Published on 14 februar 2024. Downloaded on 17.07.2024 20.47.37.

#® ROYAL SOCIETY

Sustainable
P OF CHEMISTRY

Energy & Fuels

View Article Online
View Journal | View Issue

REVIEW

Current advances and future outlook of
heterogeneous catalytic transesterification
towards biodiesel production from waste cooking
oilf

Nabanita Ghosh, Mehulee Patra and Gopinath Halder & *

i '.) Check for updates ‘

Cite this: Sustainable Energy Fuels,
2024, 8, 1105

The judicious utilization of waste cooking oil (WCO) could be a viable option to curtail the production cost
of biodiesel and mitigate the environmental issues related to waste disposal in landfills. The use of
heterogeneous catalysts in biodiesel synthesis has been advocated as the most promising approach in
recent years owing to their non-corrosive and easily separable nature and long catalytic life for recycling.
However, WCO-derived biodiesel production by catalytic heterogeneous transesterification in large-
scale industries is a barrier yet. Currently the majority of review articles emphasize on the progress of
reactor configuration, and preparation of new catalyst based on the modifications of the catalyst's
morphology. Concurrently, the synthesis of cost-competitive catalysts is also crucial for their
commercial implementation. It is observed from a meticulous literature review that most of the catalysts
used in biodiesel production are confined to the lab scale. For example, the synthesis of nanocatalysts is
now an emerging area in biodiesel production, but practically it has not been feasible to use on a large
scale. Therefore, biodiesel process development including cost effective heterogeneous catalysts is the
need of the hour for its commercialization. In this paper, an integrated reactor design has been

proposed for the heterogeneous catalytic transesterification process for biodiesel production towards
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Accepted 30th January 2024 commercial productivity and economic viability. Life cycle assessment of WCO-derived biodiesel

production methods is also discussed. The efficiency and limitations of heterogeneous catalysts are
summarized and compared in detail to assess their suitability in pragmatic applications with critical,
theoretical, and scientific views. The present-day challenges and future outlooks are envisioned too.
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dependency.* The drive of research towards affordable renew-
able energy production would limit the dependency on non-

1. Introduction

The world's population is growing at an accelerating rate, which
means that there will be a greater and greater need for energy.
Continuous expansion of the world's population led to a rise in
fossil fuel demand and increased their costs globally.' World-
wide production of refined oil products witnessed a sharp
increase of 26.42% from 1990 to 2017 led by the Middle East
and the USA.” Being the most populated country in the world,
India heavily relies on fossil fuels for its everyday energy
demands. Diesel and gasoline represent 46% and 24% of
India's total transportation fuel, respectively, which is expected
to grow to 226 billion liters in 2026 from 134 billion liters in
2015.% The Indian government has set a goal of decreasing its
reliance on imports of natural gas and oil to half by 2030 to
significantly strengthen the country's renewable energy
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renewable fossil fuels and mitigate the environmental issues
related to fossil fuel combustion. A rise in the consumption of
renewable energy is anticipated in 2040 and 2050 (Fig. S1 ESI
Filet).® Biofuel has appeared as a very promising alternative to
conventional fuel owing to its multifaceted solution due to its
biodegradable and nontoxic nature.® Biodiesel is a renewable
fuel produced from natural oil sources, mainly edible oils,
WCO, and animal fats. Biodiesel has a better combustion
quality as compared to conventional fuel due to its higher
cetane number and 10-11% oxygen by weight with an insig-
nificant amount of sulphur, making it a clean alternative.”
Biodiesel also resolves the issue of environmental harm, as it is
made of renewable materials and thus emits much fewer
greenhouse gases than conventional diesel. These properties of
biodiesel can effectively reduce the emission contribution in the
exhaust gas.™ The zero aromatic hydrocarbon content and
nearly negligible emissions of benzopyrenes and related
chemicals are the two biggest advantages of biodiesel over
diesel fuels from a pollution perspective.®* Not only does this
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solve the environmental problem posed by fossil fuels but this
also reduces the economic pressure on countries due to their
dependence on oil imports. Among the numerous techniques
for producing biodiesel, including pyrolysis, microemulsion,
and direct mixing, biodiesel is prepared through trans-
esterification. Biodiesel is chemically termed a monoalkyl ester
of vegetable oils or animal fats or a fatty acid methyl ester
(FAME).**® Feedstock used for biodiesel is composed of 85-
98 wt% triglycerides. It is produced when a triglyceride reacts
with an alcohol in the presence of a catalyst.? More than 95% of
the world's biodiesel production is derived from consumable
vegetable oils, making them the most common source of
feedstock.’

