
bimetallic NiRu2O4/DS exhibited the highest 
surface area of 4.4204 m²/g compared with the 
DS-support (1.7541 m²/g), together with a pore 
diameter of 6.4284 nm and a pore volume of 
0.013734 cm³/g, suggesting uniform metal 
dispersion and improved accessibility of catalytic 
sites. The obtained pore size of 6.4284 nm is well 
situated in the mesoporous range, making it 
favourable for the diffusion and adsorption of 
fatty acid triglyceride molecules (kinetic 

Figure 2. FESEM image of catalysts A) DS, B) NiO/DS, C) Ru₂O3/DS, D) NiRu₂O₄/DS. 

Table 1. The average elemental content levels were obtained. 
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Catalyst   Surface area (m2/g) Pore size diameter (nm) Pore volume (cm3/g) 
DS (Date seeds)                 1.7541 4.4220 0.003368 
NiO/DS                               4.3780 6.0928 0.012829 
Ru2O3/DS                            1.9080 4.2092 0.003180 
NiRu2O4/DS                        4.4204 6.4284 0.013734 

diameter for fatty acid chains ~ 2-3 nm). The 
synergistic effect of elevated surface area and 
suitable pore size enhances reactant and product 
diffusion, thereby increasing catalytic efficiency 
[23]. In contrast, the Ru2O3/DS catalyst exhibited 
a lower surface area of 1.9080 m²/g and a smaller 
pore volume, which may be attributed to the 
accumulation or agglomeration of ruthenium 
particles on the support surface, partially blocking 
the pores. Meanwhile, the raw DS exhibited the 
lowest surface area, indicating that metal 
incorporation played an important role in 

developing the material's surface texture. It was 
also observed that the metal-loaded catalysts 
exhibited larger pore diameters than the 
untreated support, suggesting that impregnation 
and calcination promoted the formation of more 
developed porous channels. Overall, the 
improvement in the textural properties, 
particularly for the NiRu2O4/DS catalyst, 
explains its superior catalytic performance and 
higher selectivity toward long-chain 
hydrocarbons (C15+C17) during the deoxygenation 
of palm oil. The NiO/DS catalyst showed a surface 
area of 4.3780 m²/g, which is significantly higher 
than that of DS (1.754 m²/g), indicating that the 
incorporation of NiO contributed to the 
development of the surface structure and 
generation of additional active sites. In addition, 
the catalyst exhibited an increase in pore volume 
to 0.012829 cm³/g, thereby enhancing mass 
transfer and molecular diffusion within the pore 
channels during the deoxygenation (DO) 
reaction. 

Using thermogravimetric analysis (TGA), 
the thermal stability and breakdown behaviour of 
the produced catalysts (DS, NiO/DS, RuO2/DS, 
and NiRu2O4/DS) were assessed between 25 and 
1000 °C under a nitrogen environment. Every 
TGA thermogram, as shown in Figure 5, 
displayed a multi-step weight loss pattern 
corresponding to various thermal occurrences. 
The first phase, which occurred at temperatures 
below 150 °C, with weight loss of 2-5%, attributed 
to the evaporation of water and moisture 

Figure 3. FTIR spectra of a) DS, b) NiO/DS, c) 
Ru2O3/DS, and d) NiRu₂O₄/DS. 

Figure 4. Isotherm linear plot for the new 
catalyst. 

Figure 5. TGA analysis for new catalysts. 

