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A B S T R A C T   

The role of mesoporous solid acid aluminosilicate in the oleic acid deoxygenation was elucidated using ZSM-5 
and Al-MCM-41 impregnated with Ni. The mesoporous supports were synthesized using a similar initial Si/Al 
ratio but employing different templates to vary the mesopores. ZSM-5_T produced interparticle mesopores when 
using TPAOH (tetrapropylammonium hydroxide) as a template. Meanwhile, ZSM-5_S with a well-defined 
intraparticle mesoporous channel was formed using a silicalite template. Al-MCM-41 synthesized without a 
template produced one-dimensional highly ordered mesoporous channels. The arrangement of mesoporosity in 
aluminosilicate determined the mechanistic pathway of oleic acid conversion into hydrocarbon. Oleic acid un
derwent primary thermal cracking into carboxylic acid before progressing into the subsequent decarbonylation 
reaction. The diesel hydrocarbon yield was enhanced following the order of Al-MCM-41>ZSM-5_S>ZSM- 
5_T>blank reaction. Large intraparticle mesoporosity produced long-chain carboxylic acid from catalytic 
cracking of oleic acid, which was subsequently deoxygenated into long-chain hydrocarbons.   

1. Introduction 

Renewable biofuel has been extensively investigated as alternative 
green energy to sustain fossil fuel depletion (Jeon et al., 2019; Wang 
et al., 2020). The primary component of first-generation biofuel pro
duced from the transesterified biomass is fatty acid methyl esters 
(FAME) (Ramos et al., 2019; Singh et al., 2020). However, FAME has 
been reported to have poor thermal and oxidative stability, high vis
cosity, elevated pour point, elevated cloud point, and decreased heating 
value (Jeon et al., 2019; Monirul et al., 2015). At high temperatures, the 
unsaturated bonds in FAME were susceptible to oxidization, causing the 
oxidative breakdown of biodiesel (Kumar, 2017; Silva et al., 2021). The 

oxidation products enhanced the viscosity, consequently shortening 
biodiesel storage life. Additionally, the high viscosity of biodiesel causes 
poor atomization and combustion (Unlu et al., 2018). FAME oxidation is 
detrimental to the engine system as the deposition of carbonaceous coke 
in the fuel tank can clog the fuel filters and injection systems (Angelovič 
et al., 2015; Jakeria et al., 2014). 

Liquid hydrocarbon from biomass is identified as the second- 
generation biofuel (Chen et al., 2014; de Barros Dias Moreira et al., 
2020; Forghani and Lewis, 2016). Hydrotreatment or deoxygenation 
reaction produces hydrocarbon by eliminating oxygen in biomass 
(Janampelli and Darbha, 2021; Shim et al., 2018). Deoxygenation oc
curs via hydrodeoxygenation, decarboxylation or decarbonylation 
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processes, producing a different range of hydrocarbon chain lengths 
(Hermida et al., 2015; Krobkrong et al., 2018). Hydrodeoxygenation 
uses hydrogen gas at high pressure to reduce oxygenated carbon and 
unsaturated bonds in biomass, preserving the carbon number (Yoosuk 
et al., 2019). In decarboxylation (DCO2), the oxygenated carbon frag
ment was removed as CO2 to produce hydrocarbon with one carbon 
atom shorter than the fatty acid (Srifa et al., 2014; Yıldız et al., 2020). 
Deoxygenation can also undergo the decarbonylation (DCO) pathway, in 
which the oxygen species are removed by releasing carbon monoxide 
(CO) and water molecules (Janampelli and Darbha, 2021). Since 
decarboxylation or decarbonylation occurs in the absence of H2 and at 
atmospheric pressure, the process is advantageous in lowering the 
operational cost and experimental hazard. DCO2 and DCO also released 
less water, preventing catalyst deactivation (Krobkrong et al., 2018). 
Nevertheless, the efficiency of deoxygenation processes is hampered by 
the competing thermal cracking reaction, producing uncondensed gases 
and carbonaceous coke. 

The catalytic deoxygenation of Ni-based catalysts of oleic acid 
deoxygenation into hydrocarbon is summarized in Table 1. Three groups 
of catalysts have been investigated to enhance selectivity towards 
deoxygenation reaction, i.e., supported sulfide transition metal catalyst, 
supported noble metal catalyst and supported transition metal catalyst 
(Chen et al., 2017). Comparison between Os, Ru, Ir, Rh, Ni, Pt, and Pd, a 
Ni catalyst showed equivalent activity to the noble metal catalysts for 
the stearic acid deoxygenation reaction (Snåre et al., 2006). Ni provides 
Lewis acidity to improve liquid hydrocarbon yield while reducing 
uncondensed gases and carbon char (Nugraha et al., 2021b). The syn
ergy of Ni-Mo sulfide catalyst enhanced oleic acid conversion to C18 
hydrocarbon while suppressing decarbonylation and decarboxylation 
pathways (Yoosuk et al., 2019). Compared with Al2O3, the sulfide 
catalyst has a greater active site density per weight, which increases the 
catalytic activity for deoxygenation. However, the leaching of sulfur 
during reactions restricted the reusability and regeneration (Luo et al., 
2019). Besides the metal selection, the catalyst support also plays an 
essential role in the catalytic deoxygenation of fatty acids or tri
glycerides. The introduction of a hierarchical structure in ZSM-5 
enhanced the hydrocarbon yield by up to 65% during the deoxygen
ation of oleic acid. This increase is attributed to the improved accessi
bility of acid sites within the hierarchical network (Arumugam et al., 
2021). Cu and Ni deposited on H-ZSM-5 have high selectivity towards 
linoleic acid deoxygenation, suppressing the aromatics formation 
(Gurdeep Singh et al., 2020). HAlMCM-41 showed superior performance 
compared to Al-MCM-41 for stearic acid deoxygenation, suggesting that 
the total acidity of the catalyst is crucial for the reaction (Silva et al., 
2018). Ni/Al-MCM-41 demonstrated efficiency in the deoxygenation 
reaction of fatty acids, achieving the highest percentage of hydrocarbons 
(78 %) (de Sousa Castro et al., 2020). Using porous solid acid catalysts as 
Ni support enhanced the diffusion of triglycerides to access Lewis acid 

sites, which improved biomass conversion into liquid hydrocarbon 
(Nugraha et al., 2021a). 