Biodiesel is subdivided into four generations based on
different feedstock as reported by the European Academies’
Science Advisory Council (EASAC)." Fig. S2T shows the different
generations of feedstock in biodiesel production. Edible vege-
table oils utilized for the production of first-generation bio-
diesel are soybean oil, palm oil, rapeseed oil, corn oil, mustard
oil, coconut oil, olive oil, rice oil, etc.** However, this generation
of feedstock raises concerns about food security, increase in
costs of these edible products, and the debate of food vs.
energy."* Several studies have discussed the use of second-
generation oil including waste cooking oil, mahua oil, linseed
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oil, castor oil, and neem oil for the production of biodiesel.*"”
However, this again raises the concern of land security. The
land used for the production of these crops could be used for
the production of edible crops.” Microalgae are now emerging
as viable feedstock, owing to their high oil percentage and fast
biomass production.® This also solves the main disadvantage of
biodiesel being costlier than conventional diesel, which is
inexpensive, and can be replaced by algal oils.** The fourth
generation of biodiesel utilizes an artificial biological process,
which are called ‘photo biological solar fuels’ or ‘electro-fuels’,
prepared by the transformation of solar energy.**® In this case,
the initial investment is extremely high and research in this area
still has to be developed. During the transesterification reac-
tion, catalysts from the homogeneous, heterogeneous, and
enzymatic categories are all utilized. Homogeneous catalysts
show very good activity in transesterifying fats to biodiesel,
leading to good yields and high reaction rates.** The difficulty in
separating catalysts once the process is complete, leading to the
loss of the catalyst, is a pivotal downside of producing biodiesel
with homogeneous catalysts. Heterogeneous catalysts have
subdued the problem of homogeneous catalysts. They allow
easy separation of the produced ester and provide good reus-
ability viz. MgO/clinoptilole, sulfonated synthetic coal, NaOH/
chitosan-Fe;O,, K+ trapped clay nanotubes, bimetallic
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Fig. 1 (a) Sources of WCO generation and (b) percentage share of different oils in biodiesel production.*°
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tungsten-zirconia (W-Zr), La;'/ZnO-TiO, photocatalyst, FeCl;-
modified resin, eggshell derived CaO, and alkalized SBC ash.
Moreover, heterogeneous catalysts are comparatively less
corrosive, omitting the water redemption step.*** The approxi-
mate utilization efficiency of WCO generation in densely
populated nations like China, the United States of America,
India, and Japan was stated to be 5.6 million tonnes, 1.2 million
tonnes, 1.1 million tonnes, and 0.57 million tonnes, respec-
tively.” Based on a study, WCO is believed to be an alternative to
replace edible oil in biodiesel production.'® The distribution of
various oils utilized for the production of biodiesel is depicted
in Fig. 1(a)." The generation of WCO from various sources is
depicted in Fig. 1(b).*

This review has emphasized the utilization of various
heterogeneous catalysts in biodiesel synthesis from WCO and
assessed their efficiency and reusability. The life cycle assess-
ment of WCO-derived biodiesel production methods will
provide a comprehensive understanding of the cost-
effectiveness and environmental friendliness of these
processes to produce a cleaner and affordable alternative fuel.
While there are numerous publications on the impact of cata-
lysts on biodiesel production in the contemporary period, few
researchers have thoroughly examined and studied them. As
per the author's knowledge, this review study has considered
multiple categories of heterogeneous catalysts reported for the
last ten years on biodiesel production from only waste cooking
oil. In addition to these, the emission parameters of WCO-
derived biodiesel have been elucidated with critical vision,
which were not available in the majority of the research
assignments. The physicochemical parameters of WCO ob-
tained from different sources were summarized and compared
to get a better understanding of how these properties affect
product efficacy. Moreover, an in-depth review and assessment
of biodiesel properties were presented to identify the path of
commercial scalability and cost-effective sustainability needed.

1.1 Emission perspective of biodiesel

The emissions from fossil fuel combustion are estimated to be
1122 gigatonnes of carbon dioxide (CO,) by 2050. This would
raise the global average atmospheric temperature by about 1 °C.
Burning of fossil fuels for various energy needs emits toxic
carbon monoxide (CO), sulfur dioxide (SO,), and nitrogen
oxides (NO,) together with CO, in the atmosphere, creating
serious damage to the environment.” India is also affected by
this threat of climate change and air pollution. The major
emissions found in the most polluted region of the country i.e.,
Indo-Gangetic Plain, are contributed by fossil fuel exhaust.”*®
The threat posed by fossil fuel emissions in the form of global
warming is thus very real and can be seen accelerating with the
given trends of fossil fuel consumption.****** Biodiesel is
utilized in conventional engines in the blended form, usually
5% biodiesel with 95% petroleum diesel. It has the same energy
content as conventional diesel, but it produces fewer emissions
when burned. The exhaust emissions of the engine are reduced
by using this blend and the resulting lower level of PM is
beneficial to human health. Biodiesel also produces less CO

This journal is © The Royal Society of Chemistry 2024
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than petroleum diesel, so it does not contribute to air pollution
as much. It is reported that, CO emissions decreased as the
engine load climbed to half load when B10 (10% biodiesel and
90% petroleum diesel) and B20 blends (20% biodiesel and 80%
petroleum diesel) were evaluated on a four-stroke single
cylinder diesel engine. When compared to pure diesel fuel, CO
emissions significantly decreased using biodiesel and its blend
over the entire engine load range. This is because biodiesel has
a greater oxygen percentage than diesel fuel, which causes
complete burning.* However, all biodiesel mixes had greater
NