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Abstract

The porosity and acidic properties of ZSM-5 are crucial factors for its ability to catalyze reactions with large
molecules, such as Reutealis trisperma oil (RTO). In this work, the textural properties of ZSM-5 were rationally designed
by controlling the crystallisation time during synthesis, while the acid content of ZSM-5 was increased by incorporating
nickel (Ni) species on the surface of ZSM-5. All the samples exhibited microporous and mesoporous features with many
Lewis acid sites. These properties increase the catalytic activity of the conversion of RTO into biofuel. The high
composition of micromesoporous and Lewis acid sites in NiZ1 and NiZ1.5 promoted the generation of heavy oil. NiZ3,
which has moderate micromesoporous and Lewis acid sites, facilitates the production of diesel hydrocarbons. The low
micromesoporous feature and few acid sites in NiZ9 make gasoline hydrocarbons production more feasible. This finding
provided the regulation of acid site number and micromesoporous features to facilitate the conversion of RTO into green
diesel.

Keywords: Biofuel, Deoxygenation, Ni-ZSM-5 catalysts, Reutealis triseperma oil

Introduction into C10 - C16 alkane hydrocarbons comprising linear,

The increasing demand for renewable diesel for cyclic or branched structures for jet fuel application
vehicles and jet engines has shifted the production from [1,2]. A technology for producing hydrocarbon fuel is
edible resources such as starch and sugar to nonedible the gasification of oil, followed by Fischer-Tropsch (FT)
sources as part of achieving food and energy security synthesis [3-5]. Nonetheless, the primary drawbacks of

[1]. Triglycerides from nonedible oil can be transformed
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this method include higher costs and harmful carbon di-
oxide emissions. Alternatively, the hydrodeoxygenation
(HDO) of plant oils guarantees the formation of long-
chain linear hydrocarbon compounds that contain less
oxygen, sulfur and aromatics through the HDO reaction
[6]. Oxygen from triglycerides is eliminated, followed
by oligomerisation to produce unsaturated linear
hydrocarbon compounds [7]. The hydrocarbon
composition is highly dependent on the nature of the
catalyst, which can control the route to HDO,
decarboxylation and decarbonylation. Metal sulfides,
such as MoS; [8,9], CoMoS [10], NiMoS [6], are
effective catalysts for deoxygenation (DO) reactions.
However, sulfide-based catalysts produce biojet fuel
contaminated with sulfur. Additionally, the addition of
sulfur sources such as dimethyl sulfoxide and hydrogen
disulfide is required to maintain the sulfite state [11].
Precious metal catalysts such as Pd/C [12], Pt/SAPO-31
[13], Pd/ALLOs [14], and Ru/TiO; [15,16] have high
catalytic activity but suffer from particle sintering at
high temperatures [6].

As an alternative, zeolite socony mobile-5 (ZSM-
5) has been desired as catalyst for DO reaction because
ZSM-5 possesses high thermal stability properties, a se-
lective shape, adsorption ability and acidity [17-19]. The
moderate Lewis and Brensted acidities and textural fea-
tures reduce steric hindrance and increase thermal sta-
bility [20]. Three-dimensional pores with sizes of ap-
proximately 5.1 - 5.5 A are suitable for the formation of
hydrocarbons [21,22]. Despite its advantages, research-
ers have modified ZSM-5 with a combination of mi-
croporous and mesoporous features to improve conver-
sion [23,24]. The generation of micropores and meso-
pores in ZSM-5 typically be accomplished via dealumi-
nation or desilication using acidic or alkaline solvents,
respectively [25,26]. However, this strategy disrupts the
framework of ZSM-5. In another approach, the for-
mation of microporous and mesoporous features can be
achieved by controlling the crystallisation time [27,28],
which is more advantageous and more controllable.
Controlling the crystallisation time can affect the tex-
tural features of ZSM-5. For example, Tehubijuluw et
al. [28] reported the formation of micro-mesoporous
features in ZSM-5 by controlling the crystallisation
time. This approach results in a high surface area up to
734 m?/g with micropores (1.18 nm) and mesopores
(3.02 nm). Li et al. [29] synthesised ZSM-5 by varying

the crystallisation time via hydrothermal methods. The
longer hydrothermal process at low temperatures re-
sulted in a low surface area with few mesoporous fea-
tures, whereas the faster hydrothermal process at low
temperatures slightly increased the surface area and
mesoporous properties. The highly mesoporous features
promoted the initial cracking of triisopropylbenzene into
diisopropylbenzene, which was subsequently converted
into benzene via a deeper cracking process. Wang et al.
[30] also prepared mesoporous ZSM-5 by decreasing
the temperature and duration of the hydrothermal
process and then incorporating Pd metal. This strategy
improved the surface area and increased the pore
diameter. Consequently, the conversion of guaiacol
using Pd/Meso-ZSM-5 was 4 times greater than that
with Pd/ZSM-5. Notably, the possession of mesoporous
features facilitates the diffusion of oil molecules on the
surface of ZSM-5 and subsequently converts the
molecules into targeted compounds. Nonetheless, the
selectivity of ZSM-5 in the DO reaction for diesel
hydrocarbons is moderate because of the moderate
number of acid sites.