This study continues our previous work on mesoporous catalysts for 
vegetable oil conversion into liquid hydrocarbon via deoxygenation 
reaction (Nugraha et al., 2021b, 2021a). Several biomasses, such as 
Reutelis trisperma oil and Jatropha oil, were converted into liquid hy
drocarbon with green diesel compositions (Al Muttaqii et al., 2017; 
Nugraha et al., 2021a, 2021b; Yulia and Zulys, 2020). The biomasses are 
susceptible to deoxygenation and thermal cracking reactions, in which a 
highly ordered mesoporous catalyst enhances the deoxygenation 
pathway. However, elucidating the reaction mechanism is challenging 
because C16–C18 fatty acids in the biomasses produce a wide range of 
intermediate molecules. Herein, oleic acid was used to probe the 
mechanism of deoxygenation in solvent-free and H2-free environments 
while employing Ni/aluminosilicate catalysts with different mesoporous 
properties. This study aimed to investigate the role of mesoporosity in 
traversing the molecular pathway of oleic acid deoxygenation and 
thermal cracking by monitoring the liquid product composition within 
four hours of the reaction. 

2. Experimental 

2.1. Materials 

Solid acid catalysts were synthesized using kaolin (Al4(Si4O10) 
(OH)8) from Bangka Belitung Island, Indonesia that contained 57 % SiO2 
and 22 % Al2O3. TPAOH (40% wt in water), colloidal silica (LUDOX® 
HS-40, silica in water at 30 %), Ni(NO3)2⋅6H2O (>98% wt), oleic acid 
(>99 % purity) and ammonium acetate (CH3COONH4) were purchased 
from Sigma Aldrich in Germany. NaOH was acquired from Merck in 
Germany and CTABr (C19H42BrN, assay 99 %) from Applichem. Silicalite 
template was synthesized following previously reported procedure 
(Nugraha et al., 2021a). 

2.2. Catalyst synthesis 

All solid acid supports were synthesized at Si/Al = 25 ratio with the 
initial molar composition of 10Na2O:100SiO2: 2Al2O3:1800H2O 
(Nugraha et al., 2021a). Different types of templates including TPAOH 
and silicalite, have been employed as structure-directing agents in the 
synthesis of solid acid supports. These templates are used to modify the 
aluminosilicate-type structure. The synthesis was also realized with the 
absence of a template (without a template) in this study. The CTAB is 
used as a mesopore directing agent for aluminosilicate synthesis. 
Intraparticle ZSM-5 mesopore was created using silicalite as a template 
and abbreviated as ZSM-5_S. ZSM-5 with interparticle mesopores was 
synthesized using TPAOH as a template and labeled as ZSM-5_T. 
Al-MCM-41 with highly ordered mesopores was obtained without 

Table 1 
Summary of Ni catalysts activity in oleic acid deoxygenation.  

Catalyst Reaction Reactor Reaction condition Conversion 
(%) 

Hydrocarbon 
selectivity (%) 

Ref. 

NiMo/γ-Al2O3 Decarboxylation- 
decarbonylation (deCOx) 

Batch Reactor T = 300–350 ◦C, t = 3–9 h 97 57 % (Heptadecane) (Krobkrong et al., 
2018) 

Ni/β-Zeolite Hydrocracking Micro-scale trickle 
bed reactor 

T = 350–450 ◦C 71–97 58 (C9–C11) (Forghani and Lewis, 
2016) 

Ni/ZnO-Al2O3 Hydrodecarbonylation Batch Reactor 
(Decalin as solvent) 

T = 280 ◦C, P = 3.5 MPa H2, 
t = 6 h 

100 94.5 (Heptadecane) (G. Li et al., 2015) 

Ni2P/Al-SBA- 
15 

Hydrodeoxygenation (HDO) Batch Reactor T = 260–300 ◦C, t = 6 jam, 
H2 50 bar 

90 42 (C10–C18) (de Oliveira Camargo 
et al., 2020) 

NiO 
Mesoporous 

Hydrodeoxygenation (HDO) Batch Reactor T = 300 ◦C, t = 3 h, H2 20 
bar 

100 63 (Heptadecane) (Smoljan et al., 2020) 

Ni-CeZrO2 Deoxygenation Batch Reactor T = 300 ◦C, t = 3 h, P = 1 
atm (20 % H2/N2) 

98.3 33.9 (C9–C17) (Jeon et al., 2019) 

Ni/Al-MCM- 
41 

Decarboxylation- 
decarbonylation (deCOx) 

Semi-batch reactor 
Solvent-free 

P = 350 ◦C, t = 4 h, N2 (H2- 
free) 

80.29 88.57 (C8–C17) This study  
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silicalite and TPAOH. The obtained Na-aluminosilicate was converted to 
the NH4

+ form by cation exchange with ammonium acetate solution. 1 g 
Na-aluminosilicate was dispersed in 50 mL ammonium acetate solution 
(1 M) and vigorously stirred at 80 ◦C for 3 h. Ni (10% wt) was 
impregnated to NH4

+ form of aluminosilicate support via incipient 
wetness impregnation method using Ni(NO3)2 solution. The catalyst was 
dried for 24 h at 120 ◦C and calcined at 550 ◦C (heating rate 2◦C/min) 
using N2 atmosphere for 1 h and continued with air for 6 h. The catalysts 
were denoted as 10%Ni/ZSM-5_S, 10%Ni/ZSM-5_T and 10% 
Ni/Al-MCM-41. 