Table 2. N2-adsorption/desorption analysis. 
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physically adsorbed on the surface of the Date 
seeds (DS) support, as well as to moisture retained 
within its mesoporous structure.  the second 
weight loss stage occurred between 250 and 600 
°C, during which the carbonaceous matrix 
thermally degraded and carbonized. Compared 
with the raw support, all metal-loaded catalysts, 
notably the bimetallic NiRu2O4/DS, exhibited a 
clear shift of the decomposition peaks toward 
higher temperatures. These behaviour suggest 
that the presence of NiO and Ru2O3 nanoparticles 
provides thermal shielding, enhancing the 
structural stability of the catalysts. The weight-
loss curves plateaued at temperatures above 600 
°C, indicating that inorganic residues were 
formed. Quantitative evidence for the successful 
impregnation of thermally stable and nonvolatile 
nickel and ruthenium oxides was demonstrated by 
the bimetallic catalyst NiRu2O4/DS, which 
retained the highest remaining mass at 1000 °C 
across all samples. These findings, collectively, 
demonstrate that the NiRu2O4/DS catalyst 
exhibits outstanding thermal stability up to 450 
°C, rendering it ideal for a wide range of catalytic 
applications and highlighting the positive 
synergistic impact of the bimetallic oxides on the 
Date Seeds support. The thermal stability and 
degradation resistance of the catalysts followed 
the descending order: NiRu2O4/DS > Ru2O3/DS > 
NiO/DS > DS, with corresponding residual masses 
of 79.5%, 64.8%, 58.2%, and 41.7% at 1000 °C, 

respectively. These values indicate that all 
synthesized catalysts exhibit high thermal 
stability; however, the bimetallic NiRu2O4/DS 
demonstrates the superior resistance to thermal 
decomposition. This confirms that the synergistic 
integration of Ni and Ru nanoparticles 
significantly enhances the structural integrity 
and thermal endurance of carbon support. 

The successful formation of the catalyst 
nanostructures was evidenced by the internal 
morphology, crystallinity, and particle size 
distribution of the catalysts, as measured by 
Transmission Electron Microscopy (TEM), as 
depicted in Figure 6. The TEM images of the 
unmodified Date Stone (DS) reveal a 
predominantly porous, amorphous carbon matrix 
with clear channels that serve as ideal anchorage 
sites for metal nanoparticles with average 
particle sizes of 7-11 nm. The images for NiO/DS 
and Ru2O4/DS demonstrate that, upon the 
addition of metals, dark, spherical-like 
nanoparticles are uniformly dispersed along the 
carbon support with an average particle size of 6 
to 68 nm for the NiO/DS and from 6 to 10 nm for 
the Ru2O4/DS catalyst. The bimetallic 
NiRu2O4/DS catalyst is notable for a highly 
uniform, non-agglomerated distribution of 
nanoparticles with particle sizes averaging 
between 5-10 nm, suggesting that the applied 
synthesis strategy successfully constrained the 
metallic phases to a specific size. Moreover, high-

Figure 6. TEM image of catalysts: A) DS, B) NiO/DS, C) Ru2O3/DS, D) NiRu2O4/DS. 
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Catalyst   NH3- desorption 
temperature (oC) 

Amount of NH3- 
desorbed (μmol/g) 

Date Seeds (DS)   585 1022.5 
NiO/DS 638 1245.3 
Ru2O3/DS 645 1856.7 
NiRu2O4/DS 622 2334.8 

magnification views of the NiRu2O4/DS show well-
defined porous fringes, corresponding to the gaps 
between adjacent planes of the crystal lattice, 
further confirming the crystallinity of the 
NiRu2O4 phase and its alignment with the XRD 
diffraction pattern. As seen in the TEM 
micrographs, the close contact between the 
bimetallic nanoparticles and the porous DS 
framework accounts for the increased surface area 
and improved thermal stability, as evidenced by 
the BET and TGA analyses, respectively. This 
structural arrangement increases the density of 
active sites, which is essential for the excellent 
catalytic activity of the bimetallic system. 

The acidic and basic properties of the 
synthesized catalysts were evaluated using NH3-
TPD and CO2-TPD analyses. Based on the 
desorption temperatures, the acid/base sites were 
categorized as weak below 250 °C, moderate 
between 250 and 500 °C, and strong above 500 °C 
[23]. The acidity profiles are presented in Figure 7 
and Table 3. Catalyst acidity plays a crucial role 
in the deoxygenation of vegetable oils by 
activating oxygen-containing compounds and 
facilitating C-O bond cleavage, thereby enhancing 
oxygen removal and converting oils into 
hydrocarbons suitable for green diesel production. 
Acidic sites also improve the adsorption of 
reactants onto the catalyst surface and increase 
reaction efficiency. Moderate to strong acidity is 
considered important for promoting the formation 
of diesel-range hydrocarbons, whereas excessively 
high acidity may lead to excessive cracking and 
coke formation [8]. 