Compared with the cracking reaction, the
modification of mesoporous ZSM-5 with transition
metals increased the selectivity of the HDO reaction,
increasing the paraffin hydrocarbon composition [31].
Ni-based catalysts have been reported to improve the
catalytic activity of the DO reaction. Higher conversions
(up to 90%) can be achieved with Ni-based catalysts in
hydrogen-rich or hydrogen-free environments [32] since
Ni catalysts have economic advantages and can
proficiently break C—C, C-O and C-H bonds [33]. Ni-
based catalysts are thus expected to be appropriate for
various reactants to generate green diesel, including
triglycerides, cooking oil, and palm fatty acid distillate
(PFAD), since the nature of the reactant has little effect
on the activity of Ni-based catalysts [32]. In addition to
having a high conversion rate, the catalysts yielded
product distribution comprising diesel-range alkane
hydrocarbons. Earlier, Wang ef al. [30] reported Ni/Mo
supported on ZSM-5 for catalytic hydrocracking of
soybean oil [34]. A low reaction temperature (360 °C)
resulted in a significant change in selectivity toward
hydrocarbon fuels. Botas et al. [35] also reported a
higher selectivity toward the formation of light olefins
using Ni/HZSM-5 during deoxygenation of the rapeseed
oil. Li et al. [36] reported that the Ni/ZSM-5 catalyst had
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high catalytic activity in the HDO guaiacol reaction,
with a conversion of 74.8% and high selectivity into
cyclohexane of up to 90%. Li ef al. [36] encapsulated Ni
nanoparticles in  ZSM-5 for the selective
hydrodeoxygenation of phenolics [37]. The presence of
Ni improved the number of acid sites. The high number
of acid sites provided strong phenol adsorption on the
ZSM-5 surface, which was converted into cyclohexane.
The presence of Ni on ZSM-5 not only increased the
acidity of ZSM-5 but also improved the interaction
between molecules and the catalyst, which more easily
into targeted compounds and generated high conversion
and selectivity.

In this work, we report the rational design of the
micromesoporous features of ZSM-5 from kaolin via
crystallisation control, which is subsequently deposited
with nickel oxide (NiO) via the wet impregnation
method. This method yielded the formation of
microporous and mesoporous features even after the
impregnation of NiO on the ZSM-5 surface. The
presence of NiO improved the number of acid sites on
ZSM-5. The integration of micromesoporous features
and an increased number of acid sites improved the
selectivity of green diesel. This finding provides further
understanding of the roles of Lewis/Bronsted acid sites
and the mesoporosity of Ni/ZSM-5 in the conversion
and distribution of hydrocarbons produced from the
deoxygenation reaction.

Materials and methods

Materials

Kaolin Als(Si4O19)(OH)s as silica and alumina
source was obtained from Bangka Belitung, Indonesia
(2°14' S, 106°10" E). Kaolin comprises of 57% SiO, and
22% Al,Os. RTO as feedstock was acquired from Sura-
baya Indonesia. Both raw materials were used as re-
ceived without further purification. NaOH (> 99%) was
purchased from Merck, Germany. LUDOX®HS-40 col-
loidal silica (30% Si in water) and nickel(II) nitrate hex-
ahydrate (99%) was purchased from Sigma Aldrich,
Germany. N-Cetyl-N,N,N-trimethylammonium bro-
mide (CTABr, Ci9H4BrN, 99%) were purchased from
Applichem. All the materials used in this work were of
analytical grade. The preparation of materials and DO
reactions were performed at the Materials and Energy
Laboratory, Chemistry Department, Institut Teknologi
Sepuluh Nopember, Indonesia.

Synthesis of the ZSM-5 support

ZSM-5 was prepared from 10 Na,O: 100 SiO»: 2
Al,O3: 1,800 H>O in terms of molar composition. NaOH
(1.60 g) was dissolved in demineralized water with
continuous stirring for 30 min. Kaolin (1.85 g) was
added gradually, followed by the addition of LUDOX
(37.09 g) under vigorous stirring. Demineralized water
was added to the mixture and stirred for 8 h. The
resulting gel was aged for 6 h at 70 °C, transferred into
an autoclave with a Teflon liner of 330 mL capacity, and
heated at 80 °C with crystallization times of 1, 1.5, 3, or
9 h. The autoclave was cooled immediately to stop the
crystallisation process. CTABr (18.93 g) as a mesopore
template (SiO./CTABr ratio = 1/4) was added slowly
into the mixture and stirred for 1 h. The crystallisation
was continued for another 24 h at 150 °C. The solid
product was altered and washed with distilled water
until the pH of the supernatant was neutral. The product
was oven-dried at 60 °C for 24 h, calcined at 550 °C (2
°C/min) under N> for 1 h, and then replaced with air for
an additional 6 h.

Synthesis of Ni/ZSM-5

Ni/ZSM-5 catalysts were prepared via the
impregnation method. The Ni content was set as 10
wt.%. The calculated amount of Ni(NO3),'6H.O was
dissolved in demineralised water (10 mL) under
continuous stirring. One gram of ZSM-5 powder was
added to the solution and stirred at ambient temperature.
The mixture was gradually heated to ~120 °C with
regular stirring until the light green suspension became
a paste. The product was left overnight at 80 °C. Finally,
the resulting dried samples were ground and calcined at
550 °C (2 °C min™!) under N; flow for 1 h followed by
air flow for 6 h.

Characterization

All the catalysts were characterised using a
PHILIPS-binary XPert with an MPD Cu Ka
diffractometer for wide-angle analysis. The analysis was
performed at a current of 30 mA and 40 kV and scanned
from 5° to 80° with increasing steps of 0.020°/s. Low-
angle XRD was applied with a Bruker type D2 phaser
with KFL Cu Ka radiation at 10 mA and 30 kV. A
Fourier transform infrared (FTIR, SHIMADZU 8400S)
spectrometer was used to determine the functional

groups of the catalysts via the KBr method. For pyridine
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FTIR analysis, the samples were calcined at 400 °C for
4 h under N, flow. The temperature was subsequently
set at 150 °C. After the temperature reached 150 °C,
approximately 200 pL of the pyridine solution was
dropped, and the mixture was maintained at that
temperature for 3 h, followed by cooling to 50 °C. The
prepared samples were then analyzed at wavenumbers
ranging from 4,000 - 400 cm™'. The surface morphology
and elemental distribution of the catalysts were
investigated by scanning electron microscopy (SEM,
JEOL 6360 LA) and transmission electron microscopy
(TEM, Hitachi HR-9500 TEM with an acceleration
voltage of 300 kV). The textural properties were
determined using N, adsorption-desorption on a
Quantachrome Touchwin v1.11 instrument. A
Quantachrome ASiQwin instrument was used to
calculate the pore size distribution via the NLDFT
method. Quantachrome ChemBET Pulsar TPR/TPD
equipped with a thermal conductivity detector (TCD)
was employed to observe the reducibility of samples. X-
ray photoelectron spectroscopy (XPS) was used to
evaluate the oxidation state of NiZ3 using Kratos Axis
Supra XPS.