2.3. Characterization 

The solid acid catalyst was analyzed with low and wide-angle X-ray 
diffraction. The low X-ray diffraction was used to analyze the ordered 
arrangement in a mesoporous structure. Meanwhile, wide-angle X-ray 
diffraction was used to analyze the phase composition in solid acid 
catalysts. The low-angle X-ray diffraction was measured with Bruker 
type D2 Phaser diffractometer with KFL Cu 2 K. The X-ray diffraction 
pattern of each sample were measured with a steps size of 0.020◦ and 
scanning with the range of 2θ = 2–10◦ The data were collected with 
radiation at 10 mA and 30 kV. The wide-angle X-Ray diffraction was 
measured with Binary XPert from Philips using an MPD Cu K diffrac
tometer which scanned from 5◦ to 80◦ The analysis was run at 30 mA, 40 
kV with scanned in steps of 0.01670. The functional group was exam
ined using FTIR Shimadzu Instrument Spectrum One 8400S. The 
Quantachrome Touchwin v1.11 instrument for N2 Adsorption Desorp
tion was used to determine the surface area and pore volume. Pyridine- 
FTIR was used to assess the Lewis and Bronsted acidity (Shimadzu In
strument Spectrum One 8400S). The pyridine desorption was conducted 
at 150 ◦C for 3 h and analyzed using FTIR at 2000–1400 cm− 1. The High 
Transmission Electron Microscopy (HT-TEM) of the catalysts were 
recorded using Hitachi HT-7700 TEM operated at 100 kV. Hitachi 
Scanning Electron Microscope (SEM) Flex SEM 1000 was used to analyze 
the morphology of aluminosilicates. 

2.4. Deoxygenation of Oleic acid 

The oleic acid deoxygenation was conducted using a semi-batch 
reactor under N2 atmosphere. Oleic acid (10 g) and 3% catalyst were 
added in a 100 mL three-necked flask equipped with a distillation 
apparatus and a stirring heating mantle. No solvent is used in the 
deoxygenation reaction. The mixture was stirred continuously at 350 ◦C 
for 4 h. The liquid product was sampled hourly and analyzed using HP 
6890 Gas Cromatography-Mass Spectroscopy with HP-5MS Capillary 
column (30 m x 0.32 mm x 0.25 mm). For the quantitative study, 1-bro
mohexane was used as an internal standard. The fatty acid (FA) content 
of the liquid product and RTO were utilized to calculate the degree of 
deoxygenation (Eq. (1)). To calculate the proportion of liquid yield, Eq. 
(2) was employed. The selectivity of the hydrocarbon was calculated 
using Eq. 

Degree of deoxygenation =

[

1 −

(
%FA in liquid product

%FA in reactant

)]

× 100%

(1)  

Liquid yield =

(
weight of liquid product

weight of reactant

)

× 100% (2)  

Selectivity =
(peak area of desired hydrocarbon)
(peak area of total hydrocarbon)

× 100% (3)  

2.5. Coke analysis 

TGA analysis of carbonaceous coke on the spent catalyst was deter
mined using Linseis STA PT-1000. The analysis was conducted in air at 

50–600 ◦C with a heating rate of 10 ◦C/min. Low-angle XRD analysis 
was also conducted to determine the deposition of carbonaceous coke on 
mesopores using D2 Phaser type, Bruker XRD with KFL Cu 2 K in the 
range 2θ = 1.5–10◦ at 10 mA and 30 kV radiation. 

3. Results and discussion 

3.1. Catalyst characterization 

3.1.1. XRD analysis 
The XRD of 10%Ni/ZSM-5_S and 10%Ni/ZSM-5_T showed highly 

intense XRD peaks at 2θ = 7.8, 8.7, 23, 23.8 and 24◦ assigned to the MFI 
framework of ZSM-5 according to JCPDS database No. 44–0003 (Fig. 1) 
(Feng et al., 2019). However, 10%Ni/Al-MCM-41 shows a broad peak 
between 15◦–30◦, indicating the formation of amorphous aluminosili
cate (Nugraha et al., 2021b; Tran et al., 2016). NiO was identified based 
on the peaks at 2θ = 37.11◦ (111), 43.07◦ (200) and 62.52◦ (220) 
(JCPDS 01-075-0197) (Baharudin et al., 2020, 2019). No other peaks 
were detected in XRD analysis, indicating the synthesis successfully 
transformed kaolin to a relatively pure phase Al-MCM-41 or ZSM-5. The 
low angle XRD in Fig. 1b exhibits an intense peak at 2θ = 2.2◦ corre
sponding to the (100) diffraction plane and a weak diffraction peak at 
4.43◦ assigned to (200) diffraction plane. The peaks confirmed the 
development of highly ordered hexagonal mesostructure of Al-MCM-41 
(Li et al., 2013; Silva et al., 2018). Concurrently, the absence of 
diffraction peaks at 2θ = 2–5◦ for ZSM-5 catalysts indicates the absence 
of ordered hexagonal pore structures. 

3.1.2. Pyridine-FTIR analysis 
The surface acidity of the catalyst was assessed by FTIR analysis with 

pyridine as a probe molecule (Fig. 2). The catalysts were saturated with 
pyridine at ambient temperature, and the desorption of physisorbed 
pyridine was conducted at 150 ◦C (Riyanto et al., 2021). The Brønsted 
acid sites can be identified from the adsorption peak at 1540 cm− 1. 
Meanwhile, the characteristic absorption band of the Lewis acid 
appeared at 1450 cm− 1 (Li et al., 2016). All the catalysts demonstrated a 
higher density of Lewis acid than Brønsted acid. 10 % Ni/Al-MCM-41 
has 0.499 mmol/g Lewis acid sites, followed by 10 % Ni/ZSM-5_T at 
0.377 mmol/g and 10 % Ni/ZSM-5_S at 0.320 mmol/g (Table 2). NiO 
increased the acidity of aluminosilicate support by providing the addi
tional Ni2+ Lewis acidity (Baharudin et al., 2019). The Lewis acidity was 
also increased by the proton exchange of the Si-O-Al framework with the 
Ni2+ ion (Moussa et al., 2020). The 10 %Ni/Al-MCM-41 catalyst also 
showed a higher concentration of Brønsted acidity at 0.167 mmol/g 
compared to 10 %Ni/ZSM-5_T and 10 %Ni/ZSM-5_S. Lewis and Brønsted 
acids are essential to catalyze deoxygenation reactions (Baharudin et al., 
2020). 

