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oporous zeolite Y using Sapindus
rarak extract as natural organic surfactant for
deoxygenation of Reutealis trisperma oil to biofuel
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Saponin is a plant-derived chemical with an amphiphilic glycoconjugate structure extracted from

sapindaceae plants like Sapindus rarak. This study investigated saponin extract of Sapindus rarak as

a natural template for formation of mesoporous zeolite Y. Surface area and mesoporosity of zeolite Y

were improved with optimization of Sapindus rarak extract (SRE) concentration (Y-Ln; n = 2, 5, 10 or 15

mL), reaching 216.26 m2 mesoporous area and 0.214 cm3 g−1 mesoporous volume for Y-L10 samples. A

different loading of Ni was impregnated onto Y-L10 zeolite to improve Lewis/Brønsted acidity as

catalysts in the deoxygenation of Reutealis trisperma oil (RTO) into hydrocarbon fuels. Impregnating 15%

Ni on NaY zeolite enhanced Lewis acidity to 0.4556 mmol g−1, producing 48.8% liquid oil with 85.43%

degree of deoxygenation. A high selectivity towards C15 and C17 hydrocarbon was analyzed from liquid

yield, indicating the contributing factor from Lewis acidity and mesoporosity to enhance deoxygenation

and prevent the hydrocracking reaction.
Introduction

The global climate change and oil price volatility have revived
interest in biofuel production as renewable energy. Feedstock
selection is critical in forming a high-quality biofuel and
ensuring the sustainability of the process. Non-edible plant oil
is a preferable feedstock since it excludes the competing
interest in the food sector. Since biomass is abundant in
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tropical countries, conversion into biofuel is projected as a way
forward to achieve sustainable energy.1,2 Reutealis trisperma oil
is produced in Indonesia and identied as a suitable non-edible
oil for conversion to biofuel.3 The tree can grow in harsh
conditions with a long production age,4 yielding seeds with up
to 52% triglycerides.5 Reutealis trisperma oil conversion into
biofuel requires highly selective catalysts to form liquid hydro-
carbon and prevent further cracking to uncondensed gases.
Metal nanoparticles on highly porous support are the essential
key and play an indispensable role in heterogeneous catalytic
reactions.6 Impregnation of porous acid support with Ni metal
increased the number of acid sites for decarbonylation/
decarboxylation of bio-oil.7 Ni exhibited a higher catalytic
deoxygenation activity than Zn, Cu, Co and Fe.8 Ni20La20/AC
catalyst was efficient for the deCOx reaction to produce n-(C15 +
C17) hydrocarbon fractions due to the moderate density of
strong acid and the low density of strong base sites.9 The binary
Ni oxide and CaO created acid–base catalysts that synergically
catalysed triolein deoxygenation into diesel hydrocarbons.10

Zeolite Y impregnated with Ni for deoxygenation of triolein
achieved a high conversion of 76.21%, compared to Co, Cu, Mn,
or Zn metals.11 However, high Ni loading caused particle
agglomeration that blocked the pores, increased the cracking
reaction and reduced the production of long-chain hydro-
carbon.12,13 Therefore, synthesizing a highly stable mesoporous
catalyst is important to achieve high Ni dispersion while
preserving the mesopore structure.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Zeolite Y is a crystalline aluminosilicate with faujasite (FAU)
aluminosilicate structure, high surface area, and 0.9–1.2 nm
micropore size. Zeolite Y has a very stable crystal framework
with the distinctive three-dimensional pores of sodalite. The
micropore structure provides a large surface area and high
acidity, which is excellent for performing a selective chemical
reaction.14 The hydrothermal process is still the primary
synthesis route for many zeolites due to several benets, such as
high reactant reactivity, low energy consumption, low air
pollution, simple solution control, formation of a metastable
phase, and a distinctive condensation phase.15–17 Numerous
attempts to synthesize mesoporous zeolite with high thermal
stability have been conducted, mainly to improve the diffusion
in themicroporous channels.18 Micropores restrict the diffusion
of large reactants and products, which lowers the catalytic
activity and reduces catalytic stability. Mesoporous zeolite Y
with strong acid sites has been investigated in the catalytic
cracking of heavy oil. The large mesopores provide better access
to highly dispersed acid sites, improving catalytic activity and
stability than microporous zeolite Y. In addition to the porosity,
Table 1 Reported studies on synthesis mesoporous zeolite Y using diffe

No. Si and Al source Method Mesoporous tem

1 Commercial NaY Dealumination–desilication EDTAa, NaOH
2 Commercial NaY Desilication–dealumination Steam 927 K, 2 h
3 Commercial NaY Desilication TBAOHb

4 NaAlO2, Ludox Commercial template PDDAc

5 NaAlO2, water glass Commercial template TPOACd

6 NaAlO2, water glass Commercial template Pluronic F127
7 NaAlO2, Na2SiO3 Commercial template TPOACd

8 Metakaolin, Ludox Natural template Sapindus rarak e

a Ethylenediaminetetraacetic acid. b Tetrabutylammonium hydroxide.
(trimethoxysilyl)propyl] ammonium chloride.