Catalytic deoxygenation reaction of RTO

The catalytic DO reaction of RTO was performed
using a semibatch reactor. Before use, each tool was
washed with acetone and n-hexane and dried in an oven.
Ten g of RTO and 0.3 g of catalyst were put into a 3-
neck round-bottom flask and subsequently set in the
reactor. Prior to the reaction, a gas mixture of 10% H»
and 90% N, was flowed into the reactor for 15 min to
remove the residual air in the reactor. The mixture was
stirred and heated to 350 °C. After the temperature of
reactor reached 350 °C, the temperature was held for 4
h to allow the DO reaction to occur. The resulting gas
condenses in the condenser with a cooling system from
an ice bath for conversion into the liquid phase. The
liquid product was collected in an a-neck round bottom
flask during the reaction. The collected liquid product
was transferred into a sealed bottle and stored in a chiller
before GC analysis. The DO reaction was performed

twice to ensure that the resulting product was obtained.

Results and discussion

XRD study

The X-ray diffraction pattern of NiZ is shown in
Figure 1. The rapid crystallisation reaction of 1 and 1.5
h led to the generation of amorphous mesoporous
aluminosilicate, whereas the crystallisation time of 3 - 9
h yielded the typical diffraction profile of hierarchical
ZSM-5. The typical peaks of hierarchical ZSM-5 arise
at 20 =17.8, 8.7, 23, 23.8 and 24.0° and are attributed to
the 101, 020, 501, 303, and 133 planes, respectively,
according to JCPDS No. 44-0003 [38,39]. The
deposition of Ni on ZSM-5 via impregnation generates
the typical peak of NiO, which appears at 26 = 37.13°
(111) and 43.2° (200) and is attributed to a face-centred
cubic structure of NiO (JCPDS 01-075-0197) [40]. This
result indicates that NiO particles formed in ZSM-5. The
peak intensity of NiO is greater when it is impregnated
on ZSM-5 synthesised at longer crystallisation time.
Compared with our previous work [41], the typical peak
of ZSM-5 is retained even after the impregnation of
NiO, revealing the stability of the ZSM-5 framework.
The intensity of NiO is also improved when it is
impregnated on ZSM-5 for various crystallization times,
implying that the crystal size of NiO on ZSM-5 with a
fast crystallisation time is smaller than that of NiO
impregnated on ZSM-5 with a low crystallisation time.
A smaller NiO crystal size indicates better dispersion of
NiO on the support materials [42]. The NiO size
calculated by Scherrer formula are 31.59, 36.48, 36.48
and 51.07 nm for NiZl, NiZ1.5, NiZ3, and NiZ9,
respectively. The amorphous structure of NiZl and
NiZ1.5 provides a high amount of Si—OH, which is
converted into Si—~O-Ni via ion exchange during
impregnation and yields a good dispersion of NiO on the
surface of the support. When the crystallisation time
during ZSM-5 synthesis is increased, the framework of
ZSM-5 is more configurable, which decreases the Si—
OH number and decreases the ion exchange reaction.
Consequently, the generation of NiO crystallites is more
feasible, yielding a high XRD intensity of NiO. Overall,
the relative crystallinity of the ZSM-5 support on the
NiZ3 and NiZ9 catalysts is lower than the crystallinity
of the Z3 and Z9 catalysts which show that the
deposition of Ni metal on the ZSM-5 support reduces
the crystallinity of ZSM-5 [43].
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Figure 1 XRD pattern of NiZ samples, including NiZ1 (black line), NiZ1.5 (red line), NiZ3 (blue line), and NiZ9 (green

line). All samples were measured at room temperature.

FTIR study

The FTIR spectra of all the catalysts are shown in
Figure 2. The O-H stretching vibration is typically
observed at 3,457 cm ™! and is accompanied by the O—
H bending vibration at 1,631 cm™! [44]. Consistent with
the XRD results, the characteristic vibration of the
hierarchical ZSM-5 also arises after the incorporation of
NiO. The typical absorption bands of hierarchical ZSM-
5 are observed at 441, 548, 785, 1,078, and 1,224 cm™.
The absorption bands at 1,224 and 785 cm™' are
attributed to the externally symmetrical vibrations and
externally symmetrical vibrations of Si—O-T in ZSM-5
[28]. The absorption band at 1,078 cm™' corresponds to
the occurrence of the internal asymmetric stretching
vibration of the Si—O-T unit. The absorption peak at 441

cm! is related to the symmetrical bending vibration of
the T-O-T and the O-T-O unit in SiO4 and AlQO4,

! is associated

whereas the absorption peak at 548 cm™
with the vibration absorption of the five-membered ring
(DSR) in the ZSM-5 zeolite framework, which is the
characteristic peak of the zeolite of the MFI type [45].
The peak at 1,078 and 1,224 cm™! are sharper with
increasing crystallisation time, indicating that the ZSM-
5 framework is more configurable. For the NiZ1 and
NiZ1.5 catalysts, the absorption peak at 1,100 cm™! was
wider and shifted towards a lower wavenumber
compared to the NiZ3 and NiZ9 catalysts, which
indicated the influence of NiO interactions in the ZSM-

