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A B S T R A C T

The catalytic conversion of Reutealis trisperma oil was carried out over a Al-MCM-41 based catalyst with different
Si/Al ratio with no added hydrogen to examine the possibility of the direct production of hydrocarbons in the
ranges of jet fuel. In a semi-batch reactor, RTO was combined with 3 % catalyst and heated to 350 ◦C for 4h. The
blank reaction shows the lowest conversion and liquid yield, with values of 39.65 % and 8.74 %, respectively. In
contrast, the highest conversion was achieved using the Al-MCM-41 (30) catalyst, and the conversion decreases
as the Si/Al ratio of the Al-MCM-41 catalyst increases. Indeed, the mesoporous structure enabled extensive bio-
oil diffusion and adsorption, further increasing catalytic conversion. The Al-MCM-41 (30) shows the great per-
formance in catalytic conversion of RTO to hydrocarbon and aromatic chain hydrocarbon. The Al-MCM-41 (30)
catalyst resulted in a composition of 41.26 % paraffin, 6.78 % olefin, 21.77 % arenes, and 11.44 % cycloparaffin.
This composition is comparable to JP-8 and Jet-A fuels, satisfying the ASTM D7566 standard for aircraft turbine
fuel containing synthetic hydrocarbons. The acid site and pore size on the support material influenced the
interaction of bio-oil molecules and catalyst which increasing the rate of reactant/product diffusion and improve
the jet-fuel production. The obtained results are promising for the use of non-edible RTO and kaolin-derived
catalysts in the production of sustainable alternative jet fuels. This approach offers competitive costs and sig-
nificant environmental and social benefits.

1. Introduction

Jet fuels with tightly regulated qualities are mostly made up of iso-
paraffins, n-paraffins, naphthene, olefins, and aromatic components.
Additionally, fatty acids and oils can be deoxygenated, hydro-
isomerized, and hydrocracked to yield appropriate hydrocarbons within
the jet fuel range. The parameters of jet fuel are rigorously defined and

include the heating value, viscosity, aromatic content, and the ideal
ratio of iso-paraffin to n-paraffin [1]. Jet fuels derived from petroleum
have historically provided almost all of the energy needed by the avia-
tion industry, which presents at least two significant issues: (i) Burning
fossil fuels releases a significant amount of CO2, the primary greenhouse
gas; (ii) relying only on fuel derived from a finite feedstock has sparked
worries about operational costs and future supply security [2]. The
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development of alternative aviation fuels, ideally derived from clean
and renewable resources, has become imperative due to these concerns.
The choice of feedstock is essential to producing a high-quality biofuel
and guaranteeing the process’s sustainability. Biomass, encompassing
organic materials like plant residues, agricultural waste, and wood
chips, is extensively used as the primary feedstock for generating
renewable energy such as bioethanol [3,4], biodiesel [5–7], green diesel
[8,9], and biochar [10–12], owing to its renewable nature and abun-
dance. Since it eliminates the conflicting interest in the food sector,
non-edible plant oil is a preferred feedstock. Tropical countries have an
abundance of biomass, thus turning it into biofuel is seen as a path to-
ward sustainable energy [13,14]. Produced in Indonesia, Reutealis tris-
perma oil has been shown to be an appropriate non-edible oil for biofuel
conversion [15]. The tree has a long production age [16], can withstand
extreme conditions, and can produce seeds that contain up to 52 %
triglycerides [17]. High-selective catalysts are needed throughout the
Reutealis trisperma oil conversion process to produce liquid hydrocar-
bon and stop further cracking into uncondensed gases.

Jet fuel is produced from these biomass-based materials using a va-
riety of technologies, including thermochemical and biochemical pro-
cesses. Alternative fuels for aviation include liquid biohydrogen,
biomethane, bioalcohol, hydroprocessed renewable jet fuels (HRJ), and
Fischer–Tropsch jet fuels (FTJ) [18]. Hydroprocessed renewable jet fuel
has been shown to have the highest jet fuel-to-feed ratio, total energy
efficiency, iso-configuration fraction, and saturation degree with a lower
percentage of oxygenated chemicals [18,19]. Hydroprocessing tech-
nologies, which include hydrotreating, hydrodeoxygenation (HDO),
hydrocracking, and isomerization reactions are used to manufacture
hydroprocessed renewable jet fuels from oil-based feedstocks. Never-
theless, this process uses a lot of hydrogen to remove double bonds
(hydrogenation) and oxygen (hydro-deoxygenation reaction/HDO)
from triglyceride oil and to transform to jet-fuel components (hydro-
isomerization and hydrocracking). In particular, HDO requires more
than 300–420 m3 of hydrogen to remove the oxygen from one m3 of oil
as H2O [20]. Hydrodeoxygenation uses hydrogen gas at high pressure to
reduce oxygenated carbon and unsaturated bonds in biomass, producing
a hydrocarbon with a carbon number similar to the precursor of a fatty
acid [21].