All catalysts exhibited dominant, strongly 
acidic sites, as evidenced by the intense NH3 
desorption peaks observed at temperatures above 
550 °C. These acidic sites primarily arose from the 
intrinsic acidity of the date seed-derived support 
(DS), with contributions from chemisorbed 
ammonia species. Furthermore, the desorption 
peak appearing above 500 °C may partially result 
from the formation of NOx species generated 

through the interaction between ammonia and 
surface oxygen species [24]. 

Among the prepared catalysts, the 
NiRu2O4/DS catalyst exhibited the highest 
acidity value of (2334.8 μmol/g), whereas DS 
showed the lowest acidity strength of (1022.5 
μmol/g). The significant increase in acidity from 
1022.5 μmol/g for DS to 2334.8 μmol/g for 
NiRu/DS can be attributed to the incorporation of 
nickel and ruthenium oxide species onto the 
porous carbonaceous support. Metal oxides are 
known to introduce additional acidic sites 
through surface hydroxyl groups and 
coordinatively unsaturated metal ions. The NiO 
and RuOx phases provide abundant Lewis’s acid 
sites due to the electron-deficient nature of Ni²⁺ 
and Ru cations, which can accept electron pairs 
from adsorbed molecules. Furthermore, the 
interaction between nickel oxide and ruthenium 
oxide generates a synergistic effect that enhances 
charge polarization at the catalyst surface, 
leading to stronger acidity [22]. The high 
dispersion of the mixed-oxide nanoparticles on 
the DS support, as observed by TEM, increases 
the accessibility of these acidic centers. In 
addition, the strong interaction between the 
oxide phases and the oxygen-containing 
functional groups of the DS support may create 
new surface acid sites and increase the overall 
acid density, which is beneficial for activating C-
O bonds and facilitating DCO2/DCO reactions, 
while minimizing secondary cracking and 
condensation reactions [8]. The acidity of the 
catalysts increased in the following order: The 
total acidity, representing the amount of 
desorbed NH3, followed a decreasing order: 
NiRu2O4/DS > RuO2/DS > NiO/DS > DS. 

The surface basicity and active-site 
distribution of the synthesized catalysts were 
evaluated using TPD-CO2, with the results 
summarized in Table 4 and Figure 8. Catalyst 
basicity plays a crucial role in deoxygenation 
(DO) reactions; the presence of basic sites helps 
activate the carboxylic functionality of fatty acids 
and promotes oxygen removal via DCO2 and DCO 
routes. Consequently, moderate basicity is 
optimal for the efficient and stable conversion of 
vegetable oils into green diesel [8,25]. 

Table 3. Surface acidity and NH₃ desorption 
parameters of the synthesized catalysts. 

Figure 7. TPD-NH₃ acidity profiles of the 
prepared catalysts. 
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Catalyst                   
CO2- desorption 

temperature 
(oC) 

Amount of 
CO2- desorbed 

(μmol/g) 
Date Seeds (DS)                                518 6714.0 
NiO/DS 555 5378.9 
Ru2O3/DS 565 8334.1 
NiRu2O4/DS 548 8534.6 