3.1.3. N2 adsorption-desorption analysis 
Fig. 3a shows the type IV isotherm with a hysteresis loop, a typical 

isotherm for mesoporous materials. However, rapid N2 adsorption at 
low P/P0 indicates the Langmuir nitrogen adsorption in the micropores. 
MCM-41 exhibited micropore and mesopore properties, with the 10 % 
Ni/Al-MCM-41 having micropore surface area of 168.76 m2/g and 
micropore pore volume of 0.11 cc/g. These results were in accordance 
with previous study which showing the micropore and mesopore char
acteristic in MCM-41 (Oliveira et al., 2023; Pham et al., 2020; Solmaz 
et al., 2011). The large mesopores are connected to the external surface 
through narrow, bottleneck-shaped channels in micro-mesoporous ma
terials. Therefore, the mesopores were continuously filled during the N2 
adsorption and desorption process until the N2 in the narrow channels 
was completely desorbed at lower vapor pressures (Oliveira et al., 2023; 
Thommes et al., 2015). A rapid N2 uptake at higher P/P0 resulted from 
the capillary condensation and N2 multilayer adsorption. These findings 
validated the hierarchical micropore and mesopore structures in all the 
catalysts, as summarized in Table 2. Al-MCM-41 catalyst demonstrated a 
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substantial increment in nitrogen uptake at relative pressure between 
0.3 to 0.4 as a result of the capillary condensation of N2 in the hexagonal 
mesopores (Cakiryilmaz et al., 2019; Du and Yang, 2012; Jafarzadeh 
et al., 2016). The 10 % Ni/Al-MCM-41 presents a large surface area 

(398.326 m2/g) and pore volume (0.448 cc/g). Meanwhile, the porosity 
in 10 %Ni/ZSM-5_T and 10%Ni/ZSM-5_S predominantly existed in the 
mesopore region with a low micropore surface area (<40 m2/g). The 
differences in textural properties are associated with the effect of 
organic templates that lead to various mesopore structures. The tem
plate enhanced the crystallinity of aluminosilicate to form a ZSM-5 
framework, consequently reducing the mesoporosity. Mesoporosity 
increased from 10%Ni/ZSM-5_T < 10%Ni/ZSM-5_S < 10 % 
Ni/Al-MCM-41. The mesopore is still visible despite impregnation with 
10 % NiO with bimodal pore widths between 2.5 and 6.0 nm (Fig. 3b). 

3.1.4. SEM analysis 
Fig. 4 shows the SEM analysis and Ni elemental mapping of the 

catalysts. The 10%Ni/ZSM-5_S formed rod-like crystallite with particle 
diameters of 0.91 to 1.22 μm. However, the 10%Ni/ZSM-5_T demon
strated the cubic-shaped structures with particle diameters between 
1.01 and 1.28 μm. The amorphous 10%Ni/Al-MCM-41 displayed non- 
uniform crystallites. The elemental composition from EDX analysis 
shows the Ni composition ranges from 7.25 to 10.57 %, which is in 
agreement with the experimental value(Table 3 and Fig. S1). The EDX 
elemental mapping of NiO showed heterogeneous dispersion of NiO on 
the support, leading to poor distribution of NiO particles. 

3.1.5. TEM analysis 
TEM analysis identified the ordered parallel mesopore channels of 

solid acid support and the distribution of NiO nanoparticles. NiO 

Fig. 1. The diffractogram of (a) wide and (b) low angle of aluminosilicate catalysts.  

Fig. 2. FTIR pyridine spectra of all catalysts.  

Table 2 
Physicochemical properties of Ni/aluminosilicate.  

Samples Surface area (m2/g) Pore volume (cc/g) Vmeso/Vmicro Dmicro Dmeso Number of acid sites 
(mmol/g) 

Lewis density (µmol/m2) 

SBET
a Smeso Smicro

b Vtotal Vmeso Vmicro
b Lewis Brønsted  

10%Ni/ZSM-5_T 196.80 159.83 36.97 0.28 0.24 0.04 6 1.36 2.97, 5.06 0.377 0.042 1.91 
10%Ni/ ZSM-5_S 226.88 187.35 39.53 0.29 0.25 0.04 6.25 1.45 2.88, 5.09 0.320 0.043 1.41 
10%Ni/Al-MCM-41 398.33 229.57 168.76 0.47 0.36 0.11 3.27 – 3.57 0.499 0.167 1.25  

a SBET was calculated with BET method. 
b Smicro and Vmicro measured with t-plot method. 
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nanoparticles at ~ 30 nm diameter were deposited on the external 
surface of ZSM-5_S (Fig. 5a). ZSM-5_S indicated the emergence of rod- 
like structures with 850 nm-sized particle sizes, as previously observed 
in SEM analysis (Fig. 5b). 10%Ni/ZSM-5_T showed NiO nanoparticles 
distribution on the surface with 35–40 nm diameter (Fig. 5c). The 10% 
Ni/ZSM-5_T formed cubic-like structures with particle sizes of ~800 nm 
(Fig. 5d). The ordered mesoporous structure was negligible in ZSM-5_T, 
and therefore the mesoporosity appeared in the N2 adsorption- 
desorption analysis was mainly originated from the interparticle inter
action between zeolite crystallites. The TEM analysis of 10%Ni/Al- 
MCM-41 displayed the construction of one-dimensional mesopore 
channels. NiO nanoparticles were deposited on the surface at ~16–30 
nm diameter (Fig 5e,f). As confirmed by low angle XRD analysis, the 
ordered mesoporous channel of Al-MCM-41 demonstrated the remark
able regularity of mesopores. 

