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The synthesis of biodiesel is given wide attention due to its environmental benefits, renewability, and long-
term sustainability. Importantly, it can also contribute to the elimination of the current global energy and
climate change challenges. However, its production has been studied by the diverse catalytic systems.
Metal oxide-based heterogeneous acid catalysts exhibit superior properties such as excellent reactivity,
high thermal stability, resistance to free fatty acids and water, and reusability. Hence, the development of
highly efficient and stable metal oxide-based heterogeneous acid catalysts is essential for future
industrial applications. This review systematically explores recent developments in the production of
biodiesel using metal oxide-based heterogeneous acid catalysts. The catalyst design and preparation,
structural and physicochemical properties, operating reaction conditions, and catalytic behaviors of
metal oxide-based heterogeneous acid catalysts, including sulfated metal oxide catalysts, different metal

oxide-based acid catalysts, mixed metal oxide-based acid catalysts, and MOF-derived metal oxide-based
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Accepted 21st August 2025 catalysts, are discussed. Finally, the review concludes with guidance on the rational design of metal
oxide-based heterogeneous acid catalysts for eco-friendly and cost-effective biodiesel production and

DOI: 10.1039/d5ra05017k puts forward the current research challenges and future development perspectives, aiming to promote
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1. Introduction

Fossil energy plays a critical role in the global economic,
industrial and overall societal development. However, the
global fossil energy consumption has been significantly
increasing along with the population expansion, economic
growth, rapid industrialization, and increasing rate of urbani-
zation." Moreover, the consumption of fossil fuels is also related
to the rapid rise in CO, emissions, which is a major source of
greenhouse gases and can cause substantial harm to ecosys-
tems.>* Consequently, the development of renewable and clean
biofuels has become the world's fastest-growing form of energy.
Among these, biodiesel is widely recognized as the most
promising option due to its renewable, non-toxic and biode-
gradable nature, low sulfur content, high flash point and cetane
number, and high combustion efficiency.**
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innovation in large-scale industrial biodiesel production.

Currently, commercial biodiesel synthesis typically involves
the esterification/transesterification reaction between free fatty
acids and triglycerides using various oils, short-chain alcohols,
and a suitable catalyst.”® In recent decades, biodiesel has been
derived from first- to fifth-generation feedstock (first-generation
feedstock: edible oils, second-generation feedstock: non-edible
oils, third-generation feedstock: cultivated algae, fourth-
generation feedstock: photobiological solar fuel cells, and
fifth-generation feedstock: waste cooking oils). However, each
has its own drawbacks, such as food security, environmental
problems, and high investment.® Meanwhile, the type of raw
feedstock may dramatically affect the market price of bi-
odiesel.’ Additionally, the choice of a suitable catalyst plays
a significant role in accelerating reactions, determining the
conversion and yield of biodiesel, and reducing the energy
consumption. Fig. 1 shows the different types of catalytic
systems used in biodiesel production.

Extensive literature indicates that the homogeneous acid/
base catalysts of NaOH, KOH, HCIl, and H,SO, exhibit high
reactivity and affordability in the production of biodiesel.*
However, the separation of homogeneous catalysts from the
reaction system is challenging, making the biodiesel product
impure while producing significant amounts of acidic or alka-
line wastewater.'* In addition, enzymatic catalysts have
become more popular in recent years, but their prohibitive price
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Homogeneous catalysis

Advantages: High reaction rate,
industrially applied

Limitations: Difficulty in recovery,
corrosion possibility, the discharge of]|
acid-base waste liquid, side reaction:
eg. soap formation

Different types of
catalysis used in
biodiesel production
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Advantages: Easily separated, can
be recycled, less corrosive nature,
Lower water consumption
Limitations: Needs excessive work
?g ;\\to improve the reaction rate |
A
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Enzymatic catalysis

Advantages: Less energy intensive,
can be performed under room

temperature, insensitive to FFA,
easy recovery of catalyst
Limitations: Slow reaction rate,
high production cost

Fig. 1 Comparison of homogeneous catalysis, heterogeneous catalysis, and enzymatic catalysis.

is a major drawback.'* Recent advancements in heterogeneous
catalysts (zeolites, heteropolyacids, carbon-based solid acids,
metal-organic framework-based catalysts, etc.)***” with reus-
ability and environmental friendliness, particularly those
involving metal oxide-based heterogeneous acid catalysts, have
shown potential results in addressing these limitations. Owing
to the metal oxide-based heterogeneous acid catalysts' high
structural and thermal stability, affordability, resistance to free
fatty acids and water, and reusability,"®*® they are the ideal
choice for sustainable biodiesel synthesis. However, a compre-
hensive understanding of various acidic metal oxide catalysts,
including their design and synthesis, physicochemical proper-
ties, and catalytic performance, remains an important aspect
for heterogeneous catalysis-based biodiesel production.

To the best of the authors’ knowledge, some researchers
have reviewed some recent developments in metal oxide-based
catalysts to enhance biodiesel synthesis. In their separate
reports, they mainly summarized the applications of CaO, MgO,
and ZnO in biodiesel processing.>**' Nevertheless, there is lack
of a specific and timely analysis on the designs, structures,
performances, and possible reaction mechanisms of metal
oxide-based heterogeneous acid catalysts. Thus, it has become
essential to provide a comprehensive update on the latest
literature on this topic. In this context, the novelty of this review
includes focusing on various metal oxide-based heterogeneous

acid materials, including sulfated metal oxide catalysts,
different metal oxide-based acid catalysts, and mixed metal
oxide-based acid catalysts, in biodiesel generation, in addition
to bringing together the most recent works regarding the bi-
odiesel production catalyzed by MOF-derived metal oxide-based
catalysts. It provides a comprehensive summary of the catalyst
design and preparation, structural and physicochemical prop-
erties, optimization of reaction conditions, catalytic behavior,
and catalytic mechanism. Additionally, the review suggests
current research challenges and future research directions and
encourages further exploration of metal oxide-based heteroge-
neous acid catalysts. We hope that this review provides insights
into the development of more efficient and sustainable
heterogeneous acid materials.

2. Homogeneous acid catalysts for
biofuel synthesis

Currently, homogeneous acid catalysts, such as HCl, H,SO,,
and H;PO,, are used to catalyze esterification reactions. Mean-
while, a two-step process consisting of acid-catalyzed esterifi-
cation, followed by alkali-catalyzed transesterification, has also
been widely reported for producing biodiesel from low-cost
feedstock with high free fatty acid (FFA) content. Table 1
reviews the production of biodiesel by homogeneous acid

Table 1 Comprehensive list of homogeneous acid catalysts for the biodiesel production process®

Conditions (time, temp., catalyst loading,

Entry  Feedstock + alcohol Catalyst ~ molar ratio (acid (oil) : alcohol)) Yield (Y/%)/conversion (C/%) Ref.
1 Mealworm oil + methanol H,S0, 174 min, 74 °C, 5.8%, 1:24 C =192.74 £ 0.92 23
2 High-acidity animal fats + methanol H,SO, 2 h, 65 °C, 0.5%,1:6 C = 88.8 24
3 Hevea brasiliensis seed + methanol H,S0, 45 min, 45 °C, 1.5%, 1:12 C =99.55 25
4 Oleic acid + methanol H,S0, 30 min, RT, 0.7 mol L™%, 1:12 C=096.1+04 26
5 Waste cooking oil + methanol H,S0, 40 min, 60 £+ 5 °C, 2.6%, 1:10 C =67.8 27

¢ Catalyst amount: relative to the weight of the oil feedstock; room temperature: RT.
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catalysts in recent years. As shown in the table, homogeneous
acid catalysts are able to effectively catalyze esterification in
a reasonably short time and at room temperature with high
conversions, and the drawbacks of this acid-catalyzed process
include producing relatively high levels of wastewater, compli-
cated purification processes, and high prices of catalysts, which
increase the cost of biodiesel production.” Thus, heteroge-
neous acid-catalyzed esterification for biodiesel production is
recommended.