TPD-CO2 measurements were performed to 
assess the surface basicity of the prepared 
catalysts and to investigate the interaction 
behavior of CO2 molecules with the catalyst 
surfaces. As observed, all catalysts exhibited 
desorption peaks at high temperatures above 500 
°C, indicating the presence of strong basic sites 
and strong interactions between CO2 and the 
catalyst surface. According to Wierzbicki et al. 
[25], weak, moderate, and strong basic sites are 
associated with surface hydroxyl groups (OH-), 
Lewis’s acid-base pairs, and low-coordination O²-

species, respectively. Among the catalysts 
studied, NiRu2O4/DS exhibits the highest surface 
basicity (8534.6 μmol/g), as summarized in Table 
4. This enhancement can be attributed to NiO's 
role in generating new basic oxygen sites on the 
catalyst surface. The surface oxygen ions (O2-) 
associated with NiO act as Lewis basic sites that 
effectively adsorb CO2, thereby increasing the 
amount of adsorbed CO2 and enhancing the 
catalyst's overall basicity [26]. Furthermore, 
Ruthenium oxide improved the dispersion of the 
active species on the support surface and 
strengthened the synergistic interaction between 
Ni and the carbonaceous support. This synergistic 
effect increased the number of active surface sites 
available for CO2 adsorption and enhanced the 
density of basic sites [27]. In contrast, NiO/DS 
exhibits the lowest surface basicity, even lower 
than that of the pristine DS support. This 
reduction is mainly due to the partial blockage of 
the carbon surface's inherent basic pores and 
active sites by the deposition of NiO particles. The 
data reveal that the total amount of desorbed CO2 
decreases in the order: NiRu2O4/DS > Ru2O3/DS > 
DS > NiO/DS. 

Surface elemental distribution and oxidation 
states of the NiRu2O4/DS-derived catalyst were 
investigated using X-ray photoelectron 

spectroscopy (XPS). This technique is essential 
for elucidating the chemical environment and 
electronic interactions between the active phase 
and the date-seed-derived carbon support (DS). 
The binding energy distributions for Ni, Ru, and 
O provide definitive evidence regarding the 
surface chemistry and oxide formation, as 
illustrated in Figure 9. The Ni 2p spectrum 
(Figure 9A) displays a predominant sharp peak 
in the range of 853.5-855.2 eV, which is 
characteristic of Ni2+ ions within the NiO lattice. 
This primary peak is accompanied by a distinct 
shake-up satellite feature near 861-865 eV, 
resulting from complex electronic transitions that 
confirm NiO as the predominant surface oxide. 
Furthermore, the well-resolved 2p3/2 and 2p1/2 
doublets at higher binding energies (above 870 
eV) exhibit significant spin-orbit splitting. This 
energetic separation indicates strong chemical 
stability and robust anchoring of the Ni ions to 
the carbonaceous matrix [28,29]. Regarding the 
Ru 3d spectrum (Figure 9B), deconvolution 
reveals a primary doublet with a binding energy 
for Ru 3d5/2 at approximately 281.8-282.5 eV, 
which is attributed to Ru3+ ions, confirming the 
presence of Ru2O3 within the catalyst structure. 
The overlap observed near 284.6 eV corresponds 
to the C 1s signal from the DS support, while the 
components at higher binding energies (286.5-
288.0 eV) suggest the formation of Ru-O-C bonds. 
These interactions facilitate electronic coupling 
between the ruthenium species and the carbon 
support, enhancing the synergistic effect for 
efficient deoxygenation [28]. Regarding the O 1s 
spectrum (Figure 9C), deconvolution was 
employed to resolve two distinct oxygen 
environments. The first peak, assigned to lattice 
oxygen OL, appears at 529.8-530.1 eV and 
corresponds to the metal-oxygen bonds in NiO. 
The second peak, situated around 531.8-532.5 eV, 
is attributed to surface-adsorbed or chemisorbed 
oxygen OS, representing hydroxyl groups (-OH) 
or oxygen species associated with the DS support. 
These findings highlight a strong synergistic 
interaction and stable chemical bonding between 
the active NiO phase and the carbonized date 
seed surface [29]. 

Figure 8. TPD-CO₂ profiles of the synthesized 
catalysts. 