Accordingly, the non-sulfide catalysts have been reported for cata-
lytic deoxygenation of oil using a limited amount or absence of hydrogen
gas. The oxygen in the triglyceride molecule is removed during the
catalytic deoxygenation reaction, which also includes decarboxylation
and/or decarbonylation (deCOx) reactions. In decarboxylation (DCO2),
oxygen was removed as CO2 to create a hydrocarbon that had one fewer
carbon atom than the fatty acid [22,23]. Deoxygenation can also un-
dergo a decarbonylation (DCO) pathway, in which the oxygen species
are removed by releasing carbon monoxide (CO) and water molecules
[24]. Since decarboxylation or decarbonylation occurs in the absence of
H2 and at atmospheric pressure, the process is advantageous in reducing
the operational cost while operating at safe reaction conditions. DCO2
and DCO also released a lower amount of water, preventing catalyst
deactivation [25]. Nevertheless, the efficiency of deoxygenation pro-
cesses is hampered by the competing thermal cracking reaction, pro-
ducing a shorter hydrocarbon chain leading to uncondensed gases and
carbonaceous coke.

This study continues our previous work on mesoporous Al-MCM-41
catalysts for vegetable oil conversion into liquid jet-fuel range hydro-
carbon via deoxygenation reaction [26,27]. Micro-/mesoporous com-
posite in aluminosilicate structure has been considered a promising
material for such catalysts due to the synergistic effect of strong acidity
and suitable mesopore structure [28]. The different Si/Al molar ratios
have an interesting effect on acidity properties and modify the pore
width of the Al-MCM-41 catalyst. The mechanistic reaction pathways
over these catalysts are discussed in this paper. The findings may offer a
financially viable path for producing jet-fuel hydrocarbon from sus-
tainable non-edible oil resources and offer some guidance on how

Al-MCM-41 might be designed in practice for the catalytic hydro-
deoxygenation of RTO.

2. Experimental

2.1. Materials

Solid acid catalysts were synthesized using kaolin (Al4(Si4O10)
(OH)8) from Bangka Belitung Island, Indonesia, which included 57 %
SiO2 and 22 % Al2O3. TPAOH (40%wt in water) and colloidal silica
(LUDOX® HS-40, silica in water at 30 %) were supplied from Sigma
Aldrich in Germany. NaOH was acquired from Merck in Germany and
CTABr (C19H42BrN, assay 99 %) from Applichem. The Reutealis tris-
perma oil (RTO) as feedstock was acquired from PT. Agrindo Company,
Gresik, Indonesia.

2.2. Catalyst synthesis

All solid acid supports were synthesized at Si/Al = 30–90 with the
initial molar composition of 10Na2O:xSiO2: 2Al2O3:1800H2O [27]. The
gel was created by combining NaOH solution with kaolin and then
poured into a bottle made of propylene and stirred for 30 minutes.
Following dissolution, 71.9973 g of Ludox and the remaining H2O
distilled water were added to the mixture. Homogenization was then
carried out for 8 hours, after which the gel was aged for 6 hours at a
temperature of 70 ◦C. The gel was then subjected to the hydrothermal in
an autoclave for 12 hours at 80 ◦C and 150 ◦C for 24 h. The solid product
was filtered and washed using distilled water until the pH of the su-
pernatant was neutral. The catalyst was dried for 24 hours at 120 ◦C and
calcined at 550 ◦C (heating rate 2 ◦C/min) using N2 atmosphere for 1h
and continued with air for 6h. The synthesis was repeated using similar
procedure for different Si/Al ratio. The catalysts were denoted as
Al-MCM-41 (X) where X is Si/Al ratio of 30, 50, 70, 90.