3. Metal oxide-based heterogeneous
acid catalysts

Thanks to their abundance, affordability, and distinctive char-
acteristics, various metal oxide catalysts have gained attention
among heterogeneous acid catalysts for producing biodiesel.
They demonstrate excellent catalytic performance, high thermal
stability, resistance to free fatty acids and water, and reusability,
potentially addressing the drawbacks of conventional homo-
geneous acid catalysts. Thus, the recent advancements in the
application of sulfated metal oxide catalysts, different metal
oxide-based acid catalysts (silica-based catalysts, molybdenum
oxide-based catalysts, tungsten oxide-based catalysts, tin oxide-
based catalysts, iron oxide-based catalysts, aluminum oxide-
based catalysts, titania-based catalysts, and zirconium-based
catalysts), mixed metal oxide-based acid catalysts, and MOF-
derived metal oxide-based catalysts in the synthesis of bi-
odiesel are discussed thoroughly. Meanwhile, Table 2 presents
the advantages and limitations of different metal oxide-based
heterogeneous acid catalysts.

3.1 Sulfated metal oxide catalysts

Recently, the incorporation of the sulfate group into metal
oxides, like sulfated metal oxides SO42_/MxOy (M = Ti, Zr, Sn,
and Fe), which belong to the category of solid superacids due to
the presence of Bronsted and Lewis acid sites, good mechanical
and chemical stability, is receiving wide attention.”® Hossain
et al.* synthesized sulfonated zirconium oxide on SBA-15 (S-
ZrO,/SBA-15) by the direct impregnation method and then
calcined it at 550 °C for 4 h. The catalyst was tested for biodiesel
synthesis from hydrolyzed waste cooking oil under subcritical

View Article Online
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methanol conditions. It was found that a yield of 96.383% was
acquired within 10 min under the conditions of 140 °C, 2.0%
catalyst, and 10 : 1 methanol-to-oil ratio. S-ZrO,/SBA-15 showed
good reusability, and its yield after five times of reuse was 90%.
Using H,SO, as an acid agent, Aneu et al.*® prepared a solid acid
catalyst, SO,/SiO,, for the esterification of waste cooking oil. The
S0,4/Si0, catalyst calcined at 550 °C showed high acidity (0.97
mEq KOH per g) and the best catalytic activity and could reduce
the FFA content from 3.6% to 1.62% with 5% of the catalyst
amount, 1: 23 molar ratio of waste cooking oil to methanol, and
1 h of reaction time. In another study, Utami and co-workers*
used impregnation and hydrothermal methods to synthesize
a Cr-incorporated sulfated zirconia (Cr/ZrO,-SO,) solid catalyst
for the conversion of palm oil into biofuels. The results showed
that the non-calcined Cr/ZrO,-SO, catalyst resulted in higher
activity and selectivity than the calcined Cr/ZrO,-SO, catalyst
due to its higher acidity (2.33 mmol g~ ). Yusuf et al.** synthe-
sized B-zeolite, ZnO-B-zeolite, and sulfated-zinc oxide supported
on B-zeolite (SO,> /ZnO-B-zeolite) for biodiesel synthesis from
waste cooking oil. The $SO,> /ZnO-B-zeolite catalyst exhibited
higher reaction conversion than B-zeolite and ZnO-B-zeolite,
producing 96.9% biodiesel under optimal conditions, and the
plausible mechanism for simultaneous transesterification and
esterification was proposed (Fig. 2). The high catalytic activity
was attributed to its large pore size (6.5 nm) and high acidity
(250.26 m” g~ '). More importantly, the properties of the waste
cooking oil-derived biodiesel met the ASTM6751 standard
specification.

Hassan et al.®® reported the application of a silica-supported
solid superacid catalyst (S,04> /TiO,-SiO5) as a heterogeneous
acid catalyst in the production of biodiesel from waste culinary
oil. Notably, S,04>7/Ti0,-Si0, outperformed the $,05>/TiO,
catalyst with a higher FFA conversion of 90.7% using 5 wt% of
the catalyst amount, 12 : 1 molar ratio of methanol to oil, and
180 °C for 4 h of reaction time. The introduction of the sulfate
group in metal oxides can achieve a superacid catalyst, which
offers the superacidic properties (Brgnsted and Lewis acid
sites), thereby providing an important biodiesel output.
However, sulfated metal oxides tend to deactivate after the
reaction, resulting in the life cycle of such sulfated metal oxides
not being as long as we expected.** Based on these points, the
as-synthesized sulfated metal oxide catalysts still require deep

Table 2 Comparison of the advantages and limitations of different metal oxide-based heterogeneous acid catalysts

Catalyst Advantages

Limitations

Sulfated metal oxide catalysts
and Lewis acid sites

Metal oxide-based acid catalysts (silica-based,

molybdenum oxide-based, and tungsten oxide-

based)

Mixed metal oxide-based acid catalysts

Simple synthesis method, stronger Brgnsted

High thermal and chemical stability, high
mechanical properties, ease of
functionalization, adjustable redox properties
High thermal and chemical stability, high

Leaching of sulfate ion species, coking and
carbon deposition on the catalyst surface
Scalability of production, weak interactions,
lower catalyst activity

Complex synthesis process, scalability of

surface area, multiple active sites, good catalyst production, weak interactions

activity
MOF-derived metal oxide-based catalysts

catalyst activity

© 2025 The Author(s). Published by the Royal Society of Chemistry

High porosity, high internal surface area,
tunable pore size, multiple active sites, good

Complex synthesis process, long synthesis time,
high cost, pore collapse
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Fig. 2 Plausible mechanism for the concurrent esterification and transesterification reactions by SO4%~/ZnO-B-zeolite. Ref. 32, reprinted with
permission of copyright© (2023) open-access from the American Chemical Society.

investigation of their process optimizations and probable
structure defects, which will be important for meeting industry
standards and application requirements in the production of
biofuels.

3.2 Various metal oxide catalysts

3.2.1 Silica-based catalysts. Silica-based materials (meso-
porous silica, sulfonic acid-modified silica, and silica
complexes) find applications in various fields like catalysis,
energy storage, and adsorption and in different multidisci-
plinary fields because of their high surface area, high
mechanical, tunable porosity/surfaces, and good thermal
stability.*® Meanwhile, silica-based catalysts are some of the
supports or precursors used for biodiesel generation.

Recently, acid (sulfuric acid and chlorosulfonic acid)-
functionalized silica has been recognized in the esterification/
transesterification of FFAs. Changmai et al®® reported
a magnetic Fe;0,@Si0,-SO3;H core@shell catalyst by stepwise

co-precipitation, coating, and functionalization. It was found
that Fe;0,@Si0,-SO;H had a magnetic saturation of 30.94 emu
¢ " and a higher sulfonic acid loading. The conversion of the
Jatropha curcas oil to biodiesel was 81% after the ninth cycle,
comparable to the fresh catalyst. The TEM image of the recov-
ered catalyst showed that the core@shell structure of Fe;O0,@-
SiO,-SO3H remained intact. The kinetic study of the reaction
showed that a 37 k] mol " activation energy was required for the
transesterification and esterification of Jatropha curcas oil. Saleh
et al* developed a heterogeneous acid nanocatalyst TiFe,-
0,@Si0,-SO;H for biodiesel production from oleic acid and
palmitic acid. The activity test results of the catalyst revealed
that TiFe,0,@Si0,-SO;H had high activity for the esterifica-
tion. Also, the catalyst was utilized for four successive cycles
without any loss of activity. In another study, Ghasemzadeh
et al.** developed a magnetic catalyst (cotton/Fe;0,@SiO,@-
H;PW,;,0,0) by the impregnation method and reported its
catalytic performance for the production of biodiesel from
sunflower oil with a biodiesel yield of 95.3% under optimal

i EZ l
R” TOH R” YoH R7 Mo

H H,0 R
_,0__O K\
T
H ':
=

+ R‘\ /& R'\ )\

Fig. 3 Plausible mechanism for esterification using the CuS—FeS/SiO, catalyst. Ref. 48, reprinted with permission of copyright®© (2022) open-

access from MDPI.
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conditions, and the yield was higher than 85% after using for
four times. Further, the quality of the sunflower biodiesel
product satisfied international ASTM D-6751 and EN-14214
standards, and it could be accepted for commercial produc-
tion and applications.