3.2. Catalytic activity 

The final products collected from the oleic acid catalytic deoxygen
ation at 350 ◦C for 4 h were divided into uncondensed gases, liquid yield 
and carbon char. Blank reaction without a catalyst showed 48.8 % 
conversion of oleic acid. However, only 17.5 % of the converted oleic 
acid was liquid, 28.3 % was uncondensed gases and 3 % was carbon char 
(Table 4). Ni/Al-MCM-41 catalyst enhanced oleic acid conversion to 
80.3 %, producing 37.7 % liquid product. Ni/ZSM-5_S also improved 
oleic acid conversion to 60 %, with 25.5 % liquid yield. However, Ni/ 
ZSM-5_T showed approximately similar activity with the blank reac
tion, at 52.2 % conversion to give 19.2 % liquid yield. Despite all the 
catalysts having acidity for the deoxygenation reaction (Abdulkar
eem-Alsultan et al., 2020; Abidin et al., 2019), the differences in product 
selectivity implied the mesopores effect in converting oleic acid to liquid 
products. 

GCMS analysis of the liquid yield revealed that hydrocarbon is the 
main product of the deoxygenation reaction at 350 ◦C after 4 h of re
action (Fig. 6). Hydrocarbon yield is enhanced when using Ni/Al-MCM- 
41, followed by Ni/ZSM-5_S, and Ni/ZSM-5_T. The cycloalkane, aro
matic, ketone, and alcohol were also analyzed as side products. The 
cycloalkane, ranging from cyclopentane (C5H10) to undecyl cyclohexane 
(C17H34), was produced below 10 % yield, resulting from the cyclization 
of hydrocarbon. The aromatic compound was also produced as a side 
product with less than 5 % composition. Blank reaction and Ni/ZSM-5_T 
produced short-chain carboxylic acid, indicating inefficient deoxygen
ation of oleic acid. Lewis acid catalyzes the deoxygenation of oleic acid, 

but it also catalyzes thermal cracking to produce short-chain hydro
carbon and uncondensed gas, reducing liquid yield production. Meso
porous catalysts reduced the diffusion path for the oleic acid to access 
acid sites, consequently increasing the diffusivity of reactants and the 
resulting products (Alaba et al., 2016). The large intraparticle meso
pores provide facile transportation of product and reactant for efficient 
mass transfer during deoxygenation, improving the catalyst stability and 
reducing coke formation (Alaba et al., 2016; Palizdar and Sadrameli, 
2020). Although Ni/ZSM-5_T displayed mesoporosity from interparticle 
interactions, there is a possibility that such interactions are destroyed 
upon the dispersion of catalysts in oil, thus lowering the catalytic 
activity. 

Green diesel consists of hydrocarbons such as aliphatic hydrocarbon 
(alkane and alkene) as a main component, with a mixture of cyclic and 
aromatic compounds (Chen et al., 2017). Although cyclic and aromatic 
compounds were classified as hydrocarbons, the composition in green 
diesel should minimize since the difficulty of a complete combustion 
compared to aliphatic hydrocarbons. This incomplete combustion leads 
to higher emissions of particulate matter (PM), carbon monoxide (CO), 
and other harmful pollutants, contributing to air pollution and smog 
formation (Hakkarainen et al., 2023; Neill et al., 2000). Cyclic hydro
carbons have higher boiling points and lower cetane numbers than 
straight-chain alkanes (Abozenadah et al., 2017; Huo et al., 2019). 
Higher boiling points can lead to poor cold flow properties, while lower 
cetane numbers can result in poorer ignition quality. 

3.2.1. Effect of reaction time 
The mechanistic pathway of oleic acid deoxygenation is shown by 

analyzing the composition of liquid products at various reaction dura
tions. Continuous hydrocarbon production up to 4 h was accompanied 
by the reduction of carboxylic acids (Fig. 7). Fig. 8 present the hydro
carbon and carboxylic composition after oleic acid deoxygenation for 
1–4 h. The hydrocarbon composition was divide in to gasoline (C7-C10) 
and diesel (C11–18) range. The longer reaction times result in higher 
quantities of diesel being produced. Interestingly, short-chain carboxylic 
acids (C4-C10) were the main product of blank reaction indicating the 
thermal cracking of oleic acid proceeded before deoxygenation. Ni/ 
ZSM-5_T also contained a high composition of short-chain carboxylic 
acids at 1 h, suggesting that thermal cracking of oleic acid also occurs on 
Ni/ZSM-5_T. Carboxylic acids were also observed on ZSM-5_S and Al- 
MCM-41. However, the acids contained C14–C16 carbon number. The 
detais composition of carboxylic acid was provided in Table S1-S4. 
Although thermal cracking of oleic acid cannot be entirely suppressed, 

Fig. 3. N2 isotherm (a) and NLDFT pore size distribution (b) of 10 %Ni/aluminosilicate.  
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intraparticle mesopores preserved the carbon chain length, which is 
crucial for forming green diesel hydrocarbon. The dissociated carboxylic 
acid was eventually converted into hydrocarbon via deoxygenation after 
4 h. 

The impact of reaction time on hydrocarbon distribution showed that 
increasing the reaction time enhanced the production of long-chain 
C11–C18 hydrocarbons. The composition of diesel-range hydrocarbon 
(C11–18) were increased from Blank < 10%Ni/ZSM-5_T < 10%Ni/ ZSM- 
5_S < 10%Ni/Al-MCM-41. Thermal cracking of oleic acid in a blank 
reaction produced a mixture of short and long-chain hydrocarbons. On 
the other hand, mesoporous acid catalyst favored the decarboxylation/ 
decarbonylation pathway to form long-chain hydrocarbon. The alkane/ 

alkene ratios in Table 4 and Fig. S2 showed that the amount of alkane 
produced relative to alkene hydrocarbon was increased with enhanced 
mesoporosity. A higher amount of alkane/alkene ratio implied the hy
drogenation of the unsaturated bond using in-situ generated H2 gas, 
presumably from the water gas shift reaction (WGSR) between CO and 
H2O (Asomaning et al., 2014; Xing et al., 2018). Despite having similar 
NiO loading, catalysts with interparticle mesoporosity ZSM-5_T showed 
no significant improvement in converting oleic acid into longer chain 
molecules. 