2.3. Characterization

The phase composition of the solid acid catalyst was analyzed on
Bruker type D2 Phaser diffractometer with KFL Cu 2K. The X-ray
Diffraction pattern of each sample was measured with a step 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. Binary XPert from Philips
using an MPD Cu K diffractometer scanned from 5◦ to 80◦ was used to
characterize the solid catalysts. The analysis was run at 30 mA, 40 kV
with scanned in steps of 0.01670. The functional group was examined
utilizing the 400–4000 cm− 1 spectral range FTIR Shimadzu Instrument
Spectrum One 8400S. The Quantachrome Touchwin v1.11 instrument
for N2 adsorption-desorption was used to quantify the surface area and
pore volume of the synthesized material. Pyridine-FTIR was used to
assess the Lewis and Brønsted acidity (Shimadzu Instrument Spectrum
One 8400S). The pyridine desorption was examined at 150 ◦C for 3h and
analyzed using FTIR at 2000-1400 cm− 1. The High Transmission-
Transmission Electron Microscopy (HT-TEM) of the catalyst was recor-
ded 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. Catalytic deoxygenation

The RTO deoxygenation was conducted using a semi-batch reactor
under N2 atmosphere. In a 100 mL three-necked flask linked to a
distillation apparatus with a stirring heating mantle, oleic acid (10 g)
and 3 % catalyst were added. No solvent is used in the deoxygenation
reaction. The mixture was stirred continuously throughout the reaction
while being heated to 350 ◦C. The blank reaction in this study was
carried out with the same parameter as the catalytic deoxygenation
reaction. The deoxygenation reaction was conducted for 4h and was
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analyzed with HP 6890 GC (GC-MS/Gas Chromatography-Mass Spec-
troscopy). Capillary column HP-5MS was utilized; its dimensions were
30 m in length, 0.32 mm in diameter, and 0.25 mm in thickness. For the
quantitative study, 1-bromohexane was used as an internal standard.
The product selectivity was quantified based on the GC peak area of the
desired product over the total peak area according to Eq. (1). Note that
the selectivity is an approximation only based on product identification
using mass spectroscopy.

Selectivity=
Peak area of desired compound

Total peak area
x100% (Eq. 1)

The quantity of oxygenated compound in RTO and the liquid product
was used to calculate the degree of deoxygenation (DOD), as shown in
Eq. (2).

Degree of Deoxygenation (DOD)=
(

1

−
% Oxygenated compound in liquid product

% Oxygenated compound in reactant

)

x 100% (Eq. 2)

The efficiency of the deoxygenation reaction was determined by the
percentage of liquid yield obtained after 4h of reaction, relative to the
initial weight of RTO oil (Eq. (3)).

Liquid yield=
Weight of liquid product

Weight of RTO oil
x 100% (Eq. 3)

3. Results and discussion

3.1. XRD analysis

In this research, wide angle XRD analysis was carried out at an angle
of 2θ = 5-50◦ and a low angle at 2θ = 1.5–10◦ to identify the sample
phase. The X-ray diffraction patterns for all samples are shown in Fig. 1.
Wide angle XRD analysis shows that the diffraction peak 2θ = 15◦–30◦
indicates the presence of an amorphous phase in MCM-41 and Al-MCM-
41 [26,29]. Low angle XRD analysis in Fig. 1 shows the characteristic
diffraction peak at 2θ = 1.5–10◦ of all samples. This is in line with the
characteristics of Al-MCM-41 which has three diffraction peaks at (100),
(110), and (200). It can be seen that the peak 2θ = 2.1◦ indicates a high
and strong (100) diffraction plane, there are also two weak peaks at 2θ
= 3.6◦–4.2◦ which are related to the reflection of the (110) and (200)

planes. These peaks confirm the formation of a highly ordered meso-
porous hexagonal structure of Al-MCM-41 [8]. The diffractogram
pattern given shows that the increasing Si/Al ratio indicates the more
regular and stable the Al-MCM-41 mesoporous structure, this is in
accordance with the previous study that as the Si/Al ratio decreases,
reflections in the (110) and (200) diffraction planes become less intense
and broader, which means that the incorporation of Al into the silica
framework still disrupts the long-range order of Al-MCM-41 [30].

3.2. FTIR analysis

FTIR spectra are useful for determining the existence of functional
groups in compounds based on the specific chemical bond All catalysts
exhibit a wide absorption peak at 3440 cm− 1 which corresponds to the
hydroxyl stretching band for both silanol Si–O–H and adsorbed water
molecule on the surface (Fig. 2a) [31]. The absorption peak in the 2932
and 2840 cm− 1 area is due to asymmetric and symmetric stretching CH2
vibrations of the alkyl chain from surfactant molecules that have not
been calcined [32]. The specific stretching vibration from Si–O–Al
framework Al-MCM-41 was displayed in Fig. 2b. The absorption areas
around 1224 and 1054 cm− 1 are attributed to the internal and external
stretching of the asymmetric vibrations of the Si–O-T group where T is
the Si or Al atom. The peak at a wavenumber of 792 cm− 1 indicates the
bending vibration of the Si–O–Si group. The peak at the wavenumber at
460 cm− 1 is caused by the bending vibration of T-O where T is a Si or Al
atom. This vibration shows the existence of T-O bond vibrations from
SiO4 and AlO4 tetrahedral groups. Meanwhile, the higher intense ab-
sorption peak as an increasing Si/Al ratio was found at 963 cm− 1 which
corresponds to the C–N+ stretching band from CTAB.