A heterogeneous CuS-FeS/SiO, catalyst derived from rice
husk silica for the synthesis of biodiesel from the Malaysian
palm fatty acid distillate was reported by Albalushi et al.*®* Under
optimum conditions, the conversions exceeded 98%, and its
excellent activity was ascribed to the increased active site acidity
levels. Moreover, the suggested mechanism of esterification
catalyzed by CuS-FeS/SiO, catalyst is presented in Fig. 3. A
summary comparing silica-based catalysts for the biodiesel
production process is tabulated, as shown in Table 3. As shown
in Table 3, the good yield/conversion of biodiesel products has
been obtained using various silica-based catalysts; however, the
search for new silica-based catalysts with excellent catalytic
activity and stability for biofuel generation on an industrial
scale is also suggested.

3.2.2 Molybdenum oxide-based catalysts. Among the
various metal oxide catalysts, it is possible to highlight molyb-
denum oxide-based catalysts due to its excellent catalytic,
optics, and gas sensor, stronger Brgnsted and Lewis acidic, and
adjustable redox properties, can be widely used in various
multidisciplinary fields. In a study reported by Sabzevar et al.,**
the application of @-MoO; nanobelts in a straightforward
procedure for biodiesel synthesis was examined, presenting an
ester yield of 85% under optimal conditions. In addition, the
prepared a-MoOj; catalyst could be easily recycled with slightly
decreased activity. In another similar study, Chaudhry et al.>*
synthesized a MoO; nanocatalyst by the in situ wet impregna-
tion approach from Ipomoea seed shells. Further, this MoO;
nanocatalyst was exploited for its efficacy in the production of
biodiesel from the inedible oil seeds of Ipomoea cairica. It was
reported that MoO; exhibited promising catalytic activity,
showing a ~95% biodiesel yield at 50 °C within 2 h.

de Brito et al.> reported a wet impregnation method to
synthesize a new solid catalyst MoO3/Nb,Os. In their study, the
MoO3/Nb,Os5 catalyst revealed high catalytic performance for
biodiesel (conversion = 94.2%). Moreover, the catalytic activity
of the catalyst slightly decreased in cycles 6 and 7, with
conversions of 86.8% and 82.7%, respectively, and, importantly,
decreased after the 8th cycle due to the obstruction of the acid
sites by the deposit of organic materials. In addition, the kinetic
analysis showed that the activation energy and Gibbs free
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energy for the transesterification reaction of waste frying oil in
this study were 32.00 k] mol~* and 118.02 k] mol ', respectively,
indicating that this system had a non-spontaneous and ender-
gonic nature. da Silva et al.*” studied the catalytic activity of the
MoO3;/GO catalyst, in which molybdenum oxide was supported
over graphene oxide. MoO;/GO proved to be a high-acid mate-
rial with a surface acidity value of 14.2 mmol H" per g. Mean-
while, the simultaneous esterification and transesterification of
waste cooking oil were performed in the presence of the cata-
lyst. A conversion of 95.6% was obtained under ideal condi-
tions. However, the conversion of this reaction decreased from
95.6% to 36.6% after reusing for 7 times, and it was confirmed
to be related to leaching on the catalyst surface (MoO; species).
In another study, a two-dimensional graphitic carbon nitride-
supported molybdenum catalyst (xMo/g-C3N,) was prepared
by an incipient wet impregnation method (Fig. 4). Waste
cooking oil was transesterified on a 10% Mo/g-C3N, catalyst,
with a conversion of up to 71.1%, and the catalyst was used only
one time due to significant catalyst activity loss.*®

Recently, there has been a great interest in the use of
molecular sieves with high surface areas to support molyb-
denum oxide. Zhang et al.* synthesized the Mo(v1) oxide species
incorporated on the outer surface of ZSM-22 through the wet
impregnation method for biodiesel synthesis and achieved
a conversion of 59.29%. Cavalcante et al.®* evaluated a meso-
porous molecular sieve MCM-41 catalyst incorporated with
MoOj; in the transesterification of corn oil under ideal condi-
tions and achieved a maximum yield of 87.87%. Interestingly,
the characterization results clearly demonstrated that the
molybdenum formed bonds in the MoO;/MCM-41 catalyst and
the migration of the active phase of MoO3;/MCM-41 with 20 wt%
MoO; to the micro- and mesopores hindered the chemical
interactions at the active surface.

Goncalves and co-workers® synthesized and evaluated the
magnetic acid catalyst MoO3/SrFe,O, for the production of bi-
odiesel from waste cooking oil. Based on the characterizations,
MoO; was successfully anchored on the magnetic SrFe,O,
support and possessed bifunctional characteristics (catalytic
and magnetic). The MoO;/SrFe,O, catalyst achieved
a maximum biodiesel conversion of 95.4% under optimal
reaction conditions. Subsequently, nickel ferrite (NiFe,O,)
impregnated with MoO; was prepared and applied in the
methyl transesterification reaction of waste cooking o0il.*> As
a result, a conversion of 95.6% was obtained under ideal
conditions, and the MoO;/SrFe,0, catalyst showed high

Mo/g-C;N,

Fig. 4 Synthesis process of the Mo/g-C3sN,4 catalyst. Ref. 58, reprinted with permission of copyright® (2023) from Elsevier.
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stability and versatility in the presence of various raw materials
with different acidity indices. Table 4 shows the works on bi-
odiesel production under different conditions using molyb-
denum oxide-based catalysts. As shown in the table,
molybdenum oxide-based catalysts have been widely used in the
production of biodiesel because of their abundance in nature,
the water-tolerant nature of their Brensted and Lewis acid sites,
and their non-hazardousness. However, a major problem is
developing scalable preparation methods that ensure molyb-
denum oxide's phase purity, crystallinity, and reproducibility.
Thus, this requires interdisciplinary efforts spanning catalyst
preparation, characterization, and environmental assessment.

3.2.3 Tungsten oxide-based catalysts. Due to its strong
acidity from Brensted acid sites (associated with the hydroxyl
groups formed by terminal W-O bonds on the surface) and
Lewis acid sites (related to the coordinatively unsaturated W°*
species), tungsten oxide has superb catalytic activity in various
acid-catalyzed reactions. However, few literature studies have
focused on the synthesis of biodiesel using tungsten oxide-
based catalysts. Here, Table 5 presents the works on biodiesel
synthesis using tungsten oxide-based catalysts. Mansir et al.*®
investigated the acid-base bi-functional tungsten-zirconia (W-
Zr)-modified waste shell catalyst (WOz;-Zr,05/CaO) for biodiesel
synthesis from waste-based vegetable oil and declared that the
bi-functional catalyst had a high catalytic performance, which
may be ascribed to the distribution of appropriate acid density
sites over the CaO support needed for simultaneous trans-
esterification and esterification, and the high dispersion of
WO;-Zr,0; over the CaO support gave an appropriate surface
area for transesterification. More importantly, the catalytic
activity of WO;-Zr,03/CaO showed only a minor reduction after
the fifth cycle of use. dos Santos et al..” recently tested the
catalytic performance of the magnetic acid catalyst WO,/
CuFe,0, synthesized by a wet impregnation method in bi-
odiesel production from waste cooking oil and observed
a 95.2% biodiesel yield under ideal reaction conditions, and the
catalyst could be recycled for five reaction runs. Interestingly,
the biodiesel obtained was found in accordance with the ASTM

View Article Online

Review

limits. Hsu et al.*® reported a photolysis-free radical polymeri-
zation route for preparing a high-activity PPy/ZnFe,0,-WO;
nanocomposite. Based on the experimental results, the trans-
esterification reaction of olive oil was performed under milder
conditions to reach a 94% yield. Meanwhile, the PPy/ZnFe,0,~
WO, catalyst exhibited high stability for up to five runs with
a lower performance loss. Importantly, the CO,-TPD tests
showed the excellent activity originating from its higher
strength of basicity. Based on the literature, tungsten oxide-
based catalysts are effective catalysts in the production of bi-
odiesel. Whereas, the design of new synthesis strategies to build
a stronger interaction between tungsten oxide and other species
should be highlighted, resulting in favor of the catalytic activity
of tungsten oxide-based catalysts.

