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were determined using GC-mass analysis. The effect of different parameters on
conversion% of canola oil, including La content, zeolite calcination temperature,
transesterification temperature, catalyst wt%, methanol-to-oil mass ratio, and
reaction time were studied. The optimal La content was determined to be 5 wt%,
and the corresponding catalyst was designated as 5La/Z254.

The 5La/ZSM-5 exhibited considerable catalytic activity in transesterification of
canola oil compared with the parent HZSM-5 zeolite. The catalytic activity of
5La/Z2S4 can be improved by increasing its acidity and specific surface area. The
transesterification process achieved a conversion% of 100% using 5La/Z254 catalyst
calcined at 550 °C, under the following conditions: methanol-to-oil mass ratio of
15:1, reaction temperature of 85 °C, reaction time of 7 h, and catalyst loading
percent of 20 wt %. The results show, that addition of vanadium to 5La/Z254 to form
a bi-metallic catalyst 0.8V-5La/Z2S4, promoted the catalytic activity in biodiesel
production compared to the other synthesized catalysts including 5Ni/Z254, 5Cu/
2254, 5Co/Z254, and 5Cr/Z254.
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1. Introduction

Concerns about environmental pollution from
CO, emissions and sulfur oxides, along with the
depletion of fossil fuel sources, have motivated
widespread research into sustainable energy
sources [1]. The clean and renewable energies
restrict the ever-increasing global warming and
climate change. Biodiesel, composed of fatty acid
methyl esters, is a renewable, carbon-neutral
fuel source [2]. Biodiesel combustion generally
decreases the levels of sulfur oxides, SO, and SO,
[3]. Furthermore, biodiesel is biodegradable, non-
toxic, and a renewable energy source. Therefore,
this green, sustainable fuel is considered a viable
alternative for solving the energy crisis and
environmental pollution problems owing to its
superior properties [4, 5]. Natural oils can be used
to produce alkyl esters for use in conventional
diesel engines (with appropriate cetane number,
calorific value, cloud point, pour point, and higher
oil solubility), thereby making them suitable as fuels
[6, 7]. Previous investigations have demonstrated
that biodiesel can be utilized in unmodified diesel
engines since it has similar chemical properties to
petroleum light oil.

In this endeavor, many efforts have been made
to use biodiesel in diesel engines to minimizing
environmental issues [8, 9]. Economic studies
show that biodiesel may not compete with fossil
tuels due to its higher production costs. However,
the fabrication cost can be reduced by using
less expensive alternative raw materials, such as
unrefined oils, non-edible oils, or waste oils [10].
Commonly, the non-edible oils have been taken
into consideration as the main source of biodiesel
production [11]. Biodiesel can be produced from
two pathways: esterification of free fatty acids
(FFAs) or transesterification of oils and fats with
simple alcohols. Transesterification of triglycerides
or esterification of free fatty acids by methanol or
ethanol produces an alkyl ester, called biodiesel.
Animal fats or vegetable oils with high free fatty
acid content were considered the main feedstocks
for biodiesel production. Among them, oil crops
have received much more attention due to the high
oil content of their seeds [12]. Biodiesel has been
produced from conventional feedstocks such as
soybean, sunflower, palm, and rapeseed [13]. One
of the oil-rich seeds is rapeseed, a member of the
brassica family [14]. Canola oil is obtained from
rapeseed that contains a variety of triglycerides,
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which can be used to produce biodiesel [15].
Canola cultivars have been harvested in many
European countries as a primary source for
biodiesel production [16]. The production rate of
rapeseed oil in Iran has been increasing in recent
years, but its use for industrial applications, such
as biodiesel production, is very limited [17].
Canola has the highest productivity per hectare in
Iran [18], so canola oil was selected for catalytic
biodiesel production.

The esterification reaction is normally performed
in the presence of acidic homogeneous catalysts,
such as sulfuric acid, sulfonic acid, and phosphoric
acid [19, 20]. Homogeneous acid catalysts,
especially inorganic acids, can cause corrosion
problems with diesel engines or automobile
exhaust systems, which should be neutralized at the
end of fuel processing. Despite the homogeneous
acidic catalysts, heterogeneous base catalysts
can be applied in biodiesel production without
a further purification process due to their non-
corrosive properties [21-24]. Unfortunately, the
saponification reaction of FFAs is often harmful
to base catalysts, which can deactivate their active
sites. Esterification or transesterification reactions
can proceed using heterogeneous acidic catalysts
without saponification. In general, much research
focuses on the synthesis of heterogeneous catalysts
due to their easier separation from the reaction
environment, reusability, and reduced corrosion.
Although biodiesel production may encounter
other issues, such as catalyst regeneration and
environmental pollution [25, 26].

The main goal of this study is to produce
biodiesel from canola oil using methanol with
different catalysts. Among the developed catalysts,
zeolites have received much more attention due to
their promising properties, including reusability,
strong acidic sites, a high specific surface area,
tunable pore size, high thermal and mechanical
stability, a cost-effective synthesis method, and fast,
facile separation of the reaction mixture [27-33]. In
this study, ZSM-5 was used as a catalyst support via
a seed-assisted method. The goal of this study is
to design high-porosity ZSM-5 using highly pure,
cost-effective N, N-diethylaniline. The authors
also focused on producing a La/ZSM-5 catalyst
that meets the required specifications for biodiesel
production. In addition, zeolites were modified
with other transition metals, including Ni, Cu, Co,
Cr, and V, in this study.
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2. Experimental methods
2. 1. Chemicals

Sodium hydroxide, silicon dioxide, and
sodium aluminate were used for zeolite synthesis
(Merck). Chromium(III) nitrate, lanthanum(III)
nitrate, vanadium(III) chloride, nickel(II) acetate
tetrahydrate, cobalt(II) nitrate hexahydrate,
copper(Il) nitrate, polyethylene glycol (surfactant),
hydrochloric acid (solvent), n-hexane (solvent)
were supplied from Merck. In addition, absolute
ethanol and methanol were supplied from Ghatran
Shimi Co. N,N-diethylaniline (Merck Co.) was
applied as a structure-directing agent for ZSM-5
synthesis. Canola oil was purchased from Iranian
company Famila and applied for transesterification
reaction. All chemicals were used in this study as
received without further purification.