Fig. 1 Basic molecular structure of (a) saponin and (b) dimethyl-octadec
molecular components are indicated in red, whereas lipophilic ones are

© 2023 The Author(s). Published by the Royal Society of Chemistry
the distribution and density of acid sites also have signicant
roles in deoxygenation for bio-oil production.25

The formation of mesopores in zeolite Y can be achieved via
top-down (non-template) and bottom-up (template) methods
(Table 1). Non-template synthesis requires post-treatment of
microporous Y via desilication and dealumination using acid or
thermal treatment and alkaline solutions, which produces low
crystalline zeolite and large pore distribution.19,20,26 Template
synthesis employed large organic molecule surfactant to create
cavities during aluminosilicate arrangement. Calcination at
high temperatures decomposed the organic template, resulting
in the formation of large mesopores. However, an optimum
concentration of mesoporous template is needed to prevent
disordered mesopore structure of underdeveloped zeolite Y
crystal.23 Cetyltrimethyl ammonium bromide (CTAB), organo-
silanes compounds like [3-(trimethoxysilyl)propyl]hexadecyl
dimethyl ammonium chloride (TPHAC), polydiallyldimethyl
ammonium chloride (PDDA), dimethyl-octadecyl[3-
(trimethoxysilyl)propyl]ammonium chloride (TPOAC) and
Pluronic F127 were frequently used to form mesopores in
rent method

plate/reagent Smeso (m
2 g−1) Vmeso (cm

3 g−1) Dmeso (nm) Ref.

110 0.18 15–30 19
; NaOH 23 0.12 10–100 20

250 0.22 5.3 21
— 0.13 3.84 22
75 0.18 3–9 23
— 0.2 3.8; 6.5; 35 14
68 0.15 3.4 24

xtract 216 0.214 3.70; 6.49 This study

c Polydiallyldimethyl ammonium chloride. d Dimethyl-octadecyl[3-

yl[3-(trimethoxysilyl)propyl]ammonium chloride (TPOAC). Hydrophilic
displayed in black.

RSC Adv., 2023, 13, 32648–32659 | 32649
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Table 2 The synthesis composition of NiY catalyst

Ni%

Mass (g)

Ni(NO3)2$6H2O Y-L10

5 0.2477 0.95
10 0.4955 0.9
15 0.7344 0.85
20 0.9910 0.8
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zeolite Y.14,22,23,27,28 The main property of mesopore template is
hydrophilic tails for interacting with SiO– or AlO–, with a long
hydrophobic chain to induce mesoporosity. Research is
continuously searching for alternative green synthetic
templates that are inexpensive, have low environmental
impacts, and can be extracted from nature.29

Saponin extract from Sapindus rarak fruit, locally grown in
Indonesia, was traditionally used as a natural detergent for
delicate fabrics. The saponin contains alkaloid compounds to
function as a surfactant and reduce surface pressure by gener-
ating foam.30,31 Generally, saponin consists of amphiphilic gly-
coconjugate with a lipophilic tail and one or two hydrophilic
glycoside chains attached to the aglycone backbone (Fig. 1a).32

The aglycone, also known as sapogenins, consists of lipophilic
parts of the molecule with a steroidal or triterpene backbone.
The sugar chain is commonly linked to the aglycone at C-3.33

The glucose and aglycone amphiphilic chains can be potentially
used as a non-ionic template for synthesizing zeolite Y. The
structure of TPOAC synthetic surfactant (Fig. 1b) shows the
lipophilic and hydrophilic molecular components, similar to
a mixture of non-polar lipophilic sapogenin and hydrophilic
sugar chain in saponin. This study investigates Sapindus rarak
extract (SRE) as an abundant, biodegradable, environmentally
friendly green mesopore template.34 Optimizing SRE concen-
tration increased the mesoporosity of zeolite Y, which is bene-
cial for the deoxygenation of Reutealis trisperma oil to biofuel.
Modifying the synthesized mesoporous zeolite Y with Ni
enhanced biofuel yield by increasing Lewis acidity.

Experimental
Materials

Kaolin Al4(OH)8(Si4O10) from Bangka island, Indonesia con-
tained 57% of SiO2 and 22% of Al2O3, Reutealis trisperma oil
(RTO) as feedstock and Sapindus rarakwas acquired from a local
market, NaOH (>99%) was purchased from Merck, Germany,
LUDOX® HS-30 colloidal silica (30% Si in water), ammonium
acetate, and nickel(II) nitrate hexahydrate (99%) were purchased
from Sigma Aldrich, Germany.