3.2.4 Tin oxide-based catalysts. Owing to their abundant
acid sites and oxidizing and reducing surface properties, the use
of tin oxide and tin oxide-based materials has been attracting
attention. Ibrahim et al.”* studied biodiesel production through
the use of bifunctional SnO,/ZrSiO, as a catalyst. The obtained
characterization results showed the formation of rutile-SnO,
and zircon in the composite, and the SnO,/ZrSiO, catalyst
possessed a good morphology with a mesoporous structure and
different acidic properties. Additionally, the activity results
revealed that the biodiesel yield in the esterification reaction of
palmitic acid was 90.2% under optimum conditions, and the
mechanism of the esterification reaction in the presence of
Sn0,/ZrSi0, active sites is displayed in Fig. 5. Interestingly, the
transesterification of soybean oil over SnO,/ZrSiO, afforded an
88% biodiesel yield under the following reaction conditions:
70 °C, 4 h, 6.0% catalyst, and 1: 10 oil : methanol ratio.

Prestigiacomo et al.”® developed a molecular-colloidal coas-
sembly route combined with an ultrasonic-assisted precipita-
tion approach to prepare a cyclodextrin-derived SnO@vy-Al,O3
composite. Characterization results revealed that the synergy of
the template materials and y-Al,O; nanoparticles may have
a synergistic effect on the growth and orientation of SnO
microcrystals. Specifically, the as-prepared SnO@vy-Al,O; cata-
lyzed the reaction with a biodiesel yield of 33.5% from rapeseed

Table 5 Comprehensive list of tungsten oxide-based catalysts for the biodiesel production process®

Conditions (time, temp., Yield (Y/%)/

catalyst loading, molar conversion Reusability
Entry Feedstock + alcohol Catalyst Characterizations ratio (acid (oil) : alcohol)) (CI%) (run: C/Y) Ref.
1 Unrefined palm-derived waste WO;-Zr,0;/ SA = 9.7, PV = 0.16, 1 h, 80 °C, 2%, 1:15 Y=094.1 5 runs: 79.3 66
oil + methanol CaO PD = 64.82, CA = 7.023,
CB = 1.536
2 Waste cooking oil + methanol WO;/ CA =7.43 3 h, 180 °C, 6%, 1:45 Y =952 5 runs: 80.6 67
CuFe,0,4
3 C3-C16 free fatty acids + WO,/Zr0,/ CA=0.5 6 h, 60 °C, 0.025 g, 1: 30 C =90 — 68
methanol PMO
5 Olive oil + methanol PPy/ — 2 h, 55°C, 3%, 1:14 Y=94 5 runs: 90 69
ZnFe, 04—
WO,

3 -1,

“ SA (surface area): m* g~ *; PV (pore volume): cm® g~ *; PD (pore diameter): nm; CB (catalyst basicity): mmol g~ *; CA (catalyst acidity): mmol g '; not
reported: N.R.; catalyst amount: relative to the weight of the oil feedstock; room temperature: RT.
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Fig. 5 Plausible mechanism of the esterification reaction using the Brgnsted and Lewis acid sites of the SnZrSi oxide catalyst. Ref. 71, reprinted

with permission of copyright© (2022) from Elsevier.

oil with methyl acetate. Yuan et al’* revealed that a ZnO/
SnO,@halloysite heterojunction photocatalyst prepared from
zinc oxide and tin dioxide impregnated on layered kaolin could
transesterify castor oil to biodiesel. The ZnO/SnO,@H catalyst
achieved a maximum biodiesel yield of 96.75%, and a yield of
above 85% was maintained over five cycles. Furthermore,
kinetic analysis showed quasi-first-order kinetics, with an acti-
vation energy of 75.02 k] mol . Lastly, the biodiesel produced
could be prepared into B20 biodiesel to meet the EN 14214 and
ASTM D6751 standards.

A TPA-impregnated SnO,@Co-ZIF catalyst was prepared by
Sahar and co-workers”™ and used in Mazari palm oil trans-
esterification. The results showed that the TPA/SnO,@Co-ZIF
catalyst could achieve a high biodiesel yield of 94.05%, which
is due to the presence of acid sites of different strengths.
Additionally, a TPA-impregnated SnO,@Mn-ZIF core-shell
support was synthesized. It was reported that TPA/SnO,@Mn-
ZIF with 30 wt% TPA onto the support achieved a maximum
biodiesel yield of 91.5%. After eight cycles, the yield reduced to
about 30%.7® Cui et al” also developed rGO@SnO,/ZnO

© 2025 The Author(s). Published by the Royal Society of Chemistry

nanocomposites for biodiesel production from waste frying oil
by the electrolysis approach. They reported that the rGO@SnO,/
ZnO nanocatalyst had a high specific area and appropriate
functional groups. The biodiesel yield was 96.47% under opti-
mized parameters, and after six reuse cycles, it reached 88.36%,
indicating that the rGO@SnO,/ZnO nanocatalyst has potential
for sustainable and cost-effective industrial applications. Table
6 presents the works on biodiesel synthesis using tin oxide-
based catalysts. Based on the acquired findings, tin oxide-
based catalysts have been successfully applied as solid cata-
lysts owing to their dual valency and ability to attain more than
one oxidation state. However, the lower catalyst activity of tin
oxide-based catalysts has also been observed. To improve the
performance of tin oxide-based catalysts, strengthening the
interaction between tin oxide and other acidic species in the
solid catalyst is expected to enhance the catalyst activity and
stability.