3.3. Textural properties

The nitrogen adsorption-desorption isotherm of Al-MCM-41(X) and
MCM-41 commercial catalyst show a type-IV isotherm with H-1-type
and H3-type hysteresis loop respectively (Fig. 3a). The H1-type hyster-
esis loop is typically associated with a combination of cylindrical and
parallel plate-shaped pores. Meanwhile, the H3-type hysteresis loop
reveals the presence of wedge/slit-shaped pores [33]. These results
indicate that Al-MCM-41 has mesoporous material characteristics that
match the structure of MCM-41. Type IV isotherm is characterized by the
emergence of three adsorption stages, the first is nitrogen being

Fig. 1. (A) Wide angle and (B) low angle diffraction pattern of Al-MCM-41 with S/Al ratio molar of 30 (a), 50 (b), 70 (c), 90 (d) and commercial MCM-41 (e).
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adsorbed little by little on the surface of the material as the relative
pressure P/P0 < 0.3 increases. At this relative pressure, isothermal
capillary condensation occurs which begins to fill the multilayer layer.
Furthermore, a sharp increase in nitrogen adsorption at a relative

pressure of P/P0 = 0.3–0.4 indicates the filling of nitrogen into the
mesopores or in other words the formation of a multilayer layer on the
pore walls. At relative pressure P/P0 = 0.3–0.4 is also a characteristic
type of Al-MCM-41 mesopores. The higher intense N2 adsorption of

Fig. 2. FTIR spectra of (a) commercial MCM-41, (b) Al-MCM-41 (90), (c) Al-MCM-41 (70), (d) Al-MCM-41 (50), (e) Al-MCM-41 (30).

Fig. 3. N2 adsorption-desorptioc isotherm (a) and pore size distributicn (b) of -MCM-41(x) with Si/Al molar rbtio of 30, 50, 70 and 9b.

Tabel 1
Textural properties of Al-MCMb41(X).

Catalyst SBETa (m2/g) Smicro
b (m2/g) Sextb (m2/g) Vtotal (cc/g) Vmicro

b (cc/g) Vm
c
so
c (cc/a) Db

eso
c (nm)

Al-MCM-41 (30) 467.17 299.41 146.56 0.388 0.172 0.216 3.775
Al-MCM-41 (50) 522.01 390.57 134.38 0.383 0.191 0.192 3.775
Al-MCM-41 (70) 543.16 359.69 193.96 0.496 0.231 0.265 4.252
Al-MCM-41 (90) 528.92 360.72 181.14 0.472 0.230 0.242 4.252
MCM-41 commercial 377.09 147.73 229.36 0.419 0.063 0.356 2.583

a SBET (surface area) by BET method, measured at P/P0 < 0.3.
b Smicro, Sext and Vmicro by t-plot method.
c Vmeso and Dmeso by DFT method.
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Al-MCM-41 (70) and Al-MCM-41 (90) at this stage indicate the higher
mesopore structure formed. Nitrogen adsorption slightly increases at
P/P0 > 0.4 with a hysteresis loop which indicates the presence of
mesopores formed inside the particles (intraparticle pore). Structural
properties in the form of specific total surface area (SBET), mesopore area
(Smeso), micropore area (Smikro), mesopore volume (Vmeso) and pore
diameter (Dmeso) and micropore volume (Vmikro) of the Al-MCM-41
sample with varying ratios Si/Al molars 30, 50, 70 and 90 are shown
in Table 1. The specific surface area decreases as lowering the Si/Al ratio
of Al-MCM-41. The pore size distribution calculated using the DFT
method clearly demonstrates the narrow single mesopore diameter for
Al-MCM-41 50, 70 and 90 which indicates the average pore diameter
could reflect the pore dimension very well (Fig. 3b). Meanwhile, the
bimodal pore with lower intensity was formed in the synthesis of
MCM-41 commercial and Al-MCM-41 (30).