2. 2. Instruments

In this study, X-ray diffraction (XRD) patterns
were reported by a Philips X-ray diffractometer
(Cu Kal radiation, cobalt anode, the wavelength
of 1.7889 A, 40 kV, 40 mA). FT-IR spectra
were recorded on Bruker model Tensor 27
Spectrophotometer. The structural characteristics
of formed catalysts were determined using a
scanning electron microscope SEM instrument,
model EM 3200, kyky, and further information was
collected by a Field Emission Scanning Electron
Microscope (FESEM) model TESCAN. The
elemental analysis of the catalysts was obtained
by EDS (model: TESCAN-Sirius SD) apparatus.
The unknown samples and products of the
transesterification reaction were identified by a
gas chromatography-mass spectrometry (GC-
MS) analyzer (Model: Agilent 6890N Network
GC system -5973N Mass selective detector). An
ultrasonic bath (model Transsonic TI-H-5, Elma,
Singen, Germany) was employed for homogenizing
the mixtures, with power of 70 W at temperature of
70°C. In addition, the concentration and content of
various components in the products were measured
using a gas chromatography (GC) instrument
(Agilent, 6890 series). By BET instrument
(Micromeritics TriStar) the specific surface areas
of different samples can be measured, including
the pore size distribution and specific surface area
using nitrogen adsorption isotherms.

2. 3. Synthesis of S3 and S$4 seeds

The seed-assisted method is a two-step
procedure for zeolite synthesis aimed at reducing
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the consumption of structure-directing agents
(SDAs) and air pollution from burning organic
compounds. This method is also considered a
facile, low-cost synthesis method compared to
conventional methods [34, 35]. The silica gel
was prepared by dissolving 1.53 g of SiO, in 6
mL of double-distilled water under stirring. In
continuation, 0.082 g of sodium aluminate and
0.0065 g of NaOH were dissolved in distilled
water (4 ml), followed by the addition of 2.92 g of
N, N-diethylaniline as SDA and 5 ml of absolute
ethanol. The mixture was stirred continuously
for 20 min at room temperature to achieve a
transparent solution. In continuation, the mixture
was added to the prepared silica gel and stirred
with a magnetic mixer (1400 rpm) for 24 h; the
solution was then subjected to ultrasonication for
75 min to produce a homogeneous gel. Afterward,
the solution was transferred to a stainless-steel
autoclave with a Teflon liner and hydrothermally
treated at 165 °C for 120 h. The particles were
separated by centrifugation, washed once with
absolute ethanol, and then three times with distilled
water. The obtained particles were dried overnight
at 120°C. The sample was calcined at 550°C for 6
h, and the white precipitate produced is called S4.
To assess the effect of ultrasonic iiradiation on seed
quality, the seeds were synthesized under identical
conditions without ultrasonic irradiation, and the
obtained seed was nominated S3.

2. 4. Seed-assisted synthesis of ZSM-5 at different
pH values (ZS4, Z1S4, Z2S4, and Z3S4) and
control sample ZS3

ZSM-5 was synthesized using a seed-assisted
method. In this template-free synthesis, a specific
amount of seed was added to the initial sodium
aluminosilicate gel. The gel composition was
identical to that used for seed preparation, except
that no organic templates were used. In a beaker,
0.703 g of sodium aluminate was dissolved in 28 ml
of distilled water, followed by the addition of 2.52 g
of NaOH to adjust the pH of the produced sodium
aluminate gel to 11. The mixture was stirred until
a clear solution formed. In addition, 5.15 g of SiO,
was dissolved in 50 ml of distilled water to obtain
silica gel. The silica gel was mixed with sodium
aluminate solution and stirred vigorously for 150
min to obtain a white mixture (solution 1).

Subsequently, a specific amount of S4 seeds
(2.56 g) was added to 9 ml of ethanol to prepare
a clear suspension. The seed suspension was
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sonicated for 2 h. The obtained suspension was
added to the sodium aluminosilicate gel (solution
1) and was stirred for 2 h at room temperature to
prepare a homogeneous gel. The suspension was
then transferred to a 100 ml autoclave to be treated
hydrothermally in a furnace at 165 °C for 24 h. In
continuation, the nanocrystalline ZSM-5 particles
were collected by centrifugation, washed with
acidic ethanol (100 ml of ethanol/0.1 ml of HCI 1
M), and subsequently washed several times with
distilled water. The collected particles were dried
at 130 °C in an oven overnight to obtain the ZS4
zeolite. The synthesis was carried out using 2.56
g of S3 seeds (without-ultrasonic irradiation) to
produce the ZS3 control sample. In this study, the
effects of pH values were examined resulting of
various zeolites, as summarized in Table 1.

2. 5. Metal loading on Z2S4 zeolite for the
preparation of xM/Z284 catalysts (M=La, V, Ni,
Cu, Co, and Cr)

Various metals, including La, V, Ni, Cu, Co, and
Cr, were immobilized on nano-porous zeolites, and
their catalytic efficiencies in the transesterification
reaction were comprehensively studied. All catalysts
were prepared using the same procedure, with
slight variations in metal loading percentages and
calcination time during the metal immobilization
step. Subsequently, a bimetallic nano-catalyst
composed of lanthanum (La) and vanadium (V)
was employed to produce biodiesel from canola
oil. Evaluation of the catalytic efficiencies revealed
that Z2S4 exhibited the highest catalytic activity
and the most favorable structural characteristics
among the other supports. In this regard, among
the synthesized zeolites, Z254 was selected as the
support for catalyst preparation.

0.0237g of La(NO,), was dissolved in 50 ml
of ethylene glycol and was stirred vigorously. In
continuation, 0.4 g of NaOH was added to this

solution and mixed for 30 min to achieve a white
solution. This solution was refluxed at 160 °C for
3 h, yielding a brown solution. In the next step, 2
g of prepared Z2S4 was added to this solution and
mixed for 24 h at room temperature. The obtained
precipitate was separated by centrifugation and
washed several times with double-distilled water.
The precipitate was dried at 120 °C for 14 h and
calcined at 550 °C for 3 h. The obtained nanocatalyst
was designated 0.5La/Z254, where 0.5 denotes the
La-to-Z254 weight ratio. The other catalysts were
synthesized through a similar procedure with
different metals (Table 2).