3.2.5 Iron oxide-based catalysts. Currently, iron oxide-
based catalysts have been studied for biodiesel generation due
to their desirable activity and magnetic properties, and the
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Table 6 Comprehensive list of tin oxide-based catalysts for the biodiesel production process”
Conditions (time, temp., Yield (Y/%)/
catalyst loading, molar ratio conversion Reusability
Entry Feedstock + alcohol Catalyst Characterizations (acid (oil) : alcohol)) (Cl%) (run: C/Y) Ref.
1 Stearic acid + methanol SnZr;, SA = 59.24, PV = 0.104, 1 h, 120 °C, 0.2%, 1:150 Y=74 7 runs: 68.8 70
PD = 3.5, CA = 0.065
2 Palmitic acid + Sn0,/ZrSi0, SA = 66.19, PV = 0.062, 2h, 80 °C, 5%, 4 g:85.6 mL Y =90.2 5runs: 86.2 71
methanol PD = 1.87, CA = 0.214
3 Bitter apple seed oil + Fe/SnO N.R. 2 h, 50 °C, 1%, 1:10 Y =98.1 N.R. 72
methanol
4 Rapeseed oil + methyl SnO@vy-Al,0; SA = 173, PV = 0.307, 0.5 h, 210 °C, 10%, 1:40 Y = 33.5 3 runs: 18 73
acetate PD =7.5
5 Castor oil + methanol ZnO/SnO,@H SA = 49.33, PV = 0.07, 2 h, 75 °C, 4%, 1:12 Y =96.8 5 runs: 86.1 74
PD =54
6 Mazari palm oil + TPA/ SA = 1281, PV = 0.51, 3 h, 100 °C, 5%, 1:18 Y = 94.05 8 runs: >30 75
methanol SnO,@Co-ZIF PD = 1.83, CA = 6.437,
CB = 6.861
7 Mazari palm oil + TPA/ SA = 818, PV = 0.27, 3 h, 100 °C, 6%, 1:18 Y =915 8 runs: >30 76
methanol SnO,@Mn-  PD = 1.08, CA = 6.357,
ZIF CB = 6.187
8 Waste cooking oil + BTO@RGrO SA = 9.64, PV = 0.056, 27.95 min, 68.83 °C, 3.21%, C = 97.03 6 runs: 77.32 77
methanol PD = 12.87, CA = 3.884, 1:14.93
CB = 2.9435
9 Soybean oil + methanol MGO@SnO  N.R. 3 h, 120 °C, 5%, 1:10 Y = 96.5 8 runs: 64.6 78
10 Waste frying oil + rGO@Sn0O,/ SA = 61.428, PV = 0.3178, 40 min, 65 °C, 3.5%, 1:12 Y = 96.47 7 runs: 88.36 79
methanol ZnO PD = 21.46, CB = 0.20653
11 Stearic acid + methanol SnO,-FA SA =11, PV = 0.0109, 1h,80°C, 1.7%,1:8 Y = 96.55 5 runs: 85.734 80

PD = 2.9, CB = 0.20653

“ SA (surface area): m* g~ '; PV (pore volume): cm® g~ ; PD (pore diameter): nm; CB (catalyst basicity): mmol g~ *; CA (catalyst acidity): mmol g '; not
reported: N.R.; catalyst amount: relative to the weight of the oil feedstock; room temperature: RT.

catalytic performances of iron oxide-based catalysts are shown
in Table 7. Elssawy et al® examined the iron oxide-based
superacid catalyst (S,/Fe,0;) for the esterification of oleic acid
with methanol. This S,/Fe,0; catalyst was observed to be active
in the esterification because it possessed good crystallinity,
a mesoporous structure, effective intercalation of metal oxides
with persulfate and graphene oxide, and high densities of

Bronsted and Lewis acid sites on the catalyst surface. Krishnan
et al.® produced oil palm empty fruit bunch-derived micro-
crystalline cellulose supported on y-Fe,O; magnetic acid cata-
lysts, achieving a 92.1% yield in oleic acid esterification under
ideal parameters. Meanwhile, the catalyst demonstrated rapid
separation with reusability up to five cycles due to its ferro-
magnetic properties. In another study, Chutia et al®

Table 7 Comprehensive list of iron oxide-based catalysts for the biodiesel production process”

Conditions (time, temp., Yield (Y/%)/

catalyst loading, molar ratio conversion Reusability
Entry Feedstock + alcohol Catalyst Characterizations (acid (oil) : alcohol)) (C/%) (run: C/Y)  Ref.
1 Oleic acid + methanol  S,/Fe,O3 SA = 44, PV = 0.32, 3 h,100°C,0.2¢g,1:5 Y =096 6 runs: 80.3 81
PD = 11.5,
CA=0.8
2 Oleic acid + methanol  EFB-MCC/y-Fe,03 SA = 290.55, PV = 0.249, 2 h, 60 °C, 9%, 1:12 Y=092.1 5 runs: 77.6 82
PD = 3.5
3 Schisandra chinensis Fe;0,@Si0,@ SA =10.1231, PV = 0.0169, 3 h, reflux, 1.5¢g,1:7 Y =89.2 6 runs: 71.4 83
seed oil + methanol [C4mim]HSO, PD = 6.6855
4 Mesua assamica oil + Fe;0,@biochar@SO;H SA = 71.47, PD = 87.4, 80 min, 60 °C, 7%, 1:9 Y =96.8 3 runs: 75.3 84
methanol CA =39
5 Palm oil + methanol Fe;0,@SBA-15-NH,- SA =290.517, PV =0.56, 5 h, 150 °C, 4%, 1:20 Y=091 6 runs: 80 85
HPW PD = 5.142
6 Palm oil + methanol Ce0,/ZSM-5@Fe;0,  SA = 96.15, PV = 0.49, 2.5 h, 25 °C, 3%, 1:18 Y =095 4runs: 79 86

PD = 20.23, CA = 1.047,

CB =1.351

“ SA (surface area): m? g~ *; PV (pore volume): cm® g~ *; PD (pore diameter): nm; CB (catalyst basicity): mmol g~ *; CA (catalyst acidity): mmol g~ '; not
reported: N.R.; catalyst amount: relative to the weight of the oil feedstock; room temperature: RT.
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Fig. 6 Synthesis processes of the FezO4@biochar@SOsH nanocatalyst. Ref. 84, reprinted with permission of copyright© (2024) from Elsevier.

synthesized a magnetically separable Fe;O,@biochar@SO;H
nanocatalyst from Mesua assamica waste seed shell biochar by
the impregnation and sulfonation techniques (see Fig. 6) and
employed it in the transesterification of different oil feedstock
(Mesua assamica seed oil, Jatropha oil, and soybean oil) to
produce biodiesel. The results illustrated that Fe;O0,@-
biochar@SO;H possessed high acidity (3.9 mmol g~ ') and
a high -SO;H density (1.8 mmol g ') for cost-effective biodiesel
production. Moreover, the nanocatalyst achieved maximum
yields of 96.8% Mesua assamica biodiesel, 95.3% Jatropha bi-
odiesel, and 95.8% soybean biodiesel, respectively. Finally, the
kinetic study of the transesterification reaction showed that
a 32.42 k] mol ! activation energy was required.

In another investigation, CeO, and Fe;0, supported on ZSM-
5 was synthesized by Liu et al.®*® and used for the biodiesel
generation through the transesterification of palm oil under
electrolytic assistance. Catalyst characterization confirmed that
the abundant catalytically active sites in CeO,/ZSM-5@Fe;0,
were attained due to the coral-like structure, and an approxi-
mately 95% biodiesel yield was obtained under the reaction

parameters. the CeO,/ZSM-5@Fe;0, catalyst
appeared to show a drop in its activity after four cycles to 79%.
Recently, Soares et al.*” employed an o-Fe,O; film decorated
with Pt nanoparticles for biodiesel production by the
photoelectrochemical route, achieving a higher yield of bi-
odiesel. Overall, iron oxide-based catalysts have exhibited high
potential for biodiesel generation. Moreover, integration with
support materials or composite structures is an effective
strategy for enhancing the stability and reducing the agglom-
eration of iron oxide particles.