Extraction of Sapindus rarak

Saponin extraction from Sapindus rarak fruit was modied from
the previous method.30 Sapindus rarak fruit was ground into
a ne powder and dried at 60 °C overnight. The saponin was
extracted by maceration method using ethanol as a solvent for
two days. The ratio of the Sapindus rarak powder to ethanol is 1 :
10 (10 g : 100 mL). The maceration liquid was then ltered and
evaporated to obtain a concentrated extract labeled as SRE
(Sapindus rarak extract).

Synthesis of mesoporous zeolite Y catalysts

Mesoporous zeolite Y was synthesized following the previously
reported method with slight modication.35 The molar
composition of the initial mixtures was 6 Na2O : 10 SiO2 : 1
Al2O3 : 180 H2O; and an additional of SRE in mL. In the typical
synthesis of zeolite Y, 4.63 g metakaolin and 4.8 g NaOH were
32650 | RSC Adv., 2023, 13, 32648–32659
dissolved in 24.54 mL demineralized water at room temperature
and stirred until a clear solution was obtained. Different volume
of SRE (2, 5, 10, and 15mL) was added to themixture and stirred
vigorously. Then, 11.22 g Ludox (HS 30% colloidal silica) was
added dropwise into the stirred solution to enhance silica
concentration. The aluminosilicate gel was stirred continuously
for 15 minutes before the solution was le to age for 24 h at
room temperature. The resulting gel was heated at 100 °C for
24 h, washed with deionized water until the pH reached 7, and
dried overnight at 80 °C. The samples were calcined at 550 °C
for 5 h in the air to remove organic templates aer drying. The
as-synthesized zeolite Y was ion-exchanged using 1.0 M
ammonium acetate solution at 1 : 30 of solid to liquid ratio. The
powder was added into ammonium acetate solution and
reuxed at 70 °C for 4 h. The zeolite was ltered, washed with
deionized water, and dried at 100 °C overnight. Finally, NH4Y
was calcined in static air at 550 °C for 3 h. Zeolite Y synthesized
using SRE at different concentrations is denoted as Y-L2, Y-L5,
Y-L10 and Y-L15.

Synthesis NiY catalyst

NiY zeolite was synthesized using the incipient wetness
impregnation method on Y-L10 as support. Ni(NO3)2$6H2O at
the variation of Ni loading of 5, 10, 15, and 20% was weighed
and dissolved in 10 mL of distilled water (Table 2). The Y-L10
were mixed into the metal salt solution and stirred at 80 °C
until it became a paste. The paste was dried at 60 °C for 12
hours, followed by calcination at 550 °C (2 °C min−1) for 1 hour
under a nitrogen atmosphere and another 3 h under air.
Samples impregnated with Ni are denoted as 5-NiY, 10-NiY, 15-
NiY, and 20-NiY.

Characterization catalysts

Catalysts were characterized using X-ray diffraction (XRD) with
powder diffractometer (PHILIPS-binary X'Pert MPD, 30 mA, 40
kV). The radiation of Cu-Ka ranging 2q = 5–50°, 0.0170° step
size, and at room temperature. The Fourier Transform Infrared
(FTIR) was used to analyse the functional group of the material.
Before FTIR analysis, the pellets were prepared by mixing dried
KBr with catalyst at ∼1 wt%, followed by grinding and pressing
the powder into a disk. Meanwhile, the FTIR analysis of SRE was
determined by dropping the SRE liquid into KBr disk. FTIR
measurement was recorded using FTIR Shimadzu Instrument
Spectrum One 8400S in the wavenumber range 4000–400 cm−1.
The acidity of NiY catalysts were determined using pyridine-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of Sapindus rarak extract (SRE).
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FTIR. The catalyst was pelleted (15 mg) and placed in tubular
glass equipped with CaF2 window. The samples were heated at
400 °C for 4 h under N2 ow to remove impurities and cooled
down to room temperature. The pellet was exposed to pyridine
vapour until saturation. The sample was then heated at 150 °C
for 3 h to remove the physisorbed pyridine and then analysed
using FTIR at 1600–1400 cm−1. The morphology of the catalyst
was observed using SEM (Scanning Electron Microscope Flex-
SEM 1000, Hitachi, Japan) at 10–15 kV. The sample was coated
with Au for 15 minutes at a 6 × 10−2 mBar pressure on a carbon
tape base (ZEISS EVO MA 10, Carl Zeiss Microscopy GmbH,
Jena, Germany). The SEM images were examined using ImageJ
soware to determine particle size distribution (40 particles
were quantied from different parts of the image). The
magnication of 5000× was used for each sample. The high
transmission electron microscope (TEM) analysis of all catalysts
was recorded using Hitachi HT-7700 TEM with 100 kV acceler-
ation voltage. The sample was dispersed in isopropyl alcohol
solution for 30 min sonication, dropped in TEM grid and dried
before TEM measurement. The textural properties were deter-
mined using N2 adsorption–desorption of Quantachrome
Touchwin v1.11 instrument. Quantachrome ASiQwin instru-
ment was used to calculate the pore size distribution by Barrett–
Joyner–Halenda (BJH) method. Around 0.2 g of samples was
placed in tube and pretreated under vacuum at 300 °C for 1 h.