Table 4. Surface basicity and CO2 desorption 
parameters of the synthesized catalysts. 
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3.2. Catalytic Deoxygenation Activity of New 
Catalysts 
3.2.1. Gas Chromatography-Flame Ionization 
Detector (GC-FID) analysis 

The catalytic efficiency of the synthesized 
materials was evaluated based on total 
hydrocarbon yield and selectivity toward kerosene 

and bio-jet fuel (BJF) components, as illustrated 
in Figure 10 (A-B). Within the investigated 
catalyst library, NiRu2O4/DS emerged as the 
most potent candidate, delivering a peak 
hydrocarbon yield of 95%, a kerosene-range 
selectivity of 83.33%, and a higher BJF selectivity 
of 43%, especially in C11 (Figure 10A). 
Consequently, the progression of both kerosene 
and BJF yields followed the ascending sequence: 
Ru2O3/DS < DS < NiO/DS < NiRu2O4/DS.  

The superior catalytic performance of the 
NiRu/DS catalyst, as evidenced by the highest 
hydrocarbon (HC%) and kerosene yields, 
particularly in the C11 fraction, can be attributed 
to the synergistic effects of its physicochemical 
properties. The catalyst exhibited a moderate 
acidity of 2334 μmol/g and a relatively high 
basicity of 8534 μmol/g, providing a balanced 
distribution of active sites that promoted both 
deoxygenation and selective hydrocarbon 
formation. The acidic sites facilitated cracking, 
dehydration, and hydrocarbon chain 
rearrangement, whereas the abundant basic sites 
enhanced CO₂ adsorption and promoted 
deoxygenation pathways, thereby enabling more 
efficient oxygen removal from the feedstock. This 
balance between acidity and basicity minimized 
excessive cracking toward light gases while 
favoring the formation of liquid hydrocarbons in 
the kerosene range [30]. 

The enhanced deoxygenation performance 
can further be attributed to the synergistic 
interaction between NiO and Ru₂O₃. Based on 
the characterization results, the bimetallic 
catalyst exhibited higher acidity and basicity 
than the monometallic catalysts, indicating the 
generation of complementary active sites [30]. A 
possible electronic interaction between the two 
oxide phases may involve electron donation from 
Ru species to Ni species, producing electron-rich 
Ni sites and modifying the surface acid–base 
characteristics. In this system, NiO mainly 

Figure 9. XPS spectra of the synthesized NiRu2O4 
supported on date seeds (DS). 

Figure 10. A) Kerosene yield, HC %, and BJF selectivity for a) DS, b) NiO/DS, c) NiRu2O4/DS, along with 
B) carbon selectivity of deoxygenated product. 
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provides acidic sites for the adsorption and 
activation of oxygenated intermediates, whereas 
Ru₂O₃ contributes basic sites that facilitate C-O 
bond cleavage and oxygen removal. The 
cooperation between these acidic and basic sites 
enhances decarboxylation and decarbonylation 
reactions while suppressing excessive cracking, 
thereby increasing hydrocarbon yield and 
improving selectivity toward kerosene-range 
products [31]. A schematic representation of the 
proposed catalytic mechanism is shown in Figure 
11. 

Although the catalyst possessed a relatively 
low BET surface area (4.4 m²/g) and pore volume 
(0.0137 cm³/g), its average pore diameter of 6.428 
nm places it within the mesoporous range. These 
mesopores facilitated the diffusion of reactant 
molecules and reaction intermediates to the active 
sites, while reducing diffusion limitations. 
Therefore, catalytic activity was governed more by 
the nature and strength of the active sites than by 
the total surface area. All catalysts yielded high 
selectivity toward (C11 and C17) hydrocarbons, as 
shown in Figure 10B. The formation of C17 
hydrocarbons can be attributed to the 
decarboxylation and decarbonylation of C18 fatty 
acids, particularly oleic acid, which is one of the 
major components of palm oil which undergo a 
one-carbon loss alongside the elimination of 

oxygenated species to form C17 hydrocarbons. 
While the high kerosene selectivity, particularly 
toward C11 hydrocarbons, indicates that the 
catalyst provided an optimal balance between 
cracking and chain-growth reactions. Excessive 
acidity would have promoted over-cracking to 
lighter hydrocarbons, whereas the moderate 
acidity combined with strong basicity and the Ni–
Ru synergistic effect favored the production of 
hydrocarbons within the kerosene boiling range 
[32-34]. 