FTIR analysis was used to describe the liquid product from the 10% 
Ni/Al-MCM-41 catalyst and the oleic acid (Fig. 9). The stretching vi
bration of =CH alkenyl was present in the FTIR spectra of oleic acid at 
3009 cm− 1, as well as the bending vibrations of the = CH alkene at 1454 
cm− 1 and the -CH alkane at 718 cm− 1 (Niu et al., 2017; Nugraha et al., 
2021a; Premaratne et al., 2014). Alkenyl absorbance band reduction in 
the deoxygenated liquid shows that the unsaturated C––C bond in oleic 
acid was hydrogenated to produce an aliphatic hydrocarbon (Hossain 
et al., 2018). The band at 2800–3000 cm− 1 region primarily indicates 
the aliphatic functional group. The asymmetric stretching of C–H in the 
CH2 hydrocarbon chain was observed at 2932 cm− 1. Meanwhile, the 
band at 2856 cm− 1 was correlated to the symmetric stretching of -CH2 

Fig. 4. SEM images and Ni distribution of the 10%Ni/ZSM-5_S (a,b), 10%Ni/ZSM-5_T (c,d) and 10%Ni/MCM-41 (e,f).  

Table 3 
The EDX analysis of 10%Ni/Aluminosilicate catalysts.  

Element 10%Ni/ZSM-5_S 10%Ni/ZSM-5_T 10%Ni/Al-MCM-41 

O 56.41 48.25 51.80 
Si 3.36 3.89 5.35 
Al 32.98 37.29 33.00 
Ni 7.25 10.57 9.85  
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methylene chain hydrocarbon (Corsetti et al., 2017; Guanhua et al., 
2019). The liquid product obtained after the deoxygenation reaction 
displayed the shift of 2898 m− 1 and 2822 cm− 1 bands to lower wave
number, suggesting the changes in C–H bond length from the different 
electronegativity of the neighboring atoms (Rodrigues and Shende, 

2020). The decreasing of C––O band intensity at 1710 cm− 1, stretching 
vibration of C–O bands at 1292 cm− 1, O–H stretching out of plane at 
932 cm− 1 further evidenced the decarboxylation and decarbonylation of 
the oxygenated carbon in oleic acid. 

Fig. 5. TEM images of the 10%Ni/ZSM-5_S (a,b), 10%Ni/ZSM-5_T (c,d) and 10%Ni/Al-MCM-41 (e,f).  

Table 4 
The oleic acid deoxygenation using different mesoporosity catalysts.  

Catalysts Xoleic acid% Liquid yield,% SHydrocarbon,% SCarboxylic acid,% C8–C10 yield,% C11–C18 yield,% Alkane/Alkene ratio 

Blank 48.8 17.5 70.37 12.30 3.1 9.3 1.8 
Ni/ZSM-5_T 52.2 19.2 81.80 0.43 1.8 13.8 2.0 
Ni/ZSM-5_S 60.0 25.5 84.87 0 3.8 17.2 2.2 
Ni/Al-MCM-41 80.3 37.7 88.57 0 7.6 25.8 2.5  
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3.3. Proposed reaction mechanism 

A high density of mesopores increased the yield of diesel-like hy
drocarbon by providing an efficient diffusion pathway and acidity for 
the deoxygenation of fatty acid (Li et al., 2015; Roh et al., 2011). Fig. 10 
illustrates the proposed mechanism of oleic acid deoxygenation using 
Ni/aluminosilicate catalyst. Oleic acid underwent several reaction 
pathways, i.e., decarboxylation-/decarbonylation (deCOx), hydrogena
tion and/or thermal cracking depending on the porosity of the catalysts 
(Krobkrong et al., 2018; Xing et al., 2018). Lewis acid promotes thermal 
cracking following the carbonium/carbenium ion mechanism. The 
Lewis acid sites on the catalyst interacted with the double bond of oleic 
acid to create the carbenium ion (Corma and Orchille, 2000). The car
benium ion is rearranged through a 1,2-hydrogen shift to dissociate the 
C––C bond and desorbed as short-chain hydrocarbon and carboxylic 
acid. However, there is potential for the carbenium ion to dissociate, 
forming smaller molecules, as observed on the blank reaction and the 

interparticle mesopore ZSM-5_T. Thermal cracking dissociates the car
bon chain favorably through β-scission near the C––C bond, generating 
shorter carboxylic acid (Maher and Bressler, 2007). When the reaction 
was carried out using Ni/ZSM-5_T, which has interparticle mesopores, 
oleic acid diffused slower, thus promoting thermal cracking into 
short-chain oleic acid. 

The high composition of short-chain oleic acid within the first 3 h of 
the reaction compared to hydrocarbon suggests the thermal cracking 
reaction occurs faster than the deoxygenation reaction. Although Ni/ 
ZSM-5_T favors thermal cracking reaction, the disappearance of car
boxylic acid at four hours of reaction provides evidence of the ability of 
Lewis acidity to catalyze deoxygenation to form hydrocarbon. The car
boxylic acid is diffused into the micropores for deoxygenation reaction, 
resulting in shorter chain hydrocarbon molecules. 

Well-defined mesopores enhanced oleic acid diffusion to deoxy
genate -COOH fragments via the deCOx pathway (Hermida et al., 2015; 
Hongloi et al., 2021). In the deoxygenation reaction, Lewis acid 

Fig 6. Conversion, yield of oleic acid catalytic deoxygenation (a) and product distribution of deoxygenated liquid product (b).  