Deoxygenation reaction

The catalytic deoxygenation was performed under solvent-free
conditions and without external H2. The semi-batch reactor
consists of 100mL three-necked ask connected to a distillation
step-up and equipped with a stirred heating mantle. Prior to the
reaction, 10 g of RTO wasmixed with 3%wt/wt (0.3 g) of catalyst.
The mixture was purged with N2 gas to create an inert envi-
ronment. The mixture was heated at 350 °C under stirring for
4 h with a constant ow of N2 at a 20 mL min−1 rate.

GCMS analysis of oil and liquid products

The fatty acid composition of RTO was quantied by gas
chromatography-mass spectroscopy (GC-MS). However, before
GCMS analysis, RTO must be converted to fatty acid methyl
ether via stoichiometric esterication reaction with methanol.
RTO was mixed with an excess amount of methanol at 1 : 2 of oil
to methanol weight ratio, and NaOH (0.1 g) in a round bottom
ask connected with a reux condenser. The mixture was stir-
red and heated at 65 °C for one hour to transform fatty acid into
methyl ether fatty acid. The mixture was cooled down,
neutralized with HCl solution, and separated using a funnel.
The organic product layer containing fatty acid methyl ester was
washed with distilled water and diluted with hexane. 1-Bro-
mohexane was added as an internal standard before GCMS
analysis. Similar procedures were conducted to analyse the
liquid product from the deoxygenation reaction. The liquid
yield was diluted with hexane and injected with 1-bromohexane
as an internal standard.

For GCMS analysis, the liquid product (0.2 mL) was injected
into HP 6890 GCMS with HP-5MS capillary column (30 m
© 2023 The Author(s). Published by the Royal Society of Chemistry
length; 0.25 mm inner diameter; 0.25m lm thickness). Helium
was used as a carrier gas at 1.2 mL min−1

ow rate. Split
injection mode was used with a split ratio of 139.0. The injec-
tion temperature was 250 °C with a heating rate of 4 °C min−1.

The product selectivity was quantied based on the GC peak
area of the desired product over the total peak area according to
eqn (1). Note that the selectivity is an approximation only based
on product identication using mass spectroscopy.

Selectivity ¼ Peak area of desired compound

Total peak area
� 100% (1)

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

Degree of deoxygenation ðDODÞ

¼
�
1� % oxygenated compound in liquid product

% oxygenated compound in reactant

�
� 100%

(2)

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

Liquid yield ¼ weight of liquid product

weight of RTO oil
� 100% (3)
Results and discussion
FTIR analysis of Sapindus rarak extract (SRE) and zeolite Y

The FTIR analysis from SRE provides information on the
saponin functional group, which consisted of an aglycone unit
linked to one or more carbohydrate chains (Fig. 2).36,37 The
broad band at 3441 cm−1 was assigned to –OH stretching
vibration. A low intense peak at 2922 cm−1, 1400 cm−1 and
1234 cm−1 were assigned to C–H stretching vibration, –CH3/–
RSC Adv., 2023, 13, 32648–32659 | 32651
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Fig. 3 FTIR spectra of NaY framework using SRE as surfactant in
different wavenumber ranges from (a) 400–4000 cm−1 and (b) 500–
600 cm−1.
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CH2 alkane and C–O–H bending vibration from sugar chain
(glycone) in saponin structure. The absorption band at
1643 cm−1 and 1049 cm−1 attributed to C]C and C–O–C
stretching vibration from aglycone in saponin.38 Low molecular
weight carbohydrates, polyols, and monosaccharides are
Fig. 4 XRD analysis of commercial zeolite Y as standard zeolite, and
zeolite Y synthesized using SRE at different concentration.

Table 3 Physicochemical properties of zeolite Y catalysts synthesized a

Catalyst Crystallinity (%) SBET (m2 g−1) Smicro (m
2 g−1)

Y standard 100 371.32 367.68
Y-L2 89.12 14.17 0.48
Y-L5 81.19 240.56 118.85
Y-L10 77.32 469.22 252.96
Y-L15 55.22 453.09 249.89

32652 | RSC Adv., 2023, 13, 32648–32659
responsible for the absorption peaks at 1300–600 cm−1.39,40

Identication of glycones and aglycones functional groups in
the infrared spectra of SRE indicates that the maceration
method successfully extracted saponin from the Sapindus rarak
fruit.