3.2.6 Aluminum oxide-based catalysts. Owing to their
abundant acid sites, good structural and thermal stability, and
high surface area, aluminum oxide-based catalysts have gained
growing interest as supports/catalysts in many catalytic
processes, such as biodiesel production, catalytic CO, metha-
nation, and absorption. The catalytic performance of aluminum
oxide-based catalysts is shown in Table 8. Munir et al.*® explored
the use of high oil-yielding Quercus incana seeds for synthe-
sizing an Al,O; nanocatalyst and used it in biodiesel production
from inedible Quercus incana seed oil. This study achieved high

However,

Table 8 Comprehensive list of aluminum oxide-based catalysts for the biodiesel production process®

Conditions (time, temp., Yield (Y/%)/

catalyst loading, molar ratio  conversion Reusability (run:
Entry Feedstock + alcohol Catalyst Characterizations (acid (oil) : alcohol)) (C/%) ClY) Ref.
1 Quercus incana seed oil +  Al,O3 N.R. 2 h, 70 °C, 0.25%, 1:9 Y =97.6 5 runs: 93.6 88
methanol
2 Oleic acid + methanol Zr0,/Al,0; CA = 0.635 12 h, 70 °C, 4%, 1:10 C =190.5 4 runs: >80 89
3 Palm oil + methanol La,0;-Al,0; SA =76.3, PV = 0.36, 5 h, 200 °C, 5%, 1:30 Y =93.12 1 run: 64.81 90
PD = 19.37, CA = 0.229,
CB = 0.082
4 Oats lipid + methanol CuO-ZnO- SA =50.8, PV = 0.11, —, 70 °C, —, — C=97.6 5 runs: 93.8 91
ALO, CA = 0.98
5 Wet microbial biomass + H;PMo/ N.R. 6 h, 200 °C, 15%, 1:120 C =96.6 N.R. 92
ethanol Al,O5
6 Waste cooking oil + KNO;-C/y- SA =46.93, PV =0.18, 3h, 65°C, 6%, 1:18 Y = 88.97 N.R. 93
methanol Al,O5 PD = 9.01, CA = 2.1,

CB =29

“ SA (surface area): m* g~ '; PV (pore volume): cm® g~

%, PD (pore diameter): nm; CB (catalyst basicity): mmol g~

15 CA (catalyst acidity): mmol g; not

reported: N.R.; catalyst amount: relative to the weight of the oil feedstock; room temperature: RT.
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oil conversion yields in the presence of Al,0;, and no significant
loss of activity was observed after five consecutive reuses.
Alkahlawy et al.** developed ZrO,/Al,O; catalysts by a sol-gel
technique and further evaluated their catalytic activity for bi-
odiesel synthesis from oleic acid. The authors claimed that the
used ZrO,/Al,0; catalyst was promising and showed a 90.5%
conversion of biodiesel. In another similar study, a bifunctional
acid-base La,03;-Al,0; catalyst was synthesized by Kingkam
et al.;?° the authors claimed that new weak basic sites with
appropriate acid site amounts were attained at an La,O; loading
of 40% and a calcination temperature of 600 °C, and the catalyst
achieved a yield of 93.2% under ideal conditions. Surprisingly,
the La,03;-Al,0; catalyst appeared to show an obvious drop in
its activity after the first run to 64.81%; this was due to the
leaching of La** ions during the reaction process.

Recently, Bento and co-workers®? reported H;PMo/Al, O3 and
used it as a heterogeneous acid catalyst for the simultaneous
esterification and transesterification of lipid-rich fungal
biomass. A maximum biodiesel conversion of about 96.6% was
attained. Suresh et al.** synthesized carbon from oil palm leaves
incorporated into KNOj/y-Al,O3, and it was further used as
a catalyst in the methanolysis of waste cooking oil for the
production of biodiesel. Catalyst characterization confirmed
that KNO;-C/v-Al,0; had K,0, K,0,, and K,C, species on its
surface and possessed high total basicity and acidity. More
importantly, the biodiesel produced met the fuel property
requirements outlined in ASTM D6751 and EN 14214 standards.
All of these studies demonstrate that aluminum oxide-based
materials are effective solid catalysts.

3.2.7 Titania-based catalysts. Among various metal oxides,
titania (TiO,) is preferred because of its low cost, high specific
surface area, and abundant acid sites, and it shows better and
stronger interactions with other active components. Bekhradi-
nassab and co-workers® reported a 3D cheese-like Mn-doped
TiO, catalyst for the esterification of oleic acid. Experimental
results showed that the selected Mn(4)Ti(MW) catalyst exhibited
an 89.1% conversion within 4 h, and the oleic acid conversion

SO;H-GO@TiO,

&
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reduced by only 1% after six cycles. In another similar study,
Hou et al.”” fabricated hierarchical porous Mo/Ce/H-TiO, cata-
lysts through an evaporation-induced self-assembly method.
Catalyst characterizations confirmed that the dual Mo/Ce
oxides with Brgnsted-Lewis acidic sites were finely supported
on the TiO, support and could act as active centers for cata-
lyzing the transesterification-esterification of low-value acidic
oils. They achieved a 93.8% oil conversion within 8 h using the
Mo/Ce/H-TiO, catalyst. Interestingly, the better FFA and water-
tolerant capacity were also found for Mo/Ce/H-TiO, catalysts.

Sulfonated TiO,-GO core-shell solid spheres were synthe-
sized by a two-step hydrothermal microwave-assisted method.
This catalyst possessed desirable textural properties and strong
acidity and was employed for the conversion of palm fatty acid
distillate to biodiesel (see Fig. 7). As a result, the biodiesel yield
was 96.7% under ideal conditions. After 10 cycles, the biodiesel
yield reached 72.49%, and the reduction in the biodiesel yield
was ascribed to the leaching of the sulfate into the reaction
mixture and the deposition of organic compounds on meso-
porous channels.?® Sabzevar et al.*® studied the esterification of
oleic acid to biodiesel employing the TiO,-decorated magnetic
ZIF-8 nanocatalyst (Fe;0,@ZIF-8/TiO,). The various character-
ization results revealed that the Fe;O0,@ZIF-8/TiO, catalyst was
well-formed. This catalyst exhibited oleic acid conversions up to
80% and 93% using ethanol and methanol under optimum
conditions, respectively. A summary of titania-based catalysts
for producing biodiesel is presented in Table 9. These studies
demonstrate that titania-based catalysts are promising for the
production of industrially viable biodiesel.

3.2.8 Zirconium-based catalysts. The suitable surface area
and medium acidic sites of zirconium allow its use as a catalyst
or a catalyst support for biodiesel synthesis. Quite interestingly,
the surface hydroxyl groups or unsaturated Zr species of
zirconium-based catalysts can serve as acid sites. Table 10
exhibits the zirconium-based catalysts used in the biodiesel
production process. Yusuf et al'® investigated the trans-
esterification reaction of soybean oil to biodiesel employing

By-product
0=?=0 H\ /H
(0)
0 H CH
H H ! /3 o
| | o O Protonated ester
o S o CH;0H | _ Py
- = R OH O—H _CH;
)k (l) & C R” o
R OH * . . - FAME
R OH R [6) H;C H (l)

Intermediates 0=s=0

®

SO;H-GO@TiO,

Fig. 7 Scheme of the proposed mechanism for the esterification by the mesoporous SOsH-GO@TiO, catalyst. Ref. 98, reprinted with

permission of copyright© (2021) from Elsevier.
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Table 9 Comprehensive list of titania-based catalysts for the biodiesel production process®

Conditions (time, temp., Yield (Y/%)/

catalyst loading, molar ratio conversion Reusability
Entry Feedstock + alcohol Catalyst Characterizations (acid (oil) : alcohol)) (CI%) (run: C/Y) Ref.
1 Oleic acid + methanol TiO,(UVA)  SA = 51.851, PV = 0.74, 4 h, 55 °C, 20%, 1:55 Y=298 5 runs: 71 94
PD = 3.52
2 Oleic acid + methanol Mn(4) SA = 68.7, PV = 0.058, 4 h, 110 °C, 9%, 1:20 C=289.1 6 runs: 88 95
Ti(MW) CA = 42.777
3 Waste oil + methanol MnFeTi (ILS) SA = 1.3143, PV = 0.002947, 1.5 h, 110 °C, 9%, 1:20 C=91.43 6 runs: 85.44 96
PD = 50, CA = 1.057
4 Low-value acidic oils + Mo/Ce/H-  SA = 329.35, PV = 0.35, 8 h, 140 °C, 5%, 1:30 C =093.8 5 runs: 82.1 97
methanol TiO, PD = 7.22, CA = 0.647
5 Palm fatty acid distillate + SO;H- SA = 611, PV = 0.16, 40 min, 70 °C, 3%, 1:9 Y =96.7 10 runs: 72.49 98
methanol GO@TiO, PD = 7.25, CA = 3.3
6 Oleic acid + ethanol Fe;O,@ZIF- N.R. 62.5 min, 50 °C, 6%, 1:30 Y = 80.04 5 runs: 77.22 99
8/TiO,
7 Palmitic acid + methanol 0.5TMS5 SA =219, PV = 0.23, 4.5 h, RT, 3%, 1:20 C =959 3 runs: >95 100