2. 6. Catalytic transesterification of canola oil for
biodiesel production

Transesterification of triglycerides into fatty acid
methyl esters was performed in a jacketed 100 ml
batch reactor equipped with a reflux condenser and
a magnetic stirrer. Initially, 0.2 g of heterogeneous
solid catalyst and 6.075 g of methanol were
mixed in a 100 ml reactor equipped with a reflux
condenser and a magnetic stirrer (rpm = 700)
for 5 min. Afterward, 2 g of canola oil was added
to the mixture under vigorous stirring, and the
mixture was refluxed for 7 h. The system was
heated to the desired temperature, and the mixing
rate was maintained at 1000 rpm throughout
the reaction. After 7 h of transesterification, the
reaction mixture was centrifuged at 3500 rpm for
10 min to separate the catalyst from the solution.
Methanol was separated from the mixture by
vacuum filtration, after which the solution was
poured into a separating funnel and left to stand
at ambient temperature overnight, yielding two
distinct liquid phases. Two layers formed: biodiesel
(the upper layer, comprising biodiesel and the
remaining oil) and glycerol (the lower layer). The
biodiesel and glycerol layers had different densities,
allowing easy separation. The methyl ester content

Table 1. List of zeolites synthesized using S3 and S4 seeds*

Zeolite Seed type pH
783" S3 11
754 S4 14
7154 S4 13.7
72584 S4 12.5
7354 S4 11.4

" 2.56 g of S4 was dissolved in 9 ml of ethanol
"ZS3 is control sample
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of the biodiesel phase was determined by gas
chromatography. To evaluate catalytic activity,
the conversion percentages of canola oil in the
transesterification reactions were calculated and
compared.

Conversion% = (COC_'QJ x100 (1)

0

In which C and C, are the initial and remaining
concentrations of feed, respectively. According
to Eq. 1, the reaction conversion percent was
obtained from the peak areas of the GC spectrum.
The reaction operating conditions, such as catalyst
amount, methanol-to-oil mass ratio, reaction time,

Original Article

and temperature, were optimized to achieve the
highest efficiency.

3. Results and discussion
3. 1. FTIR spectra of the samples

The FTIR spectrum of the S4 seed is presented
in Fig. 1. The peaks observed at 470 cm™ and 804
cm’! correspond to the bending and symmetric
stretching vibrations of T-O-T (T=Al or Si),
respectively. The peak appeared at 1100 cm™ is
attributed to the asymmetrical stretching vibration
of T-O-T [36]. The absorption peaks around 1500
cm™ are assigned to the symmetric and asymmetric
stretching vibrations of T-O-T of SiO, and AlO,
tetrahedron (T=Al or Si), as well as to the bending
vibrations of Si-O-H. Moreover, the absorption

Table 2. List of synthesized catalysts

Zeolite Metal type wt/wt (%) ten?iizzf:?oc)
0.5La/Z254 La 0.5% (0.0237g of La(NO3)s and 2 g of Z254) 550
1La/Z254 La 1% (0.0473 g of La(NOs); and 2 g of Z254) 550
2La/Z254 La 2% (0.0945 g of La(NO3)s and 2 g of Z254) 550
3La/Z254 La 3% (0.142 g of La(NOs)s and 2 g of Z254) 550
41a/7254 La 4% (0.19 g of La(NOs); and 2 g of Z2S4) 550

5La/Z284 La 5% (0.237 g of La(NOs)s and 2 g of Z254) 300, 400, 550, 700
6La/Z254 La 6% (0.284 g of La(NOs)s and 2 g of Z254) 550
7La/Z254 La 7% (0.331 g of La(NOs)s and 2 g of Z254) 550
5V/Z254 Vv 5% (0.308 g of VCl; and 2 g of Z254) 550
5Ni/Z254 Ni 5% (0.424 g of Ni (CH:COO)2.4H,0 and 2 g of Z254) 550
5Cu/Z2S4 Cu 5% (0.295 g of Cu(NO3)2.3H20 and 2 g of Z254) 550
5Co/Z254 Co 5% (1.039) g of Co(NO3)2.6HO and 2 g of Z254) 550
5Cr/Z254 Cr 5% (0.4577 g of Cr(NOs); and 2 g of Z254) 550
0.8V-51.a/Z254 V and La 0.8%V and 5%La (0.049g of VCl; and 0.237g of La(NOs); and 2 g of 550

7254)

Fig. 1. FTIR spectrum of S4

Colloid Nanosci. J. 3(3) (2025) 707-726
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peaks in the range of 2800-3000 cm™ and the
broad peak at 3400-3500 cm™ are attributed to the
asymmetric C-H stretching vibration of methylene
groups and the O-H stretching of the Si-OH-
Al bridge (indicative of Brensted acid sites),
respectively [22, 23].

Subsequently, the FTIR spectra of ZS4, Z154,
7254, and 7354 were obtained and are shown in
Fig. 2. The peaks appeared at locations similar to
those of the synthesized seeds, with only slight
variations. The observed peaks at 1500 cm™ In Fig.
2, it relates to symmetric and asymmetric stretching
vibrations of T-O-T in the TO4 tetrahedron (T
= Si, Al) and five-membered rings of pentasil in
zeolite, and bending vibrations of T-OH (T = Si,
Al) in ZSM-5 [37, 38]. The bands at 470 cm' and
804 cm™', which represent the five-membered ring
pentasil unit of the ZSM-5 structure and indicative
of zeolite crystallinity.

In continuation, FTIR spectra of the prepared
metal-loaded catalysts (5La/Z2S4, 5V/Z254, 5Ni/
7254, 5Co/Z2S4, 5Cu/Z2584, and 5Cr/Z2S4) have
been compared with the FTIR spectrum of Z2S4

in Fig. 3. Comparison of the spectra in Figs. 3b-g
with that of Z254 (Fig. 3a) indicates no significant
differences. This confirms that Z2S4 retained its
structure after cation substitution. The slight shifts
observed in the Z2S4 peaks can be attributed to
ion exchange within the zeolite structure. For
instance, the peaks at 553 cm™ and 621 cm™ in the
7254 spectrum (Fig. 3a), corresponding to the
T-O-T inner stretching vibrations, are diminished,
weakened, or shifted following metal deposition.
The shift in the Si-OH stretching vibration is
associated with interactions between Si-OH groups
and metal jons. This provides evidence that a
substantial number of internal Si-OH groups
within the zeolite rings coordinate to the metal
ions, forming Si-O-M bonds (M = La, V, Ni, Co,
Cu, Cr). Additionally, the intensity of the OH peak
in the range of 3500-3800 cm™ has decreased and
transferred, indicating a decline in the number
of OH bridges in Al-OH-Si, which is due to
replacement by M-OH (La-OH) [39-41].