3.4. Acidity analysis

The surface acidity of the catalysts was determined using FTIR
spectroscopy at wave numbers range of 1400–1600 cm− 1 with pyridine
as the probe molecule. Pyridine was utilized as a probe molecule due to
the chemical interaction of pyridine with the Lewis and Brønsted acid
sites of the catalyst. Nitrogen lone pair in pyridine can interact with the
oxide surfaces in three different ways: (i) the nitrogen lone pair of
pyridine can be attached to the hydrogen (H-bond) of the weakly acidic
surface hydroxyl group resulting in a very weak disturbance in the
adsorbed molecule, (ii) if the Brønsted acidity of a surface hydroxyl
group is sufficiently high, a proton can be removed, resulting in the
creation of pyridinium ions and (iii) nitrogen electrons can interact by
donating charge to an unsaturated cation coordinated to the surface
referred as Lewis acid [34]. At a wave number around 1447 cm− 1 is the
peak of pyridine interaction with the Lewis acid side of the sample. At
this peak, it can be identified that there is an interaction of the nitrogen
lone pair in pyridine with the empty orbitals of the metal oxide which
results in a shift in the electron density. Meanwhile, the signal at 1550
cm− 1 is determined to be the peak of pyridine interaction with the
Brønsted acid side [35]. On the Brønsted acid side, it appears due to the
H+ ions on the surface of the catalyst being donated to the pyridine
molecule to form pyridinium ions (C5H5NH+). MCM-41 commercial has
Lewis acid sites and very low amount of Brønsted acid sites, while
Al-MCM-41 (X) samples have both Lewis and Brønsted acid sites as
shown in Fig. 4 and Table 2. It implies that the Al atom enhances the
Lewis acid sites on the surface of MCM-41 and provides Brønsted acid
sites [36,37]. The total acidity and surface acidity was increased as the
decreasing Si/Al in the order of Al-MCM-41 (30) > Al-MCM-41 (50) >
Al-MCM-41 (70)> Al-MCM-41 (90)>MCM-41 commercial. The highest
amount of Lewis (0.20586 mmol/g) and Brønsted (0.09413 mmol/g)
acid sites was determined on Al-MCM-41 (30) since the Al sites in these
samples are well-isolated. Nonetheless, the pyridine adsorption capacity
was decreased with increasing Si/Al ratio since the Al sites appeared to
be poorly separated and aggregated [38].

3.5. Morphology analysis

SEM analysis provided information on the morphology of the MCM-
41 commercial and Al-MCM-41 (X). The MCM-41 commercial clearly
notes the existence of spherical particles with diameter varies from
0.707 μm to 2.368 μm (Fig. 5a). SEM image of Al-MCM-41 (Fig. 5b–e),
functionalization has dramatically altered particle form to non-uniform
crystallite structures (0.755–5.621 μm) which slightly larger than pure
MCM-41. The EDX analysis of all samples was displayed in Table 3. The
Al content was slightly decreased as increasing the Si/Al value which
corresponded to the acidity analysis. Fig. 6 shows the TEM analysis of
Al-MCM-41 (30) and Al-MCM-41 (70). The transmission electron
micrograph of Al-MCM-41 from a cross-sectional view along the [100]
axis revealing that the mesoporous material has regular groupings of

hexagonal pores in a honeycomb pattern. Meanwhile, in [110] axis
revealed the one-dimensionally (1D) channels with a linear array of
pores arranged in a hexagonal pattern. The width of the channel from Al-
MCM-41 (30) and Al-MCM-41 (70) was calculated using Image-J soft-
ware which is equal to 3.7 nm and 4.1 nm respectively. These micro-
graphs confirm that the material has a regular pore structure as
confirmed by the low angle X-ray diffraction patterns.

3.6. Catalytic deoxygenation

Catalytic deoxygenation of Reutealis trisperma oil was carried out at
350 ◦C for 4h using blank reaction, MCM-41 commercial and Al-MCM-
41 (X) catalyst. The product of RTO deoxygenation was divided into
char and liquid products as shown in Fig. 7a. A blank reaction was
conducted with identical reaction conditions to ascertain the distribu-
tion of products during RTO deoxygenation without the use of a catalyst.
It should be noticed that the blank reaction shows the lowest conversion
and liquid yield of 39.65 % and 8.74 % respectively. Meanwhile, the
highest conversion was achieved by using the Al-MCM-41 (30) catalyst

Fig. 4. Pyridine-FTIR spectra of Al-MCM-41 (30) (a), Al-MCM-41 (50) (b), Al-
MCM-41 (70) (c), Al-MCM-41 (90) (d) and MCM-41 commercial (e).

Table 2
Acidity analysis of Al-MCM-41 with Si/Al molar ratio of 30, 50, 70, dan 90.