FTIR analysis of mesoporous zeolite Y (Fig. 3a) revealed O–H
vibration at 1640 cm−1. The band at 1020 cm−1 and 696 cm−1

were assigned to the asymmetric and asymmetric stretching
vibrations of the inner TO4 structure (T = Si, Al).41 The asym-
metric and symmetrical stretching vibrations of the external
TO4 structure (T = Si, Al) were observed at 1135 and 776 cm−1,
respectively. The structure-sensitive band of double six-ring
(D6R) associated with FAU structure was observed at 576 cm−1

(Fig. 3b).14 The band 461 cm−1 is connected to the T–O bending
type, which is insensitive to the TO4 tetrahedral structure (T =

Si, Al). The band at 3446 cm−1 shows the stretching vibration of
the O–H functional group from the adsorbed water.42 All of the
mesoporous zeolite Y that has been synthesized using the SRE
natural template exhibits the distinctive absorption peaks of the
FAU structure, indicating that the formation of mesopores does
not compromise the FAU framework.
XRD analysis of zeolite Y

The characteristic of zeolite Y crystalline structure was observed
at 2q = 6.17°; 9.97°; 12.44°; 17.64°; 21.61°; 28.02°; 33.30°;
34.84°; 37.96°; 44.11° based on JCPDS card no. 01-076-0108
(Fig. 4). However, the peak intensity reduced when a high
concentration of SRE was used in the synthesis mixture,
attributed to the decrease of zeolite Y crystallinity. The crystal-
linity of synthesized zeolite Y was compared to the standard
zeolite Y, which indicated only 55.22% crystallinity for Y-L15
(Table 3). SRE mesoporous template has reduced the crystal-
linity of the zeolite Y, which is commonly reported on hierar-
chical zeolite. The crystallinity is typically not exceeding 70% in
most hierarchical zeolites, including zeolite Y.43

The structure and crystallinity of zeolite Y-L10 impregnated
with 10% Ni (NiY-L10) were analysed by X-ray diffraction from
2q = 5°–90° (Fig. 5). Despite the zeolite Y was undergone triple
calcination stages, i.e. removal of the template, conversion to
acidic zeolite and impregnation with Ni, the catalysts showed
similar intensity as zeolite Y at 2q = 6°, 10°, 12°, 15°, 17°, 21°,
24°, 31°, 27°, 30°, 34°, 37°, 44°.44 The addition of Ni metal at
different weight loadings (5, 10, 15, 20%) did not signicantly
modify the zeolite Y structures. The characteristic peak of face
centered cubic NiO was observed at 2q = 37.25°; 43.17°; and
t different concentrations of SRE extract

Smeso (m
2 g−1)

Pore volume (cm3 g−1)

D (nm)Vmicro Vmeso Vtotal

3.64 0.191 0.015 0.206 3.81
13.92 0.002 0.021 0.023 3.25

121.71 0.078 0.124 0.202 3.72
216.26 0.166 0.214 0.380 3.70; 6.49
203.19 0.164 0.209 0.373 3.71; 6.48

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 X-ray diffraction of 5-NiY, 10-NiY, 15-NiY, and 20-NiY.
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62.78° based on JCPDS card no. 01-075-0197. The NiO peak
intensity increased at higher Ni loading.
N2 adsorption–desorption analysis

The N2 adsorption–desorption isotherms and textural proper-
ties are shown in Fig. 6a and Table 3. The standard zeolite Y
showed the type I isotherm typical for microporous zeolite. All
zeolite Y synthesized using SRE at 2, 5, 10 and 15 mL showed
type IV isotherm and hysteresis loop at P/P0 > 0.4, indicating the
formation of interparticle mesoporosity. The zeolite Y-L2
showed the lowest mesoporosity with a small hysteresis loop.
The surface area was higher when the synthesis was carried out
using a high concentration of SRE. The mesopore area was
signicantly improved from 13.92 m2 g−1 in zeolite Y-L2, to
reach the maximum mesopore area of 252.96 m2 g−1 in zeolite
Fig. 6 N2 adsorption–desorption isotherm (a) and pore size distribution

© 2023 The Author(s). Published by the Royal Society of Chemistry
Y-L10. The formation of mesoporosity with increasing SRE
concentration also inadvertently improved the micropore area
to give a total SBET of 469.22 m2 g−1 for zeolite Y-L10. The
mesoporous surface area is directly proportional to the meso-
porous volume, which shows enhancement with the addition of
SRE. The mesoporous ratio can be adjusted by varying the
amount of template.23 The highest mesopore structure of zeolite
Y was achieved when using 10 mL SRE, resulting in the meso-
pore surface area of 216.26 m2 g−1 and mesopore volume of
0.214 cm3 g−1.

The pore size distribution of zeolite Y synthesized using SRE
showed a higher pore volume than the commercial zeolite Y
(Fig. 6b). According to the BJH method, the average pore
diameter of commercial zeolite Y is 3.8 nm with a low pore
volume since the zeolite mainly consisted of microporous
structure. Following the addition of SRE, the average pore
diameter of 3.25–6.48 nm was obtained on mesoporous zeolite
Y. The role of surfactants on the physical properties of zeolite Y
is based on its effect during micelles formation. A large number
of micelles were formed in the presence of surfactant, signi-
cantly decreasing the Micelle Aggregation Number (MAN) to
enhance the mesoporous surface area.27

Morphology analysis of zeolite Y using SEM and TEM

The morphology of zeolite Y synthesized at different SRE ratios
and Ni–Y was analysed using SEM (Fig. 7). All zeolite Y showed
similar crystal structures of non-uniform spherical crystallites.
However, increasing the SRE from 2 to 15 mL signicantly
reduced the crystallite sizes. The SEM analysis was compared to
the XRD data, which suggested that the reduced intensity of
zeolite Y XRD peaks is due to the reduction of crystallite size.
The particle sizes of zeolite Y and NiY catalysts were calculated
using imageJ soware from the SEM images with the range of
2.25 to 2.68 mm (Table 4). Similar studies were reported on
(b) of zeolite Y synthesized using different SRE concentration.