Fig. 4. presents the FTIR spectrum of the
0.8V-5La/Z254 bimetallic catalyst, compared with
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Fig. 2. FTIR spectra of (a) ZS4, (b) Z1S4, (c) Z2S4, and (d) Z354
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Fig. 3. FTIR spectra of (a) Z254, (b) 5La/Z254, (c) 5V/Z254, (d) 5Ni/Z254, (e) 5Co/Z254, (f) 5Cu/Z2S4, and (g) 5Cr/Z254
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that of the parent Z2S4. The slight shift observed
in the FTIR spectrum of Z254 is attributed to ion
exchange within the zeolite framework. A peak at
630 cm! corresponds to the La-O vibration, while
the broad observed peak in the range of 3400-3600
cm'! is assigned to the OH stretching vibration. The
substitution of Al by other metal species (M) in the
hydroxyl bridge leads to the formation of Br@nsted
acid sites. The presence of Lewis acid sites is
evidence by the band appearing in the range of
1450-1490 cm. The peak observed in the region of
1425-1480 cm™ is assigned to the bending vibration
of the O-V-O group [41, 42].

The FTIR spectra of 5La/Z2S4 before and after
the transesterification reaction are presented in
Figs. 5a and 5b respectively. The FTIR spectra of
the catalyst indicate that the zeolite structure was
preserved after the reaction, with no significant
changes, which can be attributed to the catalyst’s
high structural stability. The absorption peaks
observed in the range of 2800-3000 cm™' relate to
the C-H stretching vibrations of a methylene group
(Fig. 5b). This feature indicates the presence of
oil or organic impurities adsorbed on the catalyst

Original Article

surface, which could not be completely removed
even after washing.

3. 2. EDS Analysis

Elemental analysis of the samples was performed
using Energy-dispersive X-ray spectroscopy (EDS),
as shown in Figs. 6a-d. Various chemical elements,
including silicon, aluminum, sodium, carbon, and
oxygen, were detected in all samples, all of which
are related to the added compounds in the reaction.
Additionally, the detected carbon peak can be
attributed to impurities in the sodium aluminate
used. The high oxygen content is associated with
the presence of aluminate and silica in the reactants.
The results show that ultrasonic irradiation could
lead to higher Si/Al ratio. The average Si/Al mass
ratio of S3 seed (without ultrasonic irradiation) is
14 (Fig. S1), however S4 exhibited an average Si/
Al mass ratio of 22.3 (Fig. 6a), which is close to
the initial reactant ratio and agrees with the value
suggested in reference [43]. Consequently, S4 was
selected as a suitable seed and was directly used
in the synthesis of ZSM-5. The EDS spectrum of
the ZS4 zeolite is reported in Fig. 6b. According to
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Fig. 4. FTIR spectra of (a) Z254, (b) 0.8V-5La/Z254

(b)

Yo )

ance (¢

@

[

Transmitt

3900 3400 2900 2400

1900 1400 900 400

Wavenumber (cm™)

Fig. 5. FTIR spectra of 5La/Z254 (a) Before transesterification, and (b) After transesterification
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the experimental data, the Si/Al mass ratio of ZS4
was determined to be 7.1. The average Si/Al mass
ratio in the Z254 sample is approximately 10 (Fig.
6¢), which corresponds to the initial Si/Al ratio and
is consistent with the value reported in reference
[27]. It can be observed that as the pH decreases,
the sodium content decreases, while the average Si/
Al mass ratio increases. Furthermore, EDS analysis
revealed that the average Si/Al mass ratio of Z354
was approximately 9 (Fig. 6d), which is close to the
initially employed Si/Al ratio. Since the highest Si/
Al ratio was obtained at pH=12.5, the Z2S4 zeolite
was selected as the optimal zeolite for catalyst
synthesis and subsequently metal loading.
Transition metal-loaded zeolites have attracted
increasing attention for their high catalytic activity
in redox reactions and favorable physicochemical
properties. These catalysts have been employed in
a variety of organic reactions, such as the oxidation
of alkenes, the conversion of olefins to thiols, the
separation of nitromethanes, and the production
of biofuels [44]. Therefore, different catalysts,
including 5V/Z2S4, 5Ni/Z254, 5Co/Z2S4, 5Cu/
7254, 5Cr/Z254, and 5La/Z2S4, were synthesized
in this study by loading different transition metals
onto the Z2S4 zeolite. Figs. 7a-e show that the
metals were well stabilized in the zeolite structure.
Notably, the amount of immobilized lanthanum
ions is higher than that of nickel, vanadium,
copper, and chromium. Subsequently, vanadium

Sika

[T r—

and lanthanum were simultaneously stabilized
on the surface of Z2S4 in varying amounts to
prepare the 0.8V-5La/Z254 catalyst. The elemental
composition of the catalyst is presented in Fig. 7f.
Comparison of the EDS analysis indicates a slight
reduction in the amounts of Si, Al, and La, whereas
vanadium cations are effectively immobilized
within the catalyst structure.

3. 3. SEM analysis

Fig. 8a presents typical S4 seed nanoparticles
with sizes ranging from 15 to 60 nm, corresponding
to a Si/Al ratio of approximately 22.3. SEM
image clearly shows that the particles were
synthesized in a uniform, well-ordered manner,
with no aggregation or cohesion. Moreover, the
morphologies and particle sizes of the samples do
not differ significantly. The use of these nanoscale
seeds promotes the formation of zeolites with
nanoscale dimensions. The average crystal size
of the S4 varies between 15 and 60 nm, resulting
from a combination of the ultrasonic effect and the
hydrothermal synthesis method. The porous and
uniform structure of ZS4, consisting of spherical
particles, is presented in Fig. 8b.

The morphology of Z254 is illustrated in Figs.
9 a-d. It can be observed that the particles are
individual, highly uniform, well-ordered, and
fully integrated, with no evidence of aggregation
or adhesion. Figs. 9c and 9d show the layered
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Fig. 7. EDS analysis of metal based-zeolites (a) 5La/Z254, (b) 5V/Z254, (c) 5Ni/Z254, (d) 5Cr/Z254, (e) 5Cu/Z2S4, and (f)
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Fig. 8. SEM image of (a) S4 seeds and (b) ZS4
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structure of the particles. Each particle is composed
of uniform sheets measuring 10-60 nm, which are
interconnected to form spherical particles.

The FE-SEM images of the 5La/Z254 catalyst
(Figs. 10a-d) reveal the layered structure of the
particles. Each particle is composed of multiple
interconnected sheets that assemble into spherical
aggregates. Lanthanum is uniformly immobilized
on the Z254 zeolite substrate, with particle sizes
ranging from 20 to 40 nm (Fig. 10c).