5 pore framework structure.
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Figure 2 FTIR spectra of NiZ1, NiZ1.5, NiZ3, and NiZ9. The samples were measured at wavenumber of 4,000 - 400

cm!,

Acidity analysis

FTIR-pyridine spectroscopy was applied to
determine the number of acid sites on the NiZ catalyst.
Pyridine is used as a probe molecule to determine
sample acidity on the basis of the chemical interactions
that occur between pyridine and Lewis and Brensted
acid sites. The pyridine FTIR spectrum of NiZ acid
catalyst at 150 °C desorption temperature is shown in
Figure 3. The absorption band in the wavenumber

region of 1,450 cm™

can be assigned to the Lewis
pyridine bond, which is an interaction between the
nitrogen atom in pyridine and the Lewis acid sites on the
catalyst [46]. The lone pair of pyridine nitrogen is bound
by a coordination bond with the empty orbital of the
metal from the aluminosilicate structure, resulting in the
characteristic absorption of a Lewis acid. The absorption
band at 1,545 cm™! is absorption from pyridinium ions
with Brensted acid sites [37], whereas the absorption

band at 1,490 cm™! is a combination of pyridine acid

interactions with Brensted and Lewis acids. In addition,
the absorption peak intensity of the Bronsted acid sites
is considerably lower than that of the Lewis acid sites on
all catalysts. The addition of Ni metal increased the
number of Lewis acid sites on all the NiZ1, NiZ1.5,
NiZ3, and NiZ9 catalysts. Compared with ZSM-5 in our
previous work [41], the Lewis acid sites increased on the
NiZ catalyst compared with the ZSM-5 catalyst. The
presence of Ni reduced the number of protons because
of the formation of Ni—O species in the Si—O-Al
framework in ZSM-5 [37], and thus, the Lewis acid was
improved. As shown in Table 1, the crystallisation time
affects the number of Brensted and Lewis acid sites in
the NiZ samples. An increase in the crystallization time
also increased the number of Breonsted and Lewis acid
sites. The increase in Brensted and Lewis acids indicates
saturation in the ion exchange process, which is better
for catalysts with mesoporous support structures than
for those with microporous support structures.
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Figure 3 Pyridine-FTIR spectra of samples (m = 20 mg; Tanalysis = room temperature).
Table 1 Textural and acid properties of the NiZ catalyst.
Pore Number of Acid Lewis
SeET Smeso Smicro Vmeso Vmicro Vtotal . . 1 . .
Catalyst mlgl) (mlgl) (mgl) (emigl) (emg) (emg ™) Diameter sites (nmol g™) Ratio B/L Density
m m m cm cm’g- cm
& & & & & & (nm) Brensted Lewis (umol/m?)
NiZ1 209.81 178.57 31.24 0.245 0.015 0.260 4.89 22.62 123.04 0.1838 0.5865
NiZ1.5 341.98  266.73 75.25 0.331 0.026 0.357 2.61 32.93 151.87 0.2034 0.4441
NizZ3 210.41 180.27 30.14 0.293 0.012 0.305 9.36 16.15 87.13  0.1854 0.4141
NiZ9 158.06 138.32 19.74 0.244 0.014 0.258 3.75 9.69 50.18  0.2329 0.3174

On the basis of the data in Table 1, the
Bronsted/Lewis acid ratios (B/L ratios) of NZ1 and
NZ1.5 are lower than those of NiZ3 and NiZ9,
demonstrating that NiZl and NiZl1.5 have greater
amounts of weak acid and indicating that NiO particles
are distributed in the zeolite pores. The results of the
acidity analysis with pyridine FTIR are also consistent
with the results of the H»-TPR analysis, which are
discussed in the next section. Acidity analysis using
pyridine confirmed that the addition of NiO metal to the
ZSM-5 support increased the number of Lewis and
Broansted acids.

N: adsorption-desorption analysis

The N, adsorption-desorption isotherms and pore
size distributions of the NiZ catalyst are shown in
Figure 4. All the catalysts exhibit combined type I and
IV adsorption isotherms, which are characteristic of
microporous and mesoporous hierarchical materials. At
P/Py < 0.1, a low amount of N is adsorbed to fill the
of the N»

subsequently diffused on the mesoporous layer,

micropores samples. molecules are
resulting in a considerable increase in N, adsorption.
The condensation process leads to the formation of
hysteresis loops, which are the characteristics of
mesoporous materials [28].

Figure 4(a) shows that the NiZ1.5 catalyst has the

greatest increase in N adsorption at P/Py < 0.1 and P/Py
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= 0.1 - 0.4. The N, isotherm of the NiZ1.5 catalyst also
exhibited a wide hysteresis loop at P/Po=0.1 - 0.4 which
is a characteristic of H4 mesoporous materials with
varying pore size distributions [47]. Like the NiZ1.5
catalyst, the NiZl and NiZ3 catalysts showed N,
isotherm adsorption at P/Pp = 0.1 - 0.4 with
approximately similar N uptake, indicating a decrease
in mesopores. The NiZ9 catalyst has the lowest N»
absorption in the P/Po = 0.1 - 0.4 region, which implies
that it has the fewest mesopores. Overall, the NiO/ZSM-
5 catalyst has a smaller surface area than the ZSM-5

250
(@) ] :
1 —e—NizZ1
1 ——NiZ1.5
200_‘ —a— NiZ3
‘o |
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o i
o _
[ .
@ ]
2L 100
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catalyst does (see ref. [41]) because of the presence of
NiO. The surface areas of the NiZ1 to NiZ9 catalysts
ranged from 341.98 to 158.06 m?g”'. The NiZl and
NiZ1.5 catalysts have a broad mesoporous distribution
with an intense incre

ase in N, adsorption volume, with a distribution ranging
from 2.5 to 4.8 nm, as shown in Figure 4(b), due to the
formation of intraparticle mesoporous deposits. Data on
the textural properties of the catalysts NiZ1, NiZl1.5,
NiZ3, and NiZ9 are presented in Table 1.