RSC Adv., 2023, 13, 32648–32659 | 32653
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Fig. 7 SEM analysis of (a) Y-L2, (b) Y-L5, (c) Y-L10, (d) Y-L15, and EDX analysis of (e) and (i) 5-NiY, (f) and (j) 10-NiY, (g) and (k) 15-NiY and (h) and (l)
20-NiY.

Table 4 The acidity of zeolite Y catalysts after impregnation with different wt% of Ni

Catalyst Particle sizea (mm) Ni loadingb (%)

Number of acid sitesc (mmol g−1)

Lewis (L) Brønsted (B) B + L

Y 2.25 0 0.0202 0.0165 0.0367
5-NiY 2.48 6.06 0.0599 0.0155 0.0754
10-NiY 2.41 12.46 0.1959 0.0083 0.2042
15-NiY 2.47 23.20 0.4556 0.0126 0.4682
20-NiY 2.68 35.96 0.2460 0.0122 0.2582

a Calculated by ImageJ soware from SEM images. b SEM-EDX analysis. c Calculated from pyridine-FTIR analysis.
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zeolite Y synthesized using nanocrystalline cellulose as organic
templates, resulting in a spherical morphology and particle
sizes of 200–500 nm.45 The SEM and particle size distribution of
NiY in Fig. 7e–h shows all the Ni–Y zeolites have similar
morphology with zeolite Y, consisting of non-uniform spherical
crystallites with size at 2–3 mm. The SEM-EDX elemental
mapping exhibits the homogeneous distribution of Ni on the
zeolite surface (Fig. 7i–l). A higher density of NiO particles were
observed with the increase of Ni loading, but the catalysts
maintained a high NiO dispersion with no appearance of large
aggregates.

In contrast to SEM images, which show a 3-D image of the
sample by capturing the original shape of the solid surfaces,
TEM images construct a 2-D projection of the sample from the
deep structure.46 The TEM image of the Y-L10 zeolite (Fig. 8a)
displays a non-uniform shape consisting of crystalline and
amorphous phases. Nanocrystalline bers with 50–80 nm
length are identied as the crystalline structures of zeolite Y.
The Y-L10 zeolite also contains non-uniform clusters that form
32654 | RSC Adv., 2023, 13, 32648–32659
mesopores in zeolite Y. These results are in accordance with the
previous study on the synthesis of zeolite with dual-porogenic
surfactants which produced randomly agglomerated nano-
crystals interconnected by mesopores.47 The 15-NiY zeolite
(Fig. 8b) exhibits non-uniform NiO particles on mesoporous
zeolite Y with a broad distribution of particle sizes. NiO was
impregnated on the external surface of the support because the
size of NiO crystallites exceeded the mesopore size of zeolite Y.48
Acidity of Ni/Y-L10 catalyst

Fig. 9 shows the FTIR-pyridine spectra of zeolite Y-L10 aer
impregnation with Ni. The calculated acidity is summarised in
Table 4. The absorption band at 1450 cm−1 corresponds to the
interaction of nitrogen atoms in pyridine with Lewis acid sites
in the zeolite. The absorption band of pyridinium ions with
Brønsted acid sites appeared at 1545 cm−1.49 Meanwhile, the
absorption band at 1490 cm−1 shows the Lewis and Brønsted
acid sites coordinated with pyridine. The interaction of nitrogen
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 TEM analysis of (a) zeolite Y-L10 and (b) zeolite 15-NiY.

Fig. 9 FTIR-pyridine spectra of zeolite Y-L10 and after impregnation
with different wt% of Ni; 5-NiY, 10-NiY, 15-NiY, and 20-NiY.

Table 5 RTO deoxygenation at 350 °C for 2 h under N2 flow using
zeolite Y synthesized at different concentrations of SRE

Samples Liquid yield (%) Shydrocarbon DDO (%)

Blank 8.95 8.24 47.31
Y-L2 6.66 69.35 75.36
Y-L5 9.19 76.38 80.06
Y-L10 10.69 77.38 84.37
Y-L15 17.08 59.99 72.31
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atoms from pyridine with Lewis acid sites from zeolite occurs
due to the formation of coordinated complex bonds between
the lone pair of pyridine and empty orbitals from the zeolite
surface. Pyridinium ions form when pyridine binds to protons
in zeolite hydroxyl groups.50 The peak intensity of the Brønsted
acid site tends to be lower than that of the Lewis acid site for all
synthesized zeolites. The number of Lewis acid sites increased
at higher Ni loading up to 15% but was slightly reduced at 20%,
presumably due to NiO agglomeration. Large NiO particles
reduce pyridine interaction with acidic sites.7 Impregnation
with 15% on zeolite Y generates 0.4556 mmol g−1, signicantly
higher than 20-NiY, 10-NiY, 5-NiY, and zeolite Y itself.