Sample Acidity (mmol/g) Total
acidity

Surface acidity
(mmol/m2)

Bronsted Lewis

Al-MCM-41 (30) 0.09413 0.20586 0.2999 0.642
Al-MCM-41 (50) 0.03146 0.25974 0.2912 0.558
Al-MCM-41 (70) 0.04507 0.17718 0.2222 0.409
Al-MCM-41 (90) 0.00084 0.2039 0.2047 0.387
MCM-41
commercial

0.00201 0.06574 0.0678 0.180
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and reducing as increasing the Si/Al ratio of the Al-MCM-41 catalyst.
This result confirms that the catalyst plays a vital role in enhancing the
deoxygenation reaction. Taking into account that the Si/Al molar ratio is
a significant parameter for increasing acidity and modifying the pore
width of the Al-MCM-41 catalyst [39]. Furthermore, the acid site on the
support material influenced the interaction of bio-oil molecules with it.
As mentioned in acidity analysis, Al-MCM-41 (30) shows the highest
total acidity and surface acidity which contribute to RTO catalytic
deoxygenation improvement, which implies the C–C bond dissociation
occurred on Lewis sites. However, catalysts with a Si/Al ratio of more
than 30 may show a decrease in Al- MCM-41 support’s surface area and
pore volume. Indeed, the mesoporous structure allowed for deep bio-oil
diffusion and adsorption, increasing catalytic conversion even further.
In general, the diffusion efficiency between the fluid reactant and the
catalyst surface has a significant impact on the generation of liquid
products during catalysis. The closer the catalyst pore size is to the
molecule of the reactant, the greater the efficiency of liquid mass
transfer [40]. Fig. 7b shows the product distribution and degree of

deoxygenation of liquid products. The liquid deoxygenated product was
classified based on its functional group into hydrocarbon, carboxylic
acid, aromatic, cyclic, alcohol and ketone. Theoretically, the deoxy-
genation reaction removes the carboxyl/carbonyl group fragments from
fatty acids to form long and straight-chain hydrocarbons through a
decarboxylation/-decarbonylation (deCOx) mechanism [41]. The for-
mation of mono-aromatic compounds involves the dehydrogenation of
cycloalkane compounds. Meanwhile, polyaromatics are formed through
polymerization and dehydrogenation reactions of mono-aromatic com-
pounds or intramolecular radical cyclization mechanisms [42,43]. The
degree of deoxygenation (DOD) was described as the decrement of
oxygenated compound concentration in the liquid products relative to
the oxygenated concentration in the RTO oil. It can be seen that the
blank reaction produces the least amount of hydrocarbon while still
containing a substantial amount of carboxylic acid which is most likely
derived from the RTO. As a result, it was convincingly established that
the deoxygenation reaction is less favorable in the absence of a catalyst
[44]. The Al-MCM-41 (30) shows the highest DOD and hydrocarbon
yield compared with other catalysts which suggests the major reaction
that occurred was decarboxylation/-decarbonylation (deCOx) via C–C
scission of triglyceride for oxygen removal [20]. The inclusion of mes-
opores with widths of 3.70 nm is advantageous for increasing the rate of
reactant/product diffusion and improving targeted product production.
These reactions were generated by high acidity due to the strong
support-metal interaction [28,45]. The higher aromatic compound
produced in this catalyst suggests that oligomerizations of aromatics
were significantly enhanced over a strong acidic catalyst [46].
Conversely, carboxylic acid becomes the primary product when using
MCM-41 commercial catalyst which undergoes thermal cracking into

Fig. 5. SEM images of MCM-41 commercial (a), Al-MCM-41 (30) (b), Al-MCM-41 (50) (c), Al-MCM-41 (70) (d) and Al-MCM-41 (90) (e).

Table 3
EDX analysis of Al-MCM-41(X).

Sample Weight, %

O Al Si

Al-MCM-41 (30) 50,79 6,93 42,28
Al-MCM-41 (50) 54,96 3,26 41,79
Al-MCM-41 (70) 57,89 3,55 38,57
Al-MCM-41 (90) 53,63 4,23 42,14
MCM-41 55,21 2,75 42,05
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short-chain carboxylic acids. Competition between hydrocarbon for-
mation and carboxylic acid can be seen during the reaction. The degree
of deoxygenation and hydrocarbon yield decreased dramatically to
approximately 76 % and 14 % for MCM-41 commercial.