Fig. 7. The composition liquid yield from oleic acid deoxygenation from Blank reaction (a), catalyst 10%Ni/ZSM-5_T (b), 10%Ni/ZSM-5_S (c) and 10%Ni/Al-MCM- 
41 (d) at 350 ◦C. 
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interacted with the electron pair of the oxygenated carbon, consequently 
weakening the C–COOH bond. Catalysts containing a high density of 
Brønsted acid sites formed strong interactions with olefins, prolonging 
the lifetime of the carbenium ion. This interaction leads to the formation 
of cracking products (Wang et al., 2015). As shown in Tables 2 and 4, 
10%Ni/Al-MCM-41 with higher Brønsted acid sites would produce two 

times higher cracking product of C8–C10 compared to blank reaction and 
Ni/ZSM-5-based catalyst. A large mesopore channel enhanced the 
diffusion of deCOx products from the catalyst surface, thus inhibiting 
thermal cracking into shorter hydrocarbon. Ni/Al-MCM-41 also formed 
a higher ratio of alkane/alkene (Table 4), suggesting hydrogenation of 
the resulting alkene products. Eliminating -COOH functional group via 

Fig. 8. The hydrocarbon (left) and carboxylic acid (right) composition for blank reaction (a,b), catalyst 10%Ni/ZSM-5_T (c,d), 10%Ni/ZSM-5_S (e,f) and 10%Ni/Al- 
MCM-41 (g,h) at 350 ◦C. 
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the decarboxylation route released CO2 gases and produced alkane 
(Hermida et al., 2015; Janampelli and Darbha, 2021; Santos et al., 
2020). Meanwhile, alkene or olefin was produced via decarbonylation of 
fatty acid by releasing CO and H2O side products or by dehydration of 
alcohol (Ainembabazi et al., 2020; Ali and Zhao, 2020; John et al., 
2016). It is hypothesized that the water gas shift interaction (WGSR) 
between CO and H2O causes in-situ H2 production (Asomaning et al., 
2014; Xing et al., 2018). The C––C bond hydrogenation using in-situ H2 
that is produced from WGSR may happen since the deoxygenation re
action was performed without the presence of H2 gas. Notably, octade
canoic acid (C18:0) or stearic acid was analyzed on Ni/Al-MCM-41 and 
Ni/ZSM-5_S during the first three hours of the reaction, which suggested 
direct hydrogenation of oleic acid occurred prior to deoxygenation. 
During the cracking reaction, the isomerization and hydride transfer 
further transformed the shorter-chain hydrocarbon into cycloalkane 
compounds (Kochaputi et al., 2019; Li et al., 2019). 

3.4. Analysis of coke deposit 

3.4.1. FTIR and low-angle XRD analysis 
Analysis of catalysts recovered from deoxygenation reaction 

provides information on the coke deposition. The reduced intensity of 
the (100) peak seen in the small angle diffractogram pattern of 10% Ni/ 
Al-MCM-41 spent catalyst suggested that carbonaceous coke deposition 
was occurring in the uniformly hexagonal pore of Al-MCM-41. The (100) 
peak, however, is still discernible, demonstrating the durability of 
mesopores throughout the reaction. The reduced peak intensity of the 
spent catalyst at 2θ = 7.8 and 8.7◦ indicates the coke production during 
the reaction, which covered the surface and micro-mesopores of the 
ZSM-5 catalyst after the reaction (He et al., 2021). Coke deposition 
within the pore reduced reactant diffusion and blocked access to active 
sites (Ooi et al., 2019). FTIR analysis further characterized the coke 
formation and identified the type of carbonaceous coke (Fig. 11). The 
specific region of coke characterization is in the range of 1300–1700 
cm− 1 and 2800–3100 cm− 1 (Aghamohammadi et al., 2019; Li et al., 
2015; Zhang et al., 2014). The stretching vibration of C––C in poly
condensed aromatic rings is reflected in the vibration bands at 1467 and 
1695 cm− 1. The bands at 2867 and 2953 cm− 1 correspond to the 
stretching vibration of C–H in aliphatic coke. The results showed that 
aromatic and aliphatic carbon coke were generated during deoxygen
ation (Deng et al., 2022). 

Fig. 9. Oleic acid (a) and deoxygenated liquid product (b) FTIR spectra over a 4 h reaction employing 10% Ni/Al-MCM-41.  

Fig. 10. Proposed reaction mechanism for oleic acid deoxygenation using mesoporous acid catalyst 10%Ni/aluminosilicate.  
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3.4.2. TGA-DTG-DTA analysis 
The quantity of carbonaceous coke was determined using a ther

mogravimetric analysis of spent 10%Ni/Al-MCM-41 catalyst in an air 
atmosphere (Fig. 12). At temperature below 250 ◦C, 3.62 % of total 
weight loss was observed, which matched the elimination of phys
isorbed water on the catalyst. The two exothermic DTA peaks at 
300–600 ◦C indicated the presence of soft/thermal and hard/catalytic 
carbonaceous coke mixture (Nugraha et al., 2021a). The spent catalyst 
exhibited 7.94% total weight loss from aliphatic hydrocarbon (soft/
thermal coke) oxidation to CO2 gas (Crawford et al., 2019). At high 
temperatures (400–600 ◦C), 35.5% of total weight loss was measured 
from the oxidation of polyaromatic carbon (hard/catalytic coke) (Asi
kin-Mijan et al., 2020; Ma et al., 2016; Techopittayakul et al., 2019). 
Despite the fact that Lewis acidity boosts the dissociation of C–C bonds 

in the thermal cracking and deoxygenation process, it can also stimulate 
the creation of carbon coke on the catalyst (Tan et al., 2019). 