Conversely, the Ru2O3/DS analog 
demonstrated minimal efficacy, yielding only 9%, 
attributable to its low surface area (1.9 m²/g) and 
limited pore volume (0.00318 cm³/g), which 
reduced the accessibility of active sites and 
hindered triglyceride diffusion within the pore 
channels. In addition, Ru particle agglomeration 
may have partially blocked the pores, resulting in 
lower catalytic activity and deoxygenation 
efficiency compared with the bimetallic catalyst. 

Compared with previously reported DO 
catalysts, the synthesized NiRu2O4/DS catalyst 
exhibited markedly superior performance. The 
Ni20Znx/AC catalyst achieved a hydrocarbon yield 
ranging from 77-83% [35]. The mesoporous 
10%Ni-Fe/SBA-15 catalyst achieved the highest 
liquid hydrocarbon yield of 73.1% [36]. Similarly, 
the NiO-MoO2/CeO2 catalyst achieved an HC 

Figure 11. Proposed electronic synergistic catalytic mechanism of the NiO-Ru₂O₃/DS catalyst during palm 
oil deoxygenation. 
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yield of approximately 77% at a relatively high 
catalyst loading of 15 wt% and 300 °C [33]. In 
contrast, NiRu2O4/DS achieved a substantially 
higher HC yield (95%) using only 5 wt% loading. 
While Fe/AC showed only 55% HC yield and 52% 
alkane selectivity in palmitic acid DO at 450 °C 
[32], both were surpassed by NiRu2O4/DS at a 
lower temperature of 350 °C. The superior 
catalytic performance of the NiRu2O4/DS catalyst 
can be attributed to the synergistic interplay of its 
physicochemical characteristics. The catalyst 
exhibited a moderate acidity of 2334 μmol/g and a 
relatively high basicity of 8534 μmol/g, resulting 
in a well-balanced distribution of active sites that 
effectively facilitated deoxygenation reactions and 
promoted the selective formation of hydrocarbons. 

Moreover, the incorporation of Ni and Ru 
created highly active metallic centers that 
promoted both hydrogenation and hydrogenolysis 
processes. The cooperative interaction between 
these metals facilitated the efficient 
transformation of oxygen-containing 
intermediates into stable hydrocarbon 
compounds, thereby enhancing overall 
hydrocarbon production. 

 

3.2.2. Gas Chromatography-Mass Spectrometry 
(GC-MS) 

The GC-MS analysis demonstrated the 
varying efficiencies of the modified catalysts in 
converting the feedstock into hydrocarbons, as 
shown in Figure 12. According to experimental 
data, the NiRu2O4/DS catalysts achieved a total 
yield of nearly 94%, exhibiting the most 
pronounced shift toward producing both alkanes 
and alkenes. Conversely, only small amounts of 
the remaining oxygenated compounds (including 
acids and ketones) were recorded, totaling 6%. 
The high selectivity for (C11 and C17) hydrocarbons 
can be attributed to the balanced acidic-basic 
properties together with the synergistic effect of 

active metal species. The high basicity promoted 
deoxygenation via DCO2/DCO pathways, leading 
to the formation of long-chain hydrocarbons such 
as C17 [37,38]. At the same time, the presence of 
sufficient acidic sites facilitated controlled C-C 
bond cracking, resulting in the generation of 
lighter hydrocarbons within the BJF range, 
particularly C11. 

In contrast, the Ru2O3/DS catalyst exhibited 
opposite behavior, producing a total yield of only 
9% hydrocarbons and the highest yield of 
oxygenated compounds, reaching 91%, 
particularly fatty acids, which accounted for 
56.04% of the total composition, alongside 
alcohols and ketones, due to its poor textural 
properties compared with the bimetallic catalyst. 
In this case, the presence of ruthenium favored 
incomplete deoxygenation of intermediates 
rather than their complete conversion to fully 
saturated hydrocarbons. 