0 3 6 9 12 15 18

Pore diameter (nm)

Figure 4 N, adsoprtion-desorption isotherm (a) and pore size distribution by DFT method (b) of catalyst (T gegasse = 423

K; Tmeasured = 77 K)

H>-TPR study

H,-TPR analysis provides information on the
reducibility of NiO and the metal/support interactions.
The H,-TPR peak of reduced NiO can be classified into
3 types on the basis of the temperature range. The peak
in the temperature region of 150 - 350 °C corresponds
to a weak interaction between NiO and the support [48].
The second temperature region between 350 - 550 °C
shows a moderate interaction between NiO and the
support, and the third temperature region between 550 -
750 °C contains a peak, indicating a strong interaction
between NiO and the support [49,50]. As depicted in
Figure 5, all the catalysts exhibit an onset at 400 °C,

implying that the NiZ catalysts could be reduced at
temperatures higher than 400 °C. The NiZ1 catalyst
shows 2 peaks centred at 511 and 672 °C due to the
reduction of NiO into Ni metal. The reduction of NiO
occurs in 2 stages: From Ni?* to Ni* and from Ni" to Ni
metal. The reduction peak with a relative high intensity
at 672 °C indicates that the NiO particles are deposited
in the mesopores of the supports [51]. The NiZl1.5
catalyst exhibited 3 peaks at maxima of 447, 513, and
653 °C, demonstrating moderate and strong interactions
between NiO and ZSM-5. Nonetheless, the peak at 653
°C is stronger than the peaks at 447 and 513 °C,
indicating that the strong interactions between NiO and
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ZSM-5 are more dominant. This finding is also observed
in the case of NiZ1. The H»-TPR spectrum of NiZ3 has
a similar pattern of peaks similar to that NiZ1.5. Unlike
the other samples, NiZ9 exhibited multiple reduction
peaks. The greater reduction peak for the NiZ1 catalyst
than for the other catalysts at high temperatures ranging
from 550 - 750 °C indicates that NiO is more evenly
dispersed in the zeolite framework of the NiZ1 catalyst
than in that of NiZ1.5. In addition, the occurrence of a

small peak at 442 or 447 °C in NiZ1.5, NiZ3, and NiZ9
confirms the interaction reduction between NiO and
ZSM-5 in NiZ1.5, NiZ3, and NiZ9. This result supports
the XRD results, showing that NiO is more dispersed on
NiZ1 via the generation of S—O—Ni by the ion exchange
reaction during impregnation, which facilitates the
strong interaction of NiO and ZSM-5 in NiZ1 compared

with the other materials.

Signal (mV)

(a)

478 631
686
829
442 653
579

511

LN LI LI L N N L L I L Y L LI B L

100 200 300 400 500 600 700 800
Temperature (°C)

Figure 5 TPR Profile of NiZ1, NiZ1.5, NiZ3, and NiZ9

Morphology analysis

SEM characterisation was used to determine the
morphology and particle size of the NiZ catalysts. The
morphologies of the synthesised NiZ catalysts with
various supports Z1, Z1.5, Z3, and Z9 are shown in
Figure 6. Notably, the NiZ1, NiZ1.5, NiZ3, and NiZ9
catalysts have  similar  morphologies. = SEM
characterisation of the catalyst revealed that Ni
impregnation on the ZSM-5 supporting catalyst did not

Catalyst (m = 200 mg; Tanalysis = 30 - 900 °C under H; flow).

change the structure of ZSM-5. The results of this SEM
analysis are consistent with the results of the XRD
analysis. Data on the elemental composition of the
NiO/ZSMS catalyst from the EDX analysis results are
presented in Table 2, which shows that the Si/Al ratio
values range from the lowest value of 6.0 for the NiZ1
catalyst to approximately 9.3 for the NiZ1.5 catalyst.
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Figure 6 SEM micrograph and EDS spectra of (a) NiZ1, (b) NiZ1.5, (¢) NiZ3, and (d) NiZ9 at magnification of 5,000%

and acceleration voltage of 15 kV.

Table 2 Elemental composition of the NiZ1, NiZ1.5, NiZ3, and NiZ9 catalysts.

Elemental Composition (% w/w)

Catalyst Ratio Si/Al
Si Al (0] Ni
NiZ1 48 8 41 3 6.0
NiZ1.5 56 6 33 4 9.3
NIZ3 51 7 40 3 7.3
NiZ9 54 7 37 3 7.7

Moreover, TEM analysis of the NiZ1 and NiZ3
catalysts was performed to observe the nanostructure of
the catalyst. The TEM images in Figure 7 confirmed the
formation of regular mesoporous channels with a
hierarchical structure. TEM images of the NiZ1 catalyst

show an even distribution of NiO particles on the
catalyst support ZSM-5, as shown by H,-TPR analysis
and N adsorption-desorption analysis. TEM analysis of
the NiZ3 catalyst revealed a regular mesoporous
channel shape with an approximate diameter of 3 nm.
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XPS study

XPS analysis was performed to examine the
oxidation state of elements in NiZ3. As depicted in
Figure 8, the impregnation of Ni on Z3 increased the Ni
2p XPS spectrum. The Ni 2p XPS spectra show 4
prominent peaks. The Ni 2ps/; peak and its satellite peak
are prominent at a low BE, whereas the Ni 2pi» peak

Figure 7 (a) TEM images of NiZ1 (at magnification of 100,000%) and (b) EDX spectrum of nickel in NiZ1. (c) is TEM
images of NiZ3 with the existence of lattice fringes (at magnification of 200,000x%).

and 871.1 eV for Ni 2p12) and Ni*" (852.3 ¢V for Ni
2p3» and 869.3 eV for Ni 2pi) [52]. Ni** is present
because the charge transfer process, which is due to the
presence of nickel vacancies (Vi) [53]. In addition, the
presence of the Ni»Os3 phase is minor compared with that
of NiO in NiZ3, which cannot be confirmed by XRD.

Vni can trap 2 electrons to generate Vi, as presented

and its satellite peak arise at a high BE. The in Eq. (1).
deconvolution results show that Ni 2pi» and Ni 2p3p
yield 2 peaks associated with Ni** (854.4 eV for Ni 2p3, Vi — Va2t + 2 holes (1)
@27 - (b) : ——1© :
| Ni2p NiZ* Si2p Si-0 25 O1s lattice
11 Satelite 0.6 - - oxygen
—~ 1.0 o Nt [~ . ~ 20
3 3 3
a © Q@
© © 0.4 S 15
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Figure 8 XPS Spectra of Oxygen (1s), Ni (2p) and Si (2p) of NiZ3 catalyst (using Mg Ka X-ray source with excitation

energy output of 1,253.7 eV and a pass energy of 30 eV).
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This process is accompanied by lattice relaxation,
which increases the nearest neighbour distance.
Consequently, the adjacent Ni?' sites release an electron
to generate a Ni*" cation to compensate for the lattice
relaxation due to the shorter distance of the Ni**—Q*
bond compared with the Ni**~O? bond [54]. Therefore,
Vi and Ni*" in NiZ3 because of the lattice relaxation
induced by Vi are balanced by the transition from the
2+ to the 3+ oxidation state for Ni [53].