SEM images of the ZS3 control sample (Figs. S2
(a-c)) reveal localized particle aggregation, which

may result from non-uniform homogenization in
the absence of ultrasonic irradiation. Amorphous
particles are also observed in certain. The average
particle diameter was found to range between 1 and
2 pm. Due to the low Si/Al ratio of S3 seeds (14)
and structural non-uniformity, the ZS3 sample was
not employed in the transesterification reaction.

3. 4. XRD results of Z254 and 5La/Z254 samples
Fig. 11 shows the powder XRD pattern of the

prepared Z2S4 zeolite. The sample shows the

characteristic diffraction peaks at the angles

Fig. 9. SEM images of Z254 (a) An integrated overview of the zeolite particles, (b) A view of a single particle, (c) Structure of
the particle layers, and (d) Size of the layers

Fig. 10. FE-SEM images of 5La/Z2S4 (a) An overview of the porous zeolite, (b) Aggregation of the particles, and (c)
Immobilization of lanthanum on the Z254 zeolite
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Fig. 11. XRD pattern of Z254 sample
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20 of 14.92°, 17.42°, 23.43°, 25.14°, 25.20°
29.78°, 32.53°, 35.16° 39.79°, 47.11°, and 51.87°,
corresponding to the crystalline planes of 211,
220, 321, 400, 004, 332, 413, 215, 611, 640 and 732
respectively (JCPDS: 6418-89). This structural
characteristic identified the ZSM-5 structure
corresponds to the Na , Al Si . O, chemical
formula. Also, the observed peaks at the angles
of 12.79°, 15.12°, 17.92°, 26.52°, and 28.32° are
related to the crystalline planes of 110, 101, 121,
310, and 301, respectively which identified the
amorphous hydrated sodium aluminum silicates
with the formula (Na,0), ,,ALO.(SiO,),, (H,0)
with a hexagonal structure.

The mordenite phase, with the chemical formula
Na,ALSi . .O,, and an orthorhombic system, is also
detected in this zeolite, which is not the dominant
phase in the zeolite structure. The sharp diffraction
peaks in the XRD pattern indicate the high
crystallinity of the zeolite particles. A summary of
crystallographic data is reported in Table 3.

2.01 1.65
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In continuation, the XRD pattern of the La
loaded ZSM-5 (5La/Z2S54) sample was reported to
demonstrate the structural stability during metal
loading (Fig. 12).

Comparing the XRD diffraction pattern of 5La/
7254 with the pattern for Z254 shows that after La
stabilization, there did no significant change in the
zeolite structure; the appeared peaks shifted slightly
to larger angles, confirming the placement of the
La in the pores of Z2S4. The observed diffraction
peaks at the angles 26 of 22.25°, 27.72°, 30.35°,
31.50° 33.15°, 34.65°, 35.45°, 40.20°, 44.30°, 50.83°,
51.11°, 54.50° 56.69°, and 59.76° corresponding
to the crystalline planes of 200, 004, 203, 212, 300,
005, 204, 312, 400, 224, 322, 030, 126, and 133
respectively; which are assigned to lanthanum
aluminate with the chemical formula La A O,
with an orthorhombic structure (JCPDS: 39-009).

Also, in the 5La/Z2S4 sample, the diffraction
peaks are not clear and transparent, which could be
because very small amounts of metal oxide particles

Table 3. Crystallographic data of Z254

Crvstal S S Calculated
s ace ace grou
B P PacegrouP A A)  b@A)  c(A)  Alpha(®) Beta() Gamma(?)  density
system group number 5
(g/cm®)
Tetragonal 141/acd 142 13.6251  13.6251 13.5870 90.000 90.000 90.000 2.11
800
700
600 i
2 500
o,
Z 400
g
£ 300
200
100
0
0 10 20 30 50 60 70 80 90
2Tetha (degree)
Fig. 12. XRD patterns of 5La/Z254
Table 4. BET analysis of Z254 structure
BJH Adsorpti t-Plot t-Plot
BJH desorption J . sorption Total pore ° . ° BET
Adsorption average pore External Micropore
Sample average pore ] volume Surface
width (nm) average pore diameter (cm?/g) Surface Area Area (m%/g)
width (nm) (nm) 8 Area (m*/g) (m?*/g) 8
ZSM-5 5.6831 3.86 9.5737 0.0203 659.93 190.85 850.79
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escape XRD detection. In fact, the La/ZSM-5
sample was prepared by heating at 550°C, and it
has been reported that metal oxide can migrate into
the pores of the zeolite through calcination process
and the migration rate depends on the temperature
used [39].

3. 5. Textural properties of Z2S4 as appropriate
support for the catalyst

The most common method for measuring the
specific surface area of materials is the Brunauer-
Emmett-Teller (BET) method. In this technique,
the surface area of the zeolites, as well as the
cavity diameter and volume, are determined from
nitrogen adsorption-desorption isotherms. In
this study, the properties of the synthesized and
commercial samples were compared. As can
be observed in Table 4, the surface area of the
synthesized sample is 850.79 m%g, which is nearly
twice that of the commercial sample [45]. The
BET surface area of the commercial ZSM-5 which
was reported in reference [45] was reported as

e
o Nk o

Quantity Adsorbed (cm3/g STP)
o

0 02 0.4

415 m%g. The BET surface area of the synthesized
sample (Z254) was measured as 850 m?%g which is
more than twice than the commercial sample. Also,
the surface area of the synthesized sample in the
reference [45] (which was dominated ZSM-5-M)
was measured as 608 m>g which is lower than that
of the synthesized Z2S4 sample in this study. An
increase in surface area can enhance the catalytic
activity of the aforementioned zeolite. Moreover,
the synthesized zeolite exhibits a larger pore size
than the commercial sample, which may contribute
to improved selectivity.

The nitrogen adsorption-desorption isotherms
of Z2S4 are shown in Fig. 13 and compared with
those of the commercial sample. The results
indicate that both types of zeolites exhibit IV-type
isotherms, which belong to the fourth category in
the TUPAC classification. This result confirms the
presence of a mesoporous structure with pore sizes
ranging from 2 to 50 nm.