4. Conclusion 

The role of mesoporosity of aluminosilicate catalysts was elucidated 
in oleic acid conversion to green diesel hydrocarbon. Nickel enhances 
the acidity of aluminosilicates, which promotes oxygen adsorption in the 
carboxylic group during the deoxygenation reaction. Thermal cracking 
of oleic acid dominated the initial reaction pathway before the carbox
ylic acids proceeded into deoxygenation via decarbonylation to form 
hydrocarbon. Reaction without catalyst and using interparticle meso
pore ZSM-5_T catalysts produced short-chain carboxylic acids due to the 
restricted diffusion. The interparticle mesoporosity on Ni/ZSM-5_T is 

Fig. 11. Low angle X-ray diffraction pattern of spent catalyst (a) and FTIR spectrum of 10%Ni/Al-MCM-41 (b).  

Fig. 12. TGA-DTG-DSC profile of spent catalyst 10%Ni/Al-MCM-41.  
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suggested to dissipate upon dispersion of catalysts in oil, thus reducing 
the mesopore effect during the catalytic reaction. The highest yields of 
organic liquid products (~38 %) and conversion (80 %) were obtained 
on Ni/Al-MCM-41 at 350 ◦C for 4 h reaction under solvent and H2-free 
deoxygenation. The highly ordered mesopores Al-MCM-41 and well- 
defined intraparticle mesopore in ZSM-5_S enhanced the mass transfer 
of oleic acid, consequently preserving the long carbon chain during the 
reaction. The resulting carboxylic acid subsequently underwent decar
bonylation to generate green diesel hydrocarbon of 88.57 % with a ratio 
of alkane/alkene of 2.5. ZSM-5 and Al-MCM-41 support in this study 
results in better C8–C17 (88.57 %) selectivity as compared to γ-Al2O3, 
β-zeolite, and SBA-15 from previous study. The choice of catalyst sup
port is critical in green diesel production as it affects the feasibility of the 
process. Future green diesel production should consider catalysts with 
high mesoporosity and acidity. 
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of fatty acid alkyl esters: a review. Potravinarstvo 9, 417–426. https://doi.org/ 
10.5219/500. 

Arumugam, M., Goh, C.K., Zainal, Z., Triwahyono, S., Lee, A.F., Wilson, K., Taufiq- 
yap, Y.H., 2021. Hierarchical hzsm-5 for catalytic cracking of oleic acid to biofuels. 
Nanomaterials 11, 1–11. https://doi.org/10.3390/nano11030747. 

Asikin-Mijan, N., Ooi, J.M., AbdulKareem-Alsultan, G., Lee, H.V., Mastuli, M.S., 
Mansir, N., Alharthi, F.A., Alghamdi, A.A., Taufiq-Yap, Y.H., 2020. Free-H2 
deoxygenation of Jatropha curcas oil into cleaner diesel-grade biofuel over coconut 
residue-derived activated carbon catalyst. J. Clean. Prod. 249, 119381 https://doi. 
org/10.1016/j.jclepro.2019.119381. 

Asomaning, J., Mussone, P., Bressler, D.C., 2014. Thermal deoxygenation and pyrolysis 
of oleic acid. J. Anal. Appl. Pyrolysis 105, 1–7. https://doi.org/10.1016/j. 
jaap.2013.09.005. 

Baharudin, K.B., Abdullah, N., Taufiq-Yap, Y.H., Derawi, D., 2020. Renewable diesel via 
solventless and hydrogen-free catalytic deoxygenation of palm fatty acid distillate. 
J. Clean. Prod. 274 https://doi.org/10.1016/j.jclepro.2020.122850. 

Baharudin, K.B., Taufiq-Yap, Y.H., Hunns, J., Isaacs, M., Wilson, K., Derawi, D., 2019. 
Mesoporous NiO/Al-SBA-15 catalysts for solvent-free deoxygenation of palm fatty 
acid distillate. Microporous Mesoporous Mater 276, 13–22. https://doi.org/ 
10.1016/j.micromeso.2018.09.014. 

Cakiryilmaz, N., Arbag, H., Oktar, N., Dogu, G., Dogu, T., 2019. Catalytic performances 
of Ni and Cu impregnated MCM-41 and Zr-MCM-41 for hydrogen production 
through steam reforming of acetic acid. Catal. Today 323, 191–199. https://doi.org/ 
10.1016/j.cattod.2018.06.004. 

Chen, J., Shi, H., Li, L., Li, K., 2014. Deoxygenation of methyl laurate as a model 
compound to hydrocarbons on transition metal phosphide catalysts. Appl. Catal. B 
Environ. 144, 870–884. https://doi.org/10.1016/j.apcatb.2013.08.026. 

Chen, L., Zhang, F., Li, G., Li, X., 2017a. Effect of Zn/Al ratio of Ni/ZnO-Al2O3 catalysts 
on the catalytic deoxygenation of oleic acid into alkane. Appl. Catal. A Gen. 529, 
175–184. https://doi.org/10.1016/j.apcata.2016.11.012. 

Chen, N., Wang, N., Ren, Y., Tominaga, H., Qian, E.W., 2017b. Effect of surface 
modification with silica on the structure and activity of Pt/ZSM-22@SiO2 catalysts 
in hydrodeoxygenation of methyl palmitate. J. Catal. 345, 124–134. https://doi.org/ 
10.1016/j.jcat.2016.09.005. 

Corma, A., Orchille, A.V., 2000. Current views on the mechanism of catalytic cracking. 
Microporous Mesoporous Mater 35–36, 21–30. 

Corsetti, S., Rabl, T., McGloin, D., Kiefer, J., 2017. Intermediate phases during solid to 
liquid transitions in long-chain n-alkanes. Phys. Chem. Chem. Phys. 19, 
13941–13950. https://doi.org/10.1039/c7cp01468f. 

Crawford, J.M., Smoljan, C.S., Lucero, J., Carreon, M.A., 2019. Deoxygenation of stearic 
acid over cobalt-based nax zeolite catalysts. Catalysts 9, 1–15. https://doi.org/ 
10.3390/catal9010042. 

de Barros Dias Moreira, J., Bastos de Rezende, D., Márcia Duarte Pasa, V., 2020. 
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