 
3.2.3. Optimization studies and reusability 

Using a one-variable-at-a-time (OVAT) 
approach, reaction parameters for the 
deoxygenation (DO) reaction were optimized with 
the NiRu2O4/DS catalyst. These include 
temperature (270-370 °C), catalyst loading (1, 3, 
5, 10 wt%), and reaction time (2-6 h) under an N2 
Atmosphere at 400 rpm. Results showed that at 
lower temperatures, Incomplete deoxygenation 
occurred due to insufficient energy for effective C-
O bond cleavage. In contrast, temperatures above 
350 °C promoted excessive cracking, thereby 
decreasing selectivity toward diesel-range 
hydrocarbons. Likewise, increasing the catalyst 
loading beyond 5 wt% did not significantly 
enhance the product yield because higher solid 
concentrations limited mass transfer and 
promoted secondary cracking reactions. The 
optimal reaction conditions were 350 °C, 3 h, and 
a catalyst loading of 5 wt%. Under these 
conditions, the process yielded hydrocarbons at 
95% with a selectivity towards Bio-jet fuel (BJF) 
of 43%. These conditions were used to determine 
the stability and reusability of the NiRu2O4/DS 
catalyst. 

 
3.2.4. Reusability and stability of the optimal 
catalyst 

The stability and reusability of the catalyst 
were investigated under previously optimized 
reaction conditions, including 350 °C, 3 h, and a 
catalyst loading of 5 wt%. After each reaction, the 
catalyst was separated by filtration, washed with 
n-hexane to remove organic byproducts and 
residues, dried, and reused. The catalyst was 
stable over three reaction cycles. However, 
hydrocarbon yield gradually declined, as shown 
by GC-FID analysis (Figure 13B), from 95.0% in 
the first cycle to 91.2% and 88.5% in the second 

Figure 12. Distribution profile of liquid product 
obtained from the DO reaction for 3 h, at 350 °C 
and 5 wt% loading for a) DS, b) NiO/DS, c) 
Ru2O3/DS, d) NiRu2O4/DS. 
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and third cycles, respectively. This decline is 
likely due to partial catalyst deactivation from 
carbon accumulation, pore blockage, or slight 
agglomeration of active sites. This behavior is 
frequently observed in heterogeneous catalysts at 
high temperatures, without substantially 
diminishing catalytic activity. 

To investigate the catalyst's selectivity and 
product quality, GC-MS analysis was performed 
on the liquid product from each cycle. GC-MS 
analysis showed that hydrocarbons in the C14-C17 
range were the dominant products in all reaction 
cycles. Despite the slight decline in total 
hydrocarbon yield. This distribution is related to 
the fatty acid composition of palm oil, which is rich 
in C16 and C18 fatty acids. During deoxygenation, 
C18 fatty acids undergo DCO2/DCO reactions to 
form C17 hydrocarbons, explaining the high 
selectivity toward C17. Meanwhile, C14 
hydrocarbons are likely produced through 
secondary cracking of longer-chain intermediates. 
The simultaneous formation of C14 and C17 
indicates that both deoxygenation and cracking 
reactions occurred over the catalyst surface. Bio-
jet fuel (BJF) selectivity was calculated according 
to Equation (4) using the relative peak areas of 
C11, C13, and C15 hydrocarbons, resulting in a BJF 
selectivity of 43%. The presence of these 
hydrocarbons reflects the catalyst’s ability to 
convert palm oil into jet-fuel-range products 
through controlled chain-shortening reactions. As 
shown in Figure 13A, the most abundant products 
and similar chromatographic profiles across all 
cycles suggest that the selectivity of the 
NiRu2O4/DS catalyst toward bio-jet fuel-range 
hydrocarbons remained unchanged. This study 
demonstrates the catalyst's stable reusability and 
the quality of the product in green fuel production. 