The pore size distribution of Z254 is presented in
Fig. 14. It can be seen, the overwhelming majority

0.6 0.8 1 1.2

Relative Pressure (P/PO)

Fig. 13. The nitrogen adsorption-desorption isotherms of the Z254 sample
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Fig. 14. The pore size distribution of Z254
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of the pores are distributed within the range of
3-4.5 nm, with an average pore size of 3.8 nm.
Additionally, several minor peaks are observed
between 2 and 2.7 nm, indicating the presence of
smaller pores in this region [45].

3. 6. Identification of canola oil

In this study, canola oil was used as the feedstock
for the transesterification process, as it is one of
the most widely cultivated plants in the world
and is commonly used for animal feed, edible oils,
and biodiesel production. Canola oil is a mixture
of triglycerides, each consisting of three fatty
acids esterified to a glycerol [46]. The catalytic
performance of the synthesized catalysts was
investigated via the transesterification of canola oil
with methanol. Previous research has shown that
canola seeds contain approximately 40-48% oil,
38-45% protein, and about 5% moisture. Canola
is one of the most important oilseed crops in the
world, ranking fourth after soybean, date, and
cottonseed [47, 48]. Consequently, canola oil is
very low in saturated fatty acids, while the amount

Original Article

of polyunsaturated fatty acids (including oleic acid,
linoleic acid, and oleicomega-3 alpha-linolenic
acid) is high [49]. The specifications of the canola
oil used in this study are summarized in Table 5.

In this investigation, the AOCS Ce 1-62
method was employed to determine the types
and compositional percentage of fatty acids.
According to this method, triglycerides were first
converted into their corresponding methyl esters,
and, subsequently, using the GC-mass analyzer, the
molecular weight of the methyl esters and thus the
types of fatty acids were identified (Fig. 15).

The detected methyl esters, their molecular
weights, and retention times were reported in Table 6.

3. 7. Saponification number and molecular weight
of canola oil

Saponification number (SN) is defined as
the milligrams of potassium hydroxide needed
to saponify one gram of oil. The saponification
number gives us useful information about the types
of fatty acids that are combined with glycerol. The
amount of potassium hydroxide needed to saponify

Table 5. Physical properties of the canola oil used in this study

Quantity Amount
Max fatty acid content (%) 0.1
Max of humidity (%) 0.1
Cinematic viscosity at 40 °C (cst) 30.108
Density at 40 °C (g - cm™3) 0.905
Molecular weight (g - mol™) 894.454

Abundance
TIC: SEDIGE9S.D
3.5e+07
10.74
3e+07 11.63
2.5e+07
11.74
2e+07
12.55
1.5e+07
13.52
1e+07 .65
5000000 10.64 13.77
1 S 5.8 230
10@a §§1,\1A_§3 o 13J1 14.75%

: = T T T T T T T T T T T
10.0010.5011.0011.5012.0012.5013.0013.5014.0014.5015.0015.5016.00

Time-->

Fig. 15. The GC-mass choromatogram of triglyceride methyl esters of canola oil
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various fatty acids is inversely related to their
molecular weight. This number actually indicates
the length of the fatty acid chain of the sample. In
other words, the longer the chain of fatty acids, the
lower their SN. By measuring the saponification
number, which is, in fact, alkaline hydrolysis of
esters, the purity of fats can be determined. To
measure the saponification number, a specified
amount of canola oil is reacted with a potassium
hydroxide solution (potassium hydroxide dissolved
in ethanol). After the reaction is complete, the
amount of remaining KOH is measured by titration
with HCI (0.5 M). The following reactions occur
during saponification and titration:

R COOH + KOH » RCOOK + H,0 (2)
KOH + HCl» KCl+H,0 (3)

Afterward, the SN of the oil sample is calculated
as follows:
Saponification number =SN

_ (B—=A)(N e )x56.1 (4)
C

In which B, A, N, , and C represent the ml of
HCI solution used for the blank run, ml of HCI
solution used for the oil sample, normality of HCI
solution (0.5), and the weight of the sample in
grams, respectively. The molecular weight of KOH
is 56.1 g.mol™. The titration was carried out 5 times,
and the average values of A and B were determined
to be 7.78 ml and 21.2 ml, respectively. Therefore,
the SN of the used canola oil is calculated to be
188.2155. As can be seen in Fig. 16, the soaping
reaction proceeds according to the following
equation:

CH,OCOR, CH,OH R,COOK
+
3KOH
R,OCOHC HOHC + R,COOK -
Heat i
CH,OCOR;3 CH,OH R;COOK
Triacylglycerol Glycerol Egg): ::‘1:'111(11

Fig. 16. Schematic illustration of the saponification reaction

Regarding the transesterification reaction, it was
found that 3 moles of KOH are required for each
mole of triglyceride, then the number of moles
of triglyceride per 1 gram of canola oil can be
calculated by the following formula:

720

Number of moles of triglyceride=

lmmolKOH>< 1mol §
56.1mg KOH 1000mmol

) ) (5)
Lmol triglycerid _ 01118 mot rigiyceride
3mol KOH

188.2155mg of KOH x

As a result, 1 gram of oil is equivalent to 1.118
mmol of triglyceride, and the molecular weight of
canola oil is 894.454 g.mol™.

3. 8. Optimization of operating conditions for
biodiesel production using xLa/Z2S4

In this research, Z254 was selected as the optimal
support for metal-decorated catalysts based on the
analyses performed. Lanthanum oxide is already
known in the literature for biodiesel production as
a highly efficient catalyst [39, 50, 51]. Despite the
fact that La is an expensive metal, using of very
small amounts of La can improve the efficiency of
the catalyst superior. Due to this fact La have been
used in many studies.

The results show that La stabilization on the
zeolite surface creates Br@nsted acidic sites and
improves catalytic activity. This is possible in two
ways, as explained below. By loading La in the
zeolite structure, a lanthanum atom replaces the
aluminum atom in the bond of the hydroxyl group
of the bridge, and this isomorphic shift creates
a new Br@nsted acidic site [39]. Also, during ion
exchange between La’* and zeolite, a hydrous
metal cation [La(OH)]** may be formed due to the
electrostatic field of the metal cation that results in

the new Br J nsted acidic site as follows:

La* +nH,0 — La(H,0)" (6)
La(H,0)" — La(OH )" +nH* (7)
In this investigation, lanthanum-supported

ZSM-5 catalysts were synthesized by loading
different percentages of La(NO,)3.6H,0 onto Z254
zeolite, and the xLa/Z2S4 catalyst was applied for
biodiesel production. Several factors, including
the lanthanum content, zeolite calcination
temperature, transesterification reaction
temperature, catalyst wt%, methanol-to-oil mass
ratio, and reaction time influence the efficiency of
the transesterification reaction. Accordingly, the
effects of these parameters on canola oil conversion
were systematically investigated to determine
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optimal operating conditions. It should be noted
that, in the optimization of each parameter, all other
variables were held constant. Multiple experiments
were conducted under different conditions, each
performed in triplicate. The conversion percentages
of canola oil in different conditions were calculated,
and the resulting data are presented and compared
in Table 7.