The O 2s spectra exhibit 3 peaks after the
deconvolution process. The peak at 529 eV arises from
Ni—O bonds [55]. The Si—O bond is observed at 530 eV,
which is approximately 2 eV lower than that reported in
a previous study [48]. This comparison indicates that
electron redistribution occurred, leading to the BE
shifting. The peak at 531.5 eV is associated with the
absorbed oxygen on the surface of NiZ3 [53]. However,
the peak related to Ni»Os is not observed, supporting the
idea of charge balance, which is caused by lattice
relaxation. In the Si 2s spectra, 2 prominent peaks are
observed by deconvolution fitting and are attributed to
the Si—-O-Si and Si—O-H [56]. The absence of Si-O-Ni
in both O 1s and Si 2p spectra reveals that the interaction
between NiO and Z3 in NiZ3 is physical.

Catalytic deoxygenation of RTO

The hydrodeoxygenation reaction (HDO) of RTO
with varying Ni contents on the ZSM-5 support was
conducted in a semibatch reactor at 350 °C for 4 h, under
a continuous 10% H2/90% N flow. As summarised in
Table 3, the RTO was converted into 3 types of
products: gas, liquid, and char. Among all the catalysts
used, the NiZl and NiZl.5 catalysts presented the
highest conversion rates, approximately > 90%. In
contrast, the conversion rates for NiZ3 and NiZ9 were
slightly lower, reaching 82.13% and 83.37%,
respectively. This difference is likely due to the
relatively high acidity and large surface area of NiZl
and NiZl.5. However, these -catalysts produced
relatively high amounts of char, approximately 10.59%
and 10.58%, respectively. In contrast, the use of NiZ3
and NiZ9 resulted in reduced char formation, at 4.95%
and 1.76%, respectively. This outcome aligns with
previous studies indicating that higher acidity can lead
to secondary reactions that generate more polyaromatic
compounds and promote coke formation on the ZSM-5
surface, ultimately leading to catalyst deactivation [57].
The liquid yield percentages ranged from 30% to 43.7%,
with the highest yield achieved by NiZl (43.7%),
followed by NiZ9, NiZ3, and NiZ1.5.

Table 3 Catalytic activity data of the NiZ1, NiZ1.5, NiZ3, and NiZ9 catalysts.

Conversion
Catalyst Seas Siiquid Schar DO Degree (%)
(%)
NizZ1 93.11 45.74 43.67 10.59 90.57
NizZ1,5 90.24 59.37 30.05 10.58 91.39
NiZ3 82.13 62.37 32.68 4.95 98.48
NiZ9 83.37 62.71 35.53 1.76 98.67

In general, the addition of NiO onto ZSM-5
increased the selectivity of the liquid product, yield and
conversion of the HDO reaction of RTO compared with
those of ZSM-5, as reported in our previous work [41].
Additionally, the coke composition resulting from the
use of NiZ is also greater than that resulting from the use
of ZSM-5 because the incorporation of NiO increases
the number of catalytic acid sites. The higher level of
acidity observed may result from the interaction
between HMS and Ni, which facilitates the formation of
Si—O-Ni species within the catalyst structure [58]. The
acid sites play a role in breaking the C—C bond and

initiating the coke formation on the catalyst surface [59].
The catalytic activity of the DO reaction can also be
determined on the basis of the degree of DO. The degree
of DO indicates the degree of effectiveness of DO
reaction in converting the fatty acids in triglycerides into
hydrocarbons [12]. The degree of DO represents the
number of oxygenated species removed through the
decarboxylation/-decarbonylation (deCOx) reaction
mechanism. The degree of DO reaches approximately
90% - 98.7% for all the catalysts. The degree of DO was
greater than that of the ZSM-5 catalyst (see the data in
our previous work [41]), which indicated that the
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impregnation of Ni metal increased the catalytic activity
of the conversion of RTO into biofuel because of the
increased acidity and structural properties of the NiZ
catalyst.

Selectivity of liquid hydrocarbon products
from the HDO reaction

The composition of the liquid product was further
analysed via GC-MS, as shown in Figure 9. According
to the data, the main composition of the liquid product
is hydrocarbon compounds with a selectivity range of
44% - 56%, followed by cyclic and aromatic
hydrocarbons, carboxylic acids, ketones, and small
amounts of alcohols. NiZ1 and NiZ3 exhibit higher
hydrocarbon selectivity (56%) than do NiZ1.5 and NiZ9
(44%). This finding is attributed to the textural
properties and acid sites of the catalysts. Furthermore,
the highest selectivity of the cyclic compounds was
observed with a 1.5 wt% Ni loading on the ZSM-5

support. This occurrence may be attributed to Brensted
acid sites that facilitate cyclisation reactions. These
acidic sites promote C—C bond cleavage and subsequent
cyclisation, leading to increased cyclic compound
formation. These findings are consistent with previous
studies on the DO of triolein [60]. A catalyst with a
higher ZSM-5 crystallinity and the integration of
textural properties and acid sites also produces more
aromatic liquid products. The few acid sites in NiZ
reduce the efficiency of NiZ9 for the HDO reaction.
High mesoporous and catalyst acidity reduces coke
formation, indicating good resistance to coke
production. The incorporation of a higher loading of Ni
onto the ZSM-5 support enhances decarboxylation and
decarbonylation,  consequently  decreasing  the
selectivity towards carboxylic acids, thereby indicating
that Ni functions as an effective catalyst in these
reactions [58].