Fig. 8a shows the hydrocarbon distribution in the liquid products to
gasoline (C4-8), jet-fuel (C9-15) and diesel (C16-18) range hydrocarbon.
The formation of jet-fuel C9-15 hydrocarbon is significantly increased
(77–89 %) and further restricted the formation of diesel range C16-18
hydrocarbon and gasoline range C4-8 hydrocarbon. This implies that the
majority reaction that occurred in RTO deoxygnation was the
decarboxylation/-decarbonylation (deCOx) reaction to produce straight
long-chain hydrocarbon and inhibit the cracking reaction to produce
short-chain hydrocarbon. The hydrocarbons are further classified as

saturated (C–C) and unsaturated (C=C/C ≡ C) molecules as shown in
Fig. 8b. The selectivity of saturated hydrocarbon (paraffin) was higher
than unsaturated hydrocarbon (olefin) under all catalysts tested which
implies that indirect decarboxylation and direct hydrogenation become
the dominant reaction in RTO deoxygenation to produce alkane hy-
drocarbon [47,48]. Jet fuel’s oxidative stability and sealing performance
are enhanced by an increase in aromatic concentration [40]. Meanwhile,
the selectivity of unsaturated hydrocarbon of 11–20 % was significantly
lower than saturated hydrocarbon which suggests the cracking reaction
of unsaturated hydrocarbon to generate smaller hydrocarbons or
non-condensable gasses may occur. Olefin is known to be more prone to
cracking reactions than paraffin, increases the polymerization and prone
to degrade during storage. Jet fuel products high in olefins ought to be

Fig. 6. TEM images of Al-MCM-41 (30) (a) and Al-MCM-41 (70) (b) along the [100] direction (left) and [110] direction (right).

Fig. 7. Conversion and selectivity of product distribution (a) and deoxygenated liquid product distribution of RTO deoxygenation.
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avoided because they will oxidize fuel [40].

3.7. Production of C9-15 jet-fuel

Jet fuel typically contains a variety of compounds such as 60 %
paraffin, 20 % cycloparaffin, and 20 % arenes. The major products
observed throughout the reactions were linear alkanes, cycloparaffin,
olefins and arenes compounds (Fig. 9). This tendency suggests that
olefins, which are involved in secondary reactions leading to the for-
mation of aromatic compounds via dehydrogenation of cyclic com-
pounds produced as intermediates, could be one of the primary products
of the thermal and/or catalytic decomposition of triglycerides [49].
Paraffins and cycloparaffins make up the majority of jet fuel (about
70–85 %), and they are primarily in charge of lowering the fuel’s
freezing point. The ratios of heat to weight and hydrogen to carbon may
be lowered by cycloparaffins. It also lowers the gasoline freezing point, a
crucial factor for safe fuel use during high-altitude aviation [50]. A
lower Si/Al ratio of Al-MCM-41 resulted in greater yields and selectivity
of desired compounds for jet fuel formulation. The total selectivity of
cycloalkanes, arenes, alkene and alkene slightly reduces followed by an
increasing Si/Al ratio of Al-MCM-41 which contributes to the weaker
acidity of the catalyst. Alkene formation from cracking reaction and
dehydrogenation aromatization to produce arenes occurred at Brønsted
acid sites. Meanwhile, cycloalkane formation through Diels-Alder
cyclization took place at Lewis acid sites. Thus it can be concluded

that the generation of jet-fuel compounds is influenced by both Brønsted
and Lewis acidity [28]. Furthermore, the pore size of 3.7 nm of
Al-MCM-41 (30) facilitated the formation of the highest selectivity of the
jet-fuel component from RTO deoxygenation over the other catalyst
with the pore size of 4.2 nm or 2.5 nm. It has been concluded that for
Al-MCM-41 catalysts, not only pore size but also a greater number of
acid sites are crucial in increasing reactivity [1].

The fuels derived from biomass, including vegetable oils, are antic-
ipated to have a comparable hydrocarbon distribution to jet fuel derived
from petroleum. Table 4 shows the comparison of product distribution
of jet fuel range C9–15 hydrocarbons over Al-MCM-41-based catalyst and
previous study. The Al-MCM-41 (50) shows the highest efficiency in
paraffin formation of 82.25 % jet fuel range C9-15 hydrocarbon. The
41.26 % paraffin, 6.78 % olefin, 21.77 % arenes and 11.44 % cyclo-
paraffin were achieved by using Al-MCM-41 (30) catalyst, which was
similar to JP-8 and Jet-A which fulfilled the parameters of the ASTM
D7566 standard for aircraft turbine fuel that contained synthetic hy-
drocarbons. This result was in accordance with a previous study using
NiMo/USY@Al-SBA-15 catalyst for WCO hydrodeoxygenation/hydro-
cracking to produce jet-fuel range hydrocarbon which is classified as JP-
8 jet fuel [51]. The solvent-less and free-H2 deoxygenation in this study
was expected to be more efficient and flexible route to produce jet-fuel
range compared with hydrocracking or hydrodeoxygenation whach re-
quires high security and maintenance due to safety concerns (operates at
high pressure and temperature) [52]. The Al-MCM-41-based catalyst
without any metal addition/impregnation shows a good result which is
comparable to bther metal/support catalysts.