Initially, the effect of La content in the catalyst
on canola oil conversion was studied. The
transesterification of canola oil with methanol was
carried out using xLa/Z254 catalysts with different
weight percent of La (including 0.5, 1, 2, 3, 4, 5,
6, and 7 wt%) under operating temperature of
100°C, using of 10 wt% of catalyst, and the mass
ratio of methanol-to-oil 3:1 (6 g of methanol and
2 g of canola oil) for 7 h (Entries 1-8 of Table7).
Increasing the La percentage to 5 wt% increases the
number of active catalyst sites and the conversion of
canola oil. However, with increasing the La loading
beyond the optimal value (5 wt%), the conversion
percentage decreased, which can be attributed to
the closure of active sites and thus a reduction in
catalyst activity for the transesterification reaction.
Therefore, 5La/Z2S4 was selected as the best
catalyst, with a conversion of 95.42%.

In continuation, the 5La/Z2S84 catalyst was
calcined at different temperatures (300, 400, 550,
and 700 °C) to investigate the effect of calcination
temperature on the catalytic efficiency of the
zeolite. The transesterification reaction of canola
oil with methanol was performed using 5La/
7254 at a temperature of 100°C with 10 wt % of
catalyst and a mass ratio of methanol-to-oil of 5:1
for 7 h (Entries 9-12 of Table 7). It was found that
increasing the calcination temperature to 550°C
increases biodiesel production efficiency, because
higher temperatures promote more complete
burning of the OSDA, creating conditions for
the formation of new cavities and porosity that
lead to an increase in surface area. However,
increasing the temperature above 550°C reduced
the efficiency of biodiesel production, because the
catalyst was exposed to agglomeration. According
to the experimental results, 550°C was identified as
the optimal calcination temperature and selected
for subsequent transesterification reactions.
The experiments indicated that increasing the
reaction temperature increases the reaction rate.
Elevated temperatures improve the miscibility of
the reactants, thereby promoting more efficient
reaction kinetics.

Colloid Nanosci. J. 3(3) (2025) 707-726
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Nevertheless, the maximum  operating
temperature is limited by the alcohols boiling
point [52]. To investigate the effect of temperature
on reaction efficiency, the reaction was conducted
using 10 wt % of the 5La/ZSM-5 catalyst with a
calcination temperature of 550°C, a methanol-to-oil
mass ratio of 5:1, at temperatures of 25, 40, 55, 70,
85, 100, and 115°C for 7 h (Entries 13-19 of Table
7). The highest conversion, 100%, was achieved
at a reflux temperature of 100°C. At temperatures
above 100 °C, the conversion percentage of canola
oil decreased. This decline can be attributed to
the fact that, at elevated temperatures, adverse
reactions—such as the hydrolysis of fatty acid
methyl esters into their corresponding fatty
acids and alcohols—occur more rapidly than
transesterification, thereby reducing canola oil
conversion. Although the process efficiency at
100°C under similar conditions was lower than
that at 85°C, a reaction temperature of 85°C was
selected due to the safety and environmental issues.
When the reaction temperature exceeds methanol’s
boiling point, a large amount of methanol vapor is
produced, which is harmful to the environment.
The conversion of 95.67% was achieved at a reflux
temperature of 85°C.

To investigate the effect of catalyst amount
on catalytic efficiency, a series of reactions were
conducted using 0.1, 0.2, and 0.4 of 5La/ZSM-
5 catalyst (corresponding to 5, 10, and 20 wt %
catalysts to oil ratio, respectively) at 85°C for 7 h,
with a fixed methanol-to-oil mass ratio of 5:1. The
conversion percent of canola oil increased with
increasing the catalyst dosage. The catalyst amount
of 0.4 g (corresponding to 20 wt %) was therefore
identified as the optimal catalyst dosage. As the
amount of catalyst increases, the number of active
sites for the reaction increases, facilitating the
formation of methyl esters.

Based on the reaction stoichiometry, the
theoretical molar ratio of alcohol to oil is 3:1.
However, as reported in previous studies [47],
higher molar ratios are typically employed to
achieve higher conversion percents. According to
Le Chatelier’s principle, increasing the methanol
concentration shifts the equilibrium of the
transesterification reaction toward the forward
direction, thereby accelerating the formation of
methyl esters. On the other hand, increasing the
alcohol content decreases the mixture’s viscosity
and enhances ester formation, as improved mixing
increases mass transfer within the system. In
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Table 7. Conversion percentages of canola oil in different conditions

Calcination Reaction . X
No. Catalyst La temperature  temperature Catalyst N'[ethanol-t(')- R.eactlon Conversion
(wt%) (wt%) oil mass ratio time (h) (%)
(C) (C)
La content
1 0.5La/Z254 0.5 550 100 10 3:1 7 53.00
2 1La/Z254 1 550 100 10 3:1 7 71.00
3 2La/Z254 2 550 100 10 3:1 7 78.00
4 3La/Z254 3 550 100 10 3:1 7 84.30
5 4La/Z254 4 550 100 10 3:1 7 86.82
6 5La/Z254 5 550 100 10 3:1 7 95.42
7 6La/Z254 6 550 100 10 3:1 7 94.88
8 7La/Z254 7 550 100 10 3:1 7 85.29
Calcination temperature

9 5La/Z254 5 300 100 10 5:1 7 90.03
10 5La/Z254 5 400 100 10 5:1 7 98.05

11 5La/Z254 5 550 100 10 5:1 7 100
12 5La/Z254 5 700 100 10 5:1 7 85.29

Transesterification reaction temperature

13 5La/Z254 5 550 25 10 5:1 7 30.00
14 5La/Z254 5 550 40 10 5:1 7 53.08
15 5La/Z254 5 550 55 10 5:1 7 71.36
16 5La/Z254 5 550 70 10 5:1 7 84.30
17 5La/Z254 5 550 85 10 5:1 7 95.67