PD = 3.14, CA = 0.985

“ SA (surface area): m* g~ '; PV (pore volume): cm® g~ '; PD (pore diameter): nm; CB (catalyst basicity): mmol g~ *; CA (catalyst acidity): mmol g '; not
reported: N.R.; catalyst amount: relative to the weight of the oil feedstock; room temperature: RT.

a zeolite-supported ZrO, catalyst (ZrO,/ZSM-5) and a series of
desilicated ZrO,/ZSM-5 catalysts. As a result, the desilication
process of the zeolite could enhance the mesoporous volume
and external surface area without destroying the crystallinity or
microporosity of the catalysts. The as-prepared ZrO,/ZSM-5(0.2
M) catalyst exhibited a conversion of 97.84% biodiesel because
the desilicated catalyst demonstrated better activity than ZrO,/
ZSM-5. This high conversion was attributed to the high number
of active sites and high dispersion of ZrO, on the desilicated
ZSM-5 with improved acidity. Asif et al'® synthesized a bi-
functional Sr/ZrO, -catalyst for biodiesel synthesis from
chicken fat oil. As a result, 7% Sr/ZrO, was found to achieve
a significantly higher conversion than three naturally occurring
bi-functional catalysts (zwitterions). Ghasemi et al'*® used
a bifunctional CaO-ZrO, nanocatalyst for the esterification and
transesterification of waste cooking oil. The results obtained
showed that the Zr-Ca/kaolin(T)-U(300) catalyst exhibited high
activity for producing biodiesel with total conversion, FFA
conversion, and TG conversion rates of 93.4%, 99.0%, and
73.4%, respectively. After five cycles, the conversion reached

91.3%, implying that the structure and crystallinity of the
nanocatalyst had excellent stability. Based on the literature, it is
also noted that a high surface-area zirconium support might
therefore be an important factor for catalytic reactivity. Thus,
several new methods should be explored for the synthesis of
zirconium-based materials with high surface areas.

3.3 Mixed metal oxide-based catalysts

Mixed metal oxides are formed by the conjunction of two or
more metal oxides, and these composites combine the benefi-
cial properties of both components can promote the esterifi-
cation and transesterification processes for biodiesel
generation. Pasupulety et al'** synthesized mesoporous
tantalum-zirconium mixed oxide (TZ) by the sol-gel method for
the esterification and transesterification of soybean oil con-
taining higher water and FFA contents. As a result, the yields of
methyl palmitate (95.0%) and soybean oil biodiesel (88.6%) at
180 °C using the TZ catalyst were higher than those with ZrO,
alone. The high activity of this catalyst was associated with

Table 10 Comprehensive list of zirconium-based catalysts for the biodiesel production process®

Conditions (time, temp., Yield (Y/%)/

catalyst loading, molar ratio  conversion Reusability
Entry Feedstock + alcohol  Catalyst Characterizations (acid (oil) : alcohol)) (CI%) (run: C/Y) Ref.
1 Soybean oil + ZrO,/ZSM-5(0.2 SA = 387.32, PV =0.29, 4 h, 200 °C, 1%, 1:16 C=097.84 3 runs: 93.8 101
methanol M) PD = 4.63
2 Chicken fat oil + 7% Sr/ZrO, SA = 119.8, PV = 0.2154, 20 min, 70 °C, 1%, 1:14 c=75 N.R. 102
methanol PD = 8.21
3 Waste cooking oil +  Bifunctional SA = 22.49, PV =0.09, 3 h, 110 °C, 10%, 1:20 C=0934 5 runs: 91.3 103
methanol CaO-ZrO, CA = 0.453,
CB = 0.324

“ SA (surface area): m* g~'; PV (pore volume): cm® g~ *; PD (pore diameter): nm; CB (catalyst basicity): mmol g~ "; CA (catalyst acidity): mmol g '; not
reported: N.R.; catalyst amount: relative to the weight of the oil feedstock; room temperature: RT.
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enhanced acidity because of the existence of Ta-O-Ta, Ta=0,
and Zr-O-Ta species. More importantly, 80.0% yellow grease
biodiesel generation was attained on the TZ catalyst at 180 °C.
In another study, Cr-Al mixed oxide was modified with different
amounts of 12-tungstophosphoric acid (TPA) and employed in
the biodiesel production from low-cost wild olive oil. This
catalyst showed a 93% biodiesel yield under ideal conditions,
and after five times of reuse, its yield showed no substantial
loss. Furthermore, the biodiesel produced exhibited the same
characteristics as the conventional petrodiesel.'®

In recent years, Li et al.'** synthesized a mesoporous SrTiO;
perovskite catalyst by the sol-gel method with high tolerance for
FFAs and moisture. Additionally, this catalyst was evaluated for
the transesterification of palm oil with methanol. The highest
biodiesel yield of 93.14% was attained under ideal conditions.
Interestingly, biodiesel yields of 83.8% and 86.5% were ob-
tained even with the oleic acid and water addition of 10 wt%
and 5 wt%, respectively. Furthermore, the molecular simulation
results showed that the Sr active sites tended to be retained,
which is attributed to the protection of the Ti sites during the
reaction process. Similarly, magnetic CoFe,O, and MnFe,0,
nanoparticles coated with sulfonated lignin were prepared from
sugarcane bagasse lignin employing acetyl sulfate and used as
acid catalysts for the esterification of oleic acid. It was observed
that a maximum oleic acid conversion of approximately 80%

View Article Online

Review

was obtained by the prepared magnetic catalysts.”” Silva Junior
et al.'* also synthesized copper molybdate nanoplates (Cus(-
Mo00,),(OH),). It was observed that the Cuz(M00,),(OH), cata-
lyst showed nanometer sizes with a surface area of 70.77 m> g .
Additionally, the authors claimed that the used nanoplates were
promising and showed a 98.38% conversion of oleic acid.

Naushad et al.**® prepared two catalysts ([NiFe,O,@BMSI|Br
and [NiFe,0,@BMSI|HSO,) via the ion-exchange process (see
Fig. 8), characterized their catalytic properties, and further
evaluated their catalytic efficacy for the transesterification of
vegetable oil. The results revealed that [NiFe,0,@BMSIHSO,
exhibited better performance than [NiFe,O,@BMSI|Br. A yield
of 86.4% was attained using [NiFe,0,@BMSI|HSO,, while in the
case of [NiFe,O,@BMSI|Br, it was about 74.6%. More references
for the immobilization of acidic functional groups on mixed
metal oxides (Zn, 4Nij ¢Fe,0,@S0;H,"” CoFe,0,@SGO,"* and
AlFe,0,@n-Pr@Et-SO;H"") for biodiesel generation were also
studied.