3.8. Reaction pathway of RTO deoxygenation to jet-fuel

Fig. 10 shows the reaction scheme of this work by using RTO as
feedstock and Al-MCM-41-based catalyst. The blank reaction was used
in this study to investigate the effect of the absence catalyst in RTO
deoxygenation. As reported in the previous study, RTO mainly consists
of palmitic acid (C16:0), oleic acid (C18:1) and linoleic acid (C18:2)
[56]. In the first reaction pathway, one mol triglyceride of RTO un-
dergoes C–C cracking to form three mol of free fatty acid via β-elimi-
nation and H-abstraction. In thermal cracking (absence of catalyst), the
free fatty acid will form shorter carboxylic acid (C2–C16) as mentioned in
GC-MS analysis in Fig. 7b. Meanwhile, in the presence of catalyst
Al-MCM-41, the C–O bond in carboxylic acid will remove as CO and CO2
via decarbonylation and decarboxylation pathway to produce olefin and
paraffin hydrocarbon. Hydrogenation and dehydrogenation may occur
in this reaction to produce olefin/paraffin hydrocarbon. The hydrocar-
bon was further cracked to produce shorter chain hydrocarbon in the jet
fuel range hydrocarbon (C9–C15). It should be noted that the
Al-MCM-41-based catalyst promotes the formation of jet-fuel range
hydrocarbon than blank reaction. The thermal cracking in a blank re-
action will produce shorter chain hydrocarbon that will undergo to

Fig. 8. Hydrocarbon range (a) and alkene/alkane aliphatic hydrocarbon (b) distribution of liquid product.

Fig. 9. Selectivity of jet fuel range hydrocarbons converted from RTO Al-MCM-
41 (X) and MCM-41 commercial.
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polymerization to produce tetracontane and hexacosane. The cyclo-
paraffin may be produced from cyclization of unsaturated hydrocarbon
to form n-cycloalkane [57,58]. The formation of mono-aromatic in-
volves a hydrogenation reaction of cycloparaffin with olefin. Mean-
while, polyaromatic was produced via polymerization and
dehydrogenation reaction of monoaromatic or intramolecular radical
cyclization [42,43]. Alkenes undergo cyclization and dehydrogenation
to produce aromatic hydrocarbons by a Diels-Alder-type mechanism
[59].

4. Conclusion

Bio-jet fuel range alkanes were prepared by catalytic deoxygenation
reaction of non-edible Reutealis trisperma oil without any addition of
hydrogen or solvent using a variation of Si/Al ratio of Al-MCM-41 and
MCM-41 commercial catalyst. The lowering Si/Al ratio of Al-MCM-41
enhanced the catalytic conversion of RTO and selectivity toward bio-
jet fuel components up to 84 %. The pore size and number of acid
sites are crucial factors in increasing the reactivity of RTO deoxygen-
ation. The hydrocarbon liquid product is mainly composed of saturated
hydrocarbon which suggests that the decarboxylation reaction was the
dominant reaction route. Considering that the Si/Al molar ratio is a
significant parameter for increasing acidity and modifying the pore
width of the Al-MCM-41 catalyst. Additionally, the acid sites on the
support material influenced the interaction of bio-oil molecules with the
catalyst. This finding indicates that jet fuel can be produced from RTO
non-edible oils using Al-MCM-41 in a single-step process, without

requiring additional hydrogen or further processing.
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Table 4
Comparison of hydrocarbon class composition in jet fuel-range hydrocarbons with previous study.

Feedstocb Catalyst Reaction C9-15 hydrocarbon (wt%) Refs.

Paraffin Olefin Arenes Cycloparaffin

RTOa Al-MCM-41 (50) Deoxygenation 41.26 6.78 21.77 11.44 This study
Methyl palmitate 20%HPW-Ni/MCM-41 Hydrocracking and Isomerization 55.4 4.0 13.9 12.6 [53]
Wood biomass γ-Al2O3 Pyrolysis and cracking 37.21 2.3 53.26 8.86 [54]
WCOb NiMo/USY@Al-SBA-15 Hydrodeoxygenation and hydrocracking 79.4 – 18.7 1.9 [51]
– JP-8 – 57.2 – 13.5 21.4 [55]
– Jet-A – 57 – 20 20 [55]

a Reutealis trisperma oil.
b Waste cooking oil.

Fig. 10. Proposed reaction mechanism of RTO using blank reaction and Al-MCM-41-based catalyst.
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