18 5La/Z254 5 550 100 10 5:1 7 100
19 5La/Z254 5 550 115 10 5:1 7 37.70

Catalyst wt%
20 5La/Z254 5 550 85 5 5:1 37.75
21 5La/Z254 5 550 85 10 5:1 7 95.00
22 5La/Z254 5 550 85 20 5:1 98.00
Methanol-to-oil mass ratio
23 5La/Z254 5 550 85 20 3:1 7 70.00
24 5La/Z254 5 550 85 20 5:1 7 84.00
25 5La/Z254 5 550 85 20 10:1 7 89.70
26 5La/Z254 5 550 85 20 15:1 7 100.00
27 5La/Z254 5 550 85 20 20:1 7 99.63
Reaction time

28 5La/Z254 5 550 85 20 15:1 1 60.00
29 5La/Z254 5 550 85 20 15:1 2 71.00
30 5La/Z254 5 550 85 20 15:1 3 84.48
31 5La/Z254 5 550 85 20 15:1 4 87.20
32 5La/Z254 5 550 85 20 15:1 5 89.32
33 5La/Z254 5 550 85 20 15:1 6 91.40
34 5La/Z254 5 550 85 20 15:1 7 100.00
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this investigation, the methanol-to-oil ratio was
optimized to maximize conversion efficiency.

The experiment conducted with an alcohol to-oil
mass ratio of 15:1 achieved the highest conversion
(100%) at 85°C and 20 wt% catalyst after 7 h (Entries
23-27 of Table 7). However, when the mass ratio
exceeded 20:1, a slight decrease in oil conversion
was observed, attributed to the competitive
adsorption of methanol and oil molecules on the
catalyst’s active sites. The combination of excess
methanol and its polar hydroxyl groups leads to
the emulsification of glycerol and biodiesel formed
during the reaction. This facilitates the reaction of
glycerol with the esters, thus reducing the yield of
the resulting biodiesel [53].

Finally, the effect of reaction time (including 1, 2,
3,4,5,6,and 7 h) on the conversion% of canola oil
was studied over 5La/Z254 catalyst at a temperature
of 85°C, 20 wt % of catalyst, and a mass ratio of
methanol-to-oil of 15:1(Entries 28-34 of Table 7).
The conversion percentages of fatty acids increase
with reaction time. Initially, the reaction rate was
slow due to the mixing and dispersion of alcohol in
the oil, but after a while it increased significantly.
After approximately 7 h, the reaction achieved its
highest conversion (100%). Beyond this point,
further increases in reaction time did not affect the
conversion.

Overall, the results indicate that the highest
conversion percentage was obtained using the 5La/
7254 catalyst calcined at 550°C, under a reaction
temperature of 85°C, with 20 wt% catalyst and
a methanol-to-oil mass ratio of 15:1. It was also
observed that 100% conversion can be achieved at
a higher transesterification temperature of 100°C
when using 10 wt% catalyst and a methanol-

100
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to-oil mass ratio of 5:1 under otherwise similar
conditions. However, using 100°C to prepare
biodiesel is not recommended due to excessive
methanol evaporation and potential vapor leakage
into the environment.

3. 9. Catalyst reusability

To assess the reusability of the 5La/Z254 catalyst,
it was washed, dried, and subsequently reused in
the transesterification reaction under the following
conditions: 85°C, 3 h, 20 wt% catalyst, and a
methanol-to-oil mass ratio of 15:1. The reaction
efficiency was evaluated after reuse, which showed
a significant decrease in conversion percentage
(12.29%), which can be assigned to ester saturation
at the active sites, reducing the number of active
sites available for catalysis. Catalyst deactivation
may also be due to changes in the catalyst structure
during washing or drying processes.

3. 10. Investigation of the effect of transition
metals on catalytic activity

In continuation, the synthesized zeolite was
modified with various metals to enhance its
catalytic performance. To investigate the catalytic
activities of the prepared nano-catalysts, the
transesterification of canola oil with methanol
was conducted upon 5Ni/Z2S4, 5Cu/Z2S4, 5Co/
7254, 5Cr/Z254, and 0.8V-5La/Z2S4 catalysts for
a reaction time of 3 h. The conversion percentage
of canola oil is presented in Fig. 17, and the
results show an explicit dependence of catalytic
performance on the type of metal incorporated.
The activity of the 5La/Z2S4 nano-catalyst was
further increased by the addition of vanadium as a
promoter, achieving a 100% conversion% after 3 h.

90

Conversion (%)

80
70
60
50
40
30
20
10

0

\4 Cr Co Ni C

|

u 0.8V-5La

Metal

Fig. 17. Comparison of transition metals on the transesterification reaction of canola oil with methanol in calcination
temperature of support=550°C, reaction temperature=85°C, mass ratio of methanol-to-oil 15:1, 5 wt % of catalyst, 3 h
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Among the synthesized catalysts, those modified
with nickel and vanadium exhibited the maximum
catalytic efficiencies.

4. Conclusion

In the present study, HZSM-5 zeolite was
synthesized using a seed-assisted and ultrasonic-
assisted method. The obtained HZSM-5 was
directly employed as seed for the preparation
of efficient catalysts for biodiesel production,
without the need for additional treatment. This
synthesis method offers a cost-effective procedure
for zeolite production. To design and develop
a wide variety of catalysts to meet stringent
quality, La impregnation on HZSM-5 has been
considered. The catalytic activity of the prepared
catalysts in the transesterification reaction was
studied. Two distinct layers were formed during
transesterification, in which the upper layer is
biodiesel and the bottom layer is, essentially,
glycerol. Therefore, the operating conditions for
the transesterification of canola oil were optimized
using the xLa/Z254 catalyst. The highest biodiesel
production efficiency was achieved using the 5La/
7254 catalyst (calcination temperature is 550 °C)
containing 5 wt% lanthanum stabilized on zeolite
under conditions of 85 °C, 20 wt% of catalyst,
methanol-to-oil mass ratio of 15:1, and a reaction
time of 7 h.

Comparative experiments conducted with
different catalysts revealed that the La supported
7254 catalyst shows the highest efficiency in
biodiesel production. In order to compare the
catalytic activity of 5La/Z2S4 with that of other
catalysts stabilized with transition metals (V,
Cr, Co, Cu, and Ni), the transesterification of
canola oil with methanol was conducted under
the optimum conditions previously determined
using the 5La/Z2S4 catalyst. Furthermore, the
transesterification reaction was performed in the
absence of a catalyst, and the results showed that,
in contrast to the catalytic reactions, the conversion
percentage decreased significantly. The synthesized
La/Z254 catalyst retained its catalytic activity after
regeneration.
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