Ibrahim et al.*** synthesized the CoFe,O,@MoS, magnetic
acid catalyst with a strong saturation magnetization of 15.78
emu g ' via the sol-gel method and employed it in the esteri-
fication of oleic acid by the microwave-assisted method. The
conversion of oleic acid reached 98.2% using CoFe,0,@MO0S,.
This catalyst showed stable catalytic activity for up to eight uses,
with a conversion of oleic acid of 98.2%. Table 11 shows the

/\ /OMe
NiCl,-6H,0 N N + Br Si\—OMe
+ \_/ OMe
FeCl;-6H,0 1-Butylimidazole (3-Bromopropyl)trimethoxysilane
NaOH Reflux | 80°C for 72 h

1-butyle-3-(trimethoxysilylpropyl)-imidazolium

bromide(BMSI)IL

N NN NN

Br™ \ /
——/ |NiFe,O4@BMSI] Br

-HCl

Fig. 8 Preparation methods for [NiFe,O,@BMSI|Br and [NiFe,O
Elsevier.
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[NiFe,O,@BMSI| HSO,

4@BMSIIHSO,. Ref. 116, reprinted with permission of copyright©® (2021) from
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works on biodiesel production under different conditions using
mixed metal oxide-based catalysts. As shown in the table, the
mixed metal oxides utilized in catalyst formulation play
a pivotal role in determining key physicochemical properties,
such as surface acidity and basicity, surface area, and magnetic
properties, which are critical parameters influencing the cata-
lytic reactivity. Thus, additional investigations are still required
to determine catalyst formulations, develop a simple synthesis
process, and enhance the interaction in the composites of
various metal oxides.

3.4 MOF-derived metal oxide-based catalysts

Recently, metal-organic frameworks (MOFs) have exhibited
intrinsic characteristics, such as augmented surface areas, high
porosities, and tunable functionalities.”**** In addition, MOFs
can eliminate the non-stable linker and generate porous metal
oxide materials using various strategies (e.g., thermal decom-
position, chemical treatment, reflux synthesis, and electro-
chemical synthesis), promoting their diverse applications.****>¢
MOF-derived metal oxides benefit from their inherited
morphology and controllable dimension, making them
a promising heterogeneous catalyst candidate.**” So far, several
researchers have reported studies on the application of MOF-
derived metal oxide-based catalysts for biodiesel production.
Yang et al*® reported that the Zn-based MOF-derived
MgO@ZnO hybrids are excellent nanocatalysts for biodiesel
production from soybean oil. Ruatpuia and co-workers'*®
designed a ZIF-8 MOF-derived CaO/ZnO nanocatalyst for the
high-yielding transesterification of soybean oil to biodiesel. Lu
and co-workers™® developed flower-like mesoporous sulfated
zirconia nanosheets (SZNs) through the thermal decomposition
of in situ sulfated Zr-MOFs. Due to their large surface area (186.1
m?® ¢g7') and the strong bonding between sulfate and zirconia
atoms, the acid performance tests revealed that SZNs have good
catalytic activity and reusability for the transesterification. Apart
from that, Wang et al.™** utilized bimetallic CaFe-MOF deriva-
tives in the transesterification of palm oil and methanol. The
characterization results clearly demonstrated that CaO and
Ca,Fe,0s are the major active sites in the CaFe-MOF derivatives.
Meanwhile, CaFe-800-1 showed good activity, and the conver-
sion of 98.53% was achieved. Furthermore, the obtained bi-
odiesel product satisfied the standards of ASTM D6751 and EN
14214. Recently, our group also studied the generation of bi-
odiesel from FFAs with methanol over heteropolyacids incor-
porated into single/bimetallic MOF derivatives (e.g., PW-TiO,,
HSiW@Zr0,-300, HSiW@Ni-Zr-O and HPW@Ni-Zr-0). All
these composite catalysts exhibited excellent catalytic perfor-
mance and reusability, and the FFA conversion of 95.2% was
obtained under optimal reaction conditions.**>*** However,
based on the literature studies, the preparation of MOF-derived
catalysts is extremely expensive.*® Moreover, some MOF-
derived metal oxides are still unstable in the reaction system,
which potentially results in the pore collapse of the original
MOF structure.”®” Thus, designing and developing a cost-
effective strategy for the fabrication of MOF-derived single
metal oxide and mixed metal oxide heterogeneous acid catalysts
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with unique morphologies, stable structures, and excellent
catalytic performance are significant research targets for the
future.

4. Conclusions and outlook

In the present review, the use of various metal oxides as
heterogeneous acid catalysts for biodiesel production using
esterification/transesterification reactions has been examined.
This includes a comprehensive examination of the properties,
preparation methods, and catalytic applications of sulfated
metal oxide catalysts, metal oxide-based acid catalysts (they
were classified into eight types: silica-based catalysts, molyb-
denum oxide-based catalysts, tungsten oxide-based catalysts,
tin oxide-based catalysts, iron oxide-based catalysts, aluminum
oxide-based catalysts, titania-based catalysts, and zirconium-
based catalysts), mixed metal oxide-based acid catalysts, and
MOF-derived metal oxide-based catalysts. We note that metal
oxide heterogeneous acid catalysts are examples of heteroge-
neous catalysts, which are in demand in order to address the
inherent problems of homogeneous acid catalysts. Moreover,
metal oxides when combined with active substances, such as
metal nanoparticles, heteropolyacid, loaded functional groups,
zeolite, ionic liquids, and lipases, can result in increased
surface area and active sites and improved catalytic perfor-
mance during reactions. However, their practical application is
hindered by challenges related to the following aspects:

(1) The preparation processes of metal oxide heterogeneous
acid catalysts are generally complex and lengthy, which restricts
large-scale utilization. Thus, different simple and low-cost
methods for metal oxide heterogeneous acid catalyst prepara-
tion should be encouraged and investigated.

(2) For catalyst development, improving the stability of metal
oxide heterogeneous acid catalysts is one of the key focuses.
Therefore, novel preparation techniques (e.g., microwave,
ultrasonic, and plasma techniques) and surface modifications
(e.g., doping with various metal ions, constructing enzyme-
chemical synergistic catalytic interface structures, and intro-
ducing oxygen and other defect structures, hydrophobic struc-
tures, active site nanoclusters or single-atomization) may
prevent the leaching and degradation of active species and
improve the resilience of metal oxides, ensuring their scalability
and long-term cycling stability in biodiesel synthesis.

(3) Based on previous research, the structure-performance
relationship of metal oxide-based heterogeneous acid
composite catalysts remains uncertain. Consequently,
substantial efforts should be made to understand the real
structure-capacity relationship and its synergistic effects under
diverse operating conditions, and this aspect may be assisted by
computational methods.

(4) Although the strong acidity of sulfated metal oxides is
gaining increasing research attention, the leaching of sulfate
groups during the reaction is the most important drawback.
Thus, a detailed investigation on the nature of the active sulfate
groups and the mechanism of their formation should be
performed.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(5) Also, the combination of metal oxides with porous
frameworks, polymers, or nanomaterial substrates to create
multifunctional composite catalysts may increase the active
sites and facilitate sustainable biodiesel generation.

(6) Based on the literature, the use of MOF-derived metal
oxide-based composites as acid catalysts for biodiesel produc-
tion is rarely reported. Thus, the design and fabrication of
efficient and durable MOF-derived metal oxide-based acid
catalysts with specific morphologies and structures (e.g., core-
shell structure, hierarchical structure, 3D porous structure,
hollow structure, and nanofiber structure) are required to drive
the future development of MOF-derived functional heteroge-
neous catalysts. Meanwhile, combining the exciting features of
MOF-derived metal oxide and artificial intelligence (AI) tech-
nologies would promote the development of commercial-scale
biofuel production.

(7) The application of metal oxide heterogeneous acid cata-
lysts in the production process of biodiesel are in the form of
powder, which may be challenging to manage. This result may
cause potential secondary pollution. Future research can
explore modifying the shape of catalysts, constructing films, or
combining them with magnetic materials to enhance the
management and recycling of catalysts.

The utilization of metal oxide heterogeneous acid catalysts in
large-scale industrial biodiesel production is still under devel-
opment. However, through continuous innovation in the high-
performance material design, preparation process optimiza-
tion, and practical implementation, metal oxide heterogeneous
acid catalysts can be transformed into efficient and scalable
solutions for more sustainable and economically competitive
biodiesel production.
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