In contrast to Lewis acidity, NiO tends to reduce Brønsted
acidity, presumably due to the exchange of protons in the Si–O–
© 2023 The Author(s). Published by the Royal Society of Chemistry
Al framework with Ni2+ ions. 10-NiY has the lowest number of
Brønsted acid sites at 0.0083 mmol g−1. The impregnation of
15% nickel did not reduce Brønsted acid sites, indicating that
the ion exchange process had exceeded saturation.51 Because
NiO only increases the number of Lewis acid sites, the catalytic
activity will be correlated with the effect of Lewis acidity rather
than Brønsted acidity.52
Catalytic deoxygenation of RTO

RTO used in deoxygenation reaction consists of palmitic acid
(C16:0; 40.35%), oleic acid (C18:1; 44.42%) and linoleic acid
(C18:0; 11.84%). Theoretically, the deoxygenation reaction
removes the carboxyl/carbonyl group fragments from fatty acids
to form long and straight-chain hydrocarbons through a decar-
boxylation/decarbonylation (deCOx) mechanism.53 RTO was
deoxygenated for 4 h at 350 °C under N2 ow employing a semi-
batch ow reactor. The catalytic activity of RTO using Y-Ln
zeolite is shown in Table 5. Blank experiment was performed
without catalysts under similar reaction conditions, in which
8.95% of liquid yield was achieved. The activity was also
investigated based on the degree of deoxygenation (DOD). DOD
was described as the decrement of oxygenated compound
concentration in the liquid products relative to the oxygenated
concentration in the RTO oil. Y-L2 catalyst signicantly
improves DDO to 75.36% with 69.65% hydrocarbon selectivity,
indicating enhancement of deoxygenation activity to remove
oxygen content from parent triglyceride RTO. Zeolite Y-L10
achieved the highest performance with hydrocarbon selec-
tivity of 77.38% and DDO of 84.37%. The results were associated
with the high mesoporosity of Y-L10 that was responsible for
improving the formation of long and straight-chain hydro-
carbon. The presence of mesopores with diameters of 3.70 nm
and 6.49 nm is benecial to enhance the diffusion rate of
reactant/product and to improve the targeted product forma-
tion.54,55 Zeolite Y-L10 catalyst appears to be effective in
producing the highest hydrocarbon-like biofuel and DDO under
H2-free conditions. However, the liquid yield is still relatively
low, presumably due to a low number of Lewis acid sites.
Therefore, Y-L10 was impregnated with Ni nanoparticles at
different loading to increase catalytic activity for deoxygenation
under similar conditions.

The liquid yield increased following Ni impregnation to
48.8% at 20% Ni loading, indicating the Ni role in providing
Lewis acidity in the deoxygenation of RTO to liquid products
(Fig. 10).7 Lewis acidity improves the dissociation of the C–C
RSC Adv., 2023, 13, 32648–32659 | 32655
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Fig. 10 Catalytic deoxygenation of RTO using Y-L10 and Ni–Y.
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bond in triglyceride and promotes the decarboxylation/
decarbonylation (deCOx) reaction.56,57 The lowering gas and
char production suggest the Ni addition enhanced stability as
Fig. 11 The liquid distribution and degree of deoxygenation (DO) on
using zeolite Y-L10 and Ni/Y catalysts.

Fig. 12 Hydrocarbon distribution (a) and alkane/alkene composition (b)

32656 | RSC Adv., 2023, 13, 32648–32659
a result of quicker product removal and lesser coke formation
owing to shorter diffusion path lengths.58

The liquid deoxygenated product was classied based on its
functional group into hydrocarbon, carboxylic acid, aromatic,
cyclic, alcohol and ketone (Fig. 11).

Ideally, in order to preserve the long chain hydrocarbon
structures, the catalysts in the deoxygenation reaction should
remove the oxygenated carbon in FA while blocking the hydro-
cracking reaction.7 The composition of liquid products ob-
tained from 10NiY and 15NiY catalysts were dominated by
hydrocarbon and aromatic compounds as the primary prod-
ucts. Meanwhile, the carboxylic acid was formed as a secondary
product, suggesting that the deoxygenation pathway dominated
the reaction. Cyclic, alcohol and ketone present at very low
concentration as a tertiary product. Cyclic compounds may be
formed by the cyclization of unsaturated molecules, which
results in the formation of n-cycloalkanes.59,60 Some aldehydes
formed as intermediate molecules can be further hydrogenated
to ketone and alcohol.61 Conversely, carboxylic acid becomes
the primary product when the RTO undergoes thermal cracking
into short-chain carboxylic acids. Competition between hydro-
carbon formation and carboxylic acid can be seen during the
reaction.