100

60 — &

Selectivity (%)

IS
s}
1

NiZ1 NiZ1.5
Catalyst

=3 Alcohol

=3 Keton

=3 Carboxylic Acid
Aromatic

&= Cyclic

&R Hydrocarbon

NiZ9

Figure 9 Distribution of compound type from liquid product of DO reaction using NiZ1, NiZ1.5, NiZ3, and NiZ9.

The composition of liquid hydrocarbon products
resulting from the HDO reactions with NiZ1, NiZ1.5,
NiZ3, and NiZ9 catalysts can be classified into gasoline,
diesel, and long-chain hydrocarbons (heavy oils), as
illustrated in Figure 10. The selectivity for diesel-range
hydrocarbons varies from 8.75% to 82.79%, that for
gasoline-range hydrocarbons varies from 0.81% to
20.63%, and that for heavy oils varies from 15.7% to
90.6%. Among the catalysts used, the NiZ3 catalyst
achieved the highest selectivity for diesel-range
hydrocarbons (82.7%). This result may be attributed to

the predominant hierarchical structure of the Z3 support,
which has a large mesopore diameter (9.36 nm). The
high mesoporous diameter of NiZ3 integrated with high
acid sites enhances the diffusion and mass transfer of
long RTO molecules to the NiZ3 internal surface area,
promoting the HDO conversion of RTO into diesel. In
contrast, compared with other NiZ catalysts, the NiZ1.5
catalyst obtained the highest selectivity for long-chain
hydrocarbon products at 90.2%. As previously
summarised in Table 1, NiZ1.5 has the highest surface
area, although its mesoporous diameter is relatively low
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(2.61 nm). This small pore diameter leads to limited
interactions between the catalyst and reactants due to the
low diffusion of reactant molecules to the catalyst
surface. Therefore, the pore size and structure of the

100

catalyst play crucial roles in facilitating the diffusion of
reactants, decomposition, and product formation within
the catalyst pores, as well as in enabling the diffusion of
products out of the pores [61].

Selectivity (%)

Gasoline

Diesel Heavy Qil

Product composition

Figure 10 Selectivity of gasoline, diesel, and heavy oil.

In the HDO reaction with the NiZ catalyst, linear
hydrocarbons C13—-C22 were obtained with various
alkane and alkene chain structures. The distributions of
the alkane and alkene products for all the catalysts are
shown in Figure 11. The NiZ1 and NiZ1.5 catalysts
obtained a higher yields of alkane chains, whereas NiZ9
catalysts obtained higher yields of alkene chains. The

decarbonylation over NiZ catalysts has been linked to
the acidity of the support [62]. This finding indicates
that the NiZ with higher acidity predominantly
facilitates the formation of alkane hydrocarbons via a
decarboxylation mechanism, whereas the NiZ catalyst
with lower acidity is more inclined to produce alkene
hydrocarbons through a decarbonylation reaction

selectivity between decarboxylation and mechanism.
1 Alkene g Alkane
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+~ Niz3
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>
I
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Figure 11 Hydrocarbon composition of liquid product using NiZ1, NiZ1.5, NiZ3, and NiZ9.
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HDO reaction mechanism of the NiZ catalyst

The liquid product resulting from the HDO
reaction was also characterised using FTIR analysis to
provide information on the mechanism, as depicted in
Figure 12. The FTIR spectrum of RTO and the liquid
product of the catalyst shows the characteristic bands of
RTO, including the —OH broad absorption band at 3,457
cm!, the ~CH stretching aliphatic chain absorption
band at approximately 2,922 cm™!, the stretching —-C=0
ester band at 1,752 cm™!, the C-O-C stretching band at
1,165 cm™! and the alkane —CH and alkene =CH bending
vibrations at 1,453 and 749 cm™!, respectively. The —
C=0 (ester) and C-O-C (carbonyl) strain absorption
bands, which are characteristic of the oxygenated
species in triglycerides, are used to evaluate the
mechanism of the HDO reaction [63]. A moderate shift
in the strain vibration of the ester functional group —C
=0 in the liquid product from 1,752 cm ™ to 1,705 cm™!
(carboxylic acid group) was observed in the HDO

reaction, indicating the dissociation of the ester bond to
form a fatty acid intermediate [64]. More evidence of the
removal of oxygenated compounds is the loss of the C—
O-C stretching band at 1,165 cm™! due to the elimination
of the C—O—C unit from the carbonyl group in RTO. The
use of NiZl and NiZl.5 catalysts resulted in greater
reduction of oxygenated compounds according to the
small bands at 1,705 and 1,165 cm™', which was
correlated with the strength of the acid sites and the
hierarchical structure of the catalyst. The NiZ9 catalyst
exhibited a weaker acidity strength and weaker intensity
of the —C=0 stretching band from the ester group [65].
The results of the FTIR analysis indicate that the initial
stage of the reaction involves the transformation of
triglycerides into fatty acids in the presence of an acid
catalyst. As the reaction time increased, the peak
intensity of —C=0 decreased, indicating the elimination
of carboxylic fragments in free fatty acids, which then

formed hydrocarbons.
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Figure 12 FTIR spectra of liquid product using NiZ1, NiZ1,5, NiZ3, and NiZ9. The samples were measured at

wavenumber of 4,000 - 400 cm™..