To evaluate potential catalyst deactivation, 
XRD measurements were performed on the spent 
catalyst. The XRD pattern of the spent catalyst is 
illustrated in Figure 14. The diffraction patterns 

show a broad peak between 20° and 30°, along 
with evidence of the amorphous carbon support 
derived from date seeds. Additionally, the sharp 
and more intense diffraction peaks seen at 37.5° 
(1 1 1), 52° (2 0 0), 65.3° (2 2 2), and 77.8° (3 1 1) 
planes indicate the presence of cubic NiO (ICDD 
04-0787) [6]. The diffraction peak at 2𝜃𝜃 = 44.5 ° (1 
0 1) indicates the presence of hexagonal 
crystalline phases of (Ru2O3) (ICDD 00-002-
1365). The preservation of the main diffraction 
peaks confirms that the catalyst framework 
remained relatively stable, while the slight 
increase in peak intensity may also suggest coke 
deposition or formation of secondary crystalline 
phases on the catalyst surface. 

Analysis of the spent NiRu₂O₄/DS catalyst 
through TGA in Figure 15 revealed good thermal 
stability up to approximately 350 °C, with only a 
minor weight loss ~6 wt.% attributed to the 
removal of physically adsorbed moisture and 
volatile species. A pronounced weight loss step 
(~30–32 wt.%) occurred between approximately 

Figure 13. A) Carbon number distribution of product from the catalyst reusability study, B) Hydrocarbon 
yield over the 3rd run. 
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Figure 14. XRD patterns of the fresh and spent 
catalyst. 
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380 and 480 °C, corresponding to the combustion 
of carbonaceous deposits (coke) formed during the 
deoxygenation reaction. Beyond ~500 °C, the mass 
remained essentially constant up to 1000 °C, with 
a final residue of approximately 61–62 wt.%, 
associated with the remaining inorganic 
framework. In contrast, the fresh catalyst 
exhibited a gradual, multi-step weight loss across 
the entire temperature range (100-1000 °C), 
without the sharp single-stage decomposition 
seen in the spent sample, ultimately reaching a 
comparable residual mass (~60 wt.%). The 
distinct, sharp decomposition step observed only 
in the spent catalyst is attributed to the additional 
combustion of coke deposits accumulated during 
the reaction, providing direct evidence that 
carbonaceous deposition is a contributing 
deactivation pathway. 

The TEM analysis of the used catalyst (Figure 
16.B) shows that metal particle agglomeration 
reached a critical point due to a consistently high 
temperature of 350 °C. Increasing particle size 
explains the efficiency loss from 95% to 88%. 
Furthermore, an amorphous carbonaceous coke 
layer formed around the active sites because of 
deoxygenation pathways. This layer created a 
physical barrier that limited the reactants' ability 
to reach the metal. These changes were offset by 
the Date Stone (DS)-derived support, which 
exhibited high structural stability and strong 
support under high pressure, consistent with an 
increase in crystallite size observed in XRD and 
the weight loss observed in TGA. 

4. Conclusion 
The catalytic proficiency and structural 

robustness of the NiRu2O4/DS system were 
systematically examined during the 
deoxygenation of palm oil to synthesize bio-jet 
fuel. Under optimized experimental parameters 
(350 °C, 3 h, and 5 wt% catalyst loading), the 
initial catalytic trial achieved a peak 
hydrocarbon yield of 95%. Longevity assessments 
confirmed the catalyst's stability, with successive 
yields of 91% and 88% recorded over three cycles. 
Furthermore, GC-MS characterization revealed a 
high selectivity for C14 and C17 alkanes, meeting 
the stringent quality standards for high-grade 
aviation biofuels. Although a marginal decline in 
activity was observed, likely due to pore clogging 
or carbonaceous accumulation, the primary 
reaction pathways remained unaffected. 
Consequently, NiRu2O4/DS stands out as a 
technically sound and sustainable candidate for 
the industrial-scale production of renewable jet 
fuels. 
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