Impregnation of NiO onto zeolite Y-L10 signicantly
increased the liquid yield and degree of deoxygenation.
However, a low percentage of DOD was obtained on 20NiY due
to the decrease of Lewis acidity that favoured the formation of
alcohol (Fig. 9). Although 20NiY achieved a similar liquid yield
as 15NiY, the high NiO loading may have resulted in particle
agglomeration. The highest DOD of 85.44% was achieved on
15NiY, with less than 1% of oxygenated compound (carboxylic
acid, ketone and alcohol) analysed in liquid yield.

Fig. 12 illustrates the distribution of hydrocarbon chain
number and alkane/alkene composition of the liquid yield. The
C15 and C17 hydrocarbon yields were signicantly enhanced
with increasing the Ni loading, implying that the deCOx reac-
tion pathway is the primary reaction. Hydrocarbons C15 and
C17 were produced from the removal of oxygenated carbon
from the initial fatty acids of palmitic acid (C16:0), oleic acid
of deoxygenated liquid product.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Proposed reaction mechanism of RTO deoxygenation using NiY catalyst.
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(C18:1), and linoleic acid (C18:0). Most of the resulting hydro-
carbons were saturated hydrocarbon chains (alkanes) at 75–
100% selectivity. However, 20NiY showed 61.62% selectivity to
unsaturated hydrocarbon (alkenes). The saturated hydrocarbon
is formed through a decarboxylation reaction in which the
carbonyl group is removed to generate CO2 gas. Meanwhile, the
saturated hydrocarbon (alkenes) range from 0–24.7% is
contributed by the decarbonylation reaction of triglyceride/fatty
acids where the carbonyl group is removed to form CO gas.62

Fig. 13 illustrates the proposed mechanism of RTO deoxy-
genation using NiY catalysts. Vegetable oil is composed of
triglyceride chains of saturated and unsaturated fatty acids. The
mechanism of the deoxygenation reaction can be described by
the termination of C–C bonds in triglycerides through b-elimi-
nation of hydrogen to form 1 unit of oleic acid.63 Lewis acidity
has a more signicant role in the abstraction of hydride ions
than Brønsted acid.64 The resulting oleic acid undergoes
a cracking reaction on the terminal carbon (–CH2), leading to
a shorter saturated carboxylic acid.65 These steps become
dominant at 20% Ni loading, presumably the saturation of
mesopore area with Ni particles that prevent efficient diffusion
of oleic acid. More extended residence in the clogged meso-
pores due to slower product diffusion leads to the thermal
cracking of oleic acid into shorter-chain carboxylic acids. The
decarboxylation/decarbonylation (deCOx) reaction of oleic acid
removes the carbonyl group as CO2 or CO gases, resulting in
hydrocarbon with one less carbon chain from the oleic acid.

Hydrogen promotes the hydrogenation of unsaturated fatty
acid to the saturated fatty acid. Hydrogenation is a reversible
© 2023 The Author(s). Published by the Royal Society of Chemistry
process in which dehydrogenation of saturated fatty acid forms
unsaturated fatty acid, releasing H2 gas.66 The selectivity of alkane
and alkene is inuenced by the properties of the catalyst and the
reaction conditions.67 The CO2, CO, hydrogen, and water
produced by liquid phase decarboxylation/decarbonylation will
be subjected to gas phase reactions such as methanation or
water-gas shi reactions. Cyclic and aromatic compounds were
produced in liquid deoxygenation products but at a low compo-
sition. Cyclization reactions of unsaturated compounds formed
n-cycloalkanes.59,60 The formation of mono-aromatic compounds
involves the dehydrogenation of cycloalkane compounds.
Meanwhile, polyaromatics are formed through polymerization
and dehydrogenation reactions of mono-aromatic compounds or
intramolecular radical cyclization mechanisms.68,69

Conclusions

Saponin extract from Sapindus rarak fruit was utilized as
a natural surfactant for mesopores formation in zeolite Y. The
amphiphilic structure of glycone and aglycone in saponin
generates strong interaction with SiO– or AlO–, while the
hydrophobic chain induces mesoporosity. The increase in SRE
concentration improves zeolite Y mesoporosity, achieving
216.26 m2 g−1 of mesoporous surface area and 0.214 cm3 g−1 of
mesoporous volume. High mesoporosity enhanced hydro-
carbon selectivity from the deoxygenation of RTO. Impregna-
tion of NiO further increased the catalytic deoxygenation of RTO
to liquid biofuel due to the elevated Lewis acidity that enhanced
the catalytic conversion of RTO into long-chain hydrocarbon via
decarboxylation–decarbonylation routes.
RSC Adv., 2023, 13, 32648–32659 | 32657
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