In detail, we proposed the mechanism for the DO
reaction of RTO, as shown in Figure 13. In the initial
stage, B-elimination of RTO occurs to form a series of
fatty acids, including palmitic acid, linoleic acid, oleic
acid, and stearic acid. A high amount of acid and high
micromesoporosity (NiZl and NiZ1.5) lead to the
polymerization of fatty acids to generate hydrocarbons
ranging from Cy—Cy (heavy oils). The distribution of

NiO particles in the mesoporous structure may cover the
ZSM-5 pores, thereby reducing the effectiveness of the
cracking reaction. The moderate acid and moderate
mesoporosity of NiZ3 promote the generation of 1-
pentadecene and 1-heptadecene via a decarbonylation
reaction. Subsequently, isomerization produces 3-
tridecene and 8-heptadecene, which is followed by

cracking and aromatisation to yield benzene. These
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features also lead to the decarboxylation of fatty acids
into pentadecane and heptadecane. These compounds
are also produced via the hydrogenation of 1-
pentadecene and 1-heptadecene (which results from
the

occurs to transform pentadecane and heptadecane into

decarbonylation). Furthermore, C-C cracking

tridecane and undecane. The products resulting from

application of NiZ3 are categorised as diesel
hydrocarbons. NiZ9, with low acid and low
mesoporosity features, converts fatty acids into

tetradecane and hexadecane, which is more feasible for

o}

AN

0" 0O H
o~ o ~H Trigliseride, RTO

transformation into decane and dodecane. A high
composition of decane and dodecane is classified as
gasoline hydrocarbons. To produce green renewable
energy, such as green diesel, the synergy of the number
of acid sites and micromesoporous features must be
regulated to facilitate the conversion of RTO into green
diesel. This alteration can be performed by controlling
these features during synthesis or controlling the amount
of NiO to provide acid sites.
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Figure 13 Mechanism of DO reaction using NiZ1, NiZ1.5, NiZ3, and NiZ9.

Comparison studies

Comparing studies with other works is very
valuable for comparing the resulting data with reported
data. As shown in Table 4, various catalysts, feedstocks,
and reaction conditions affect hydrocarbons selectivity
and diesel selectivity. The absence of Ni species on CaO
requires a longer reaction time to generate a range of

diesel hydrocarbons from waste cooking oil (WCO).

Notably, compared with the other catalysts, NiZ3 (in
this work) has the highest diesel selectivity at 4 h of
reaction with RTO as a feedstock, which is greater than
that of 15Ni/Al-MCM-41. This finding confirms that the
presence of Ni species on the support catalyst is feasible
for improving the diesel generation from oil feedstock.
Nonetheless, the hydrocarbon selectivity of NiZ3 is
lower than that of 15Ni/Al-MCM-41, whereas the diesel
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selectivity is richer than that of 15Ni/Al-MCM-41. In
addition to different reaction conditions, such features
of NiZ3, including moderate micromesoporosity and
moderate acid sites, facilitate the generation of diesel
compared with 15Ni/Al-MCM-41, which has high
mesoporosity and acid sites. The combination of a
transition metal and ZSM-5 shows varying hydrocarbon
feedstock. The
hydrocarbon selectivity of NiZ3 (our work) is
comparable to that of Ni-Ce/ZSM-5 and Co-H-ZSM, but
lower than that of Fe/ZSM-5/SAPO-11 and NiFe/ZSM-
5/SAPO-11. However, the green diesel selectivity of
NiZ3 is lower than that of Ni-Ce/ZSM-5. This finding
relates to the reaction conditions, especially the reaction

selectivity depending on the

pressure, which affects the reaction process. The
reaction temperature also affects the hydrocarbon
selectivity as reported by Jovita ef al. [66], showing the
hydrocarbon selectivity of 96% using NiO/mesoporous
aluminosilicate when the reaction temperature set at 380
°C [66]. Nonetheless, the presence of another transition
metal (Ce) in Ni-Ce/ZSM-5 improves green diesel
selectivity. It can be noted that the diesel selectivity of
NiZ3 can be further improved by controlling reaction
conditions, adding catalytic sites, and adding other
transition metals to achieve high diesel selectivity for
future green renewable energy generation and address

energy issues.

Table 4 Comparative studies of the DO reaction for diesel generation.

The control of the crystallisation time during the
synthesis of ZSM-5 affects the microporous and
mesoporous features. Additionally, the incorporation of
NiO on the ZSM-5 surface resulting from different
crystallisation times results in different dispersals of
NiO on ZSM-5, affecting various acid sites. Increasing
the crystallisation time decreases the microporous and
mesoporous properties of ZSM-5. Consequently, the
interaction between NiO and ZSM-5 decreases
according to the XRD results, decreasing the number of

Hydrocarbon Diesel
Catalyst Feedstock Reaction Condition Selectivity Selectivity Ref.
(%) (%)
CaO Waste cooking oil t=06h; T=400 °C; under N> flow 84 76 [67]
10% Ni-Fe/SBA-15 Waste cooking oil t=2h; T=350 °C; under N: flow 73 57 [68]
20% Ni/AC Waste cooking oil t=3h; T =350 °C; under N2 flow 87 77 [69]
CoW/Si02-Al203 Tung oil t=2h; T=350 °C; under N: flow 69 30 [70]
15Ni/Al-MCM-41 RTO t=4h; T =350 °C; under N2 flow 60 62 [71]
NiMo/ZSM-5 Soybean oil t=4h; T =380 °C; under H> flow - 79 [72]
Ni-Ce/ZSM-5 Mixed plastic waste t=6h; T=300 °C; p =70 bar, under H> flow 59 95 [73]
Fe/ZSM-5/SAPO-11 Palm oil t=2h; T=300 °C; p = 60 bar, under Hz flow 79 - [74]
NiFe/ZSM-5/SAPO-11  Palm oil t=2h; T=300 °C; p = 60 bar, under Hz flow 81 - [74]
Co/H-ZSM-5 Stearic acid t=2h; T=260 °C; p =30 bar under H> flow 60 - [75]
NiZ3 RTO t= 4 h; T =350 °C; under H2/N> flow 56 83 This
(ratio of H2/N2 = 1/9) work
Conclusions acid sites. The synergy between micromesoporous

features and acid sites results in different major products
from the DO of RTO. The high

micromesoporous properties and acid sites generate

reaction

heavy oil products (> C20), whereas the moderate and
low compositions of micromesoporous features and acid
sites are more feasible for producing green diesel and
gasoline products, respectively. According to these
results, NiZ3 is effective at producing green diesel
hydrocarbons. This finding shows that altering these
properties is beneficial for generating a high level of
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diesel hydrocarbon, which can be used for other oil
feedstocks to obtain insights into scaling-up processes

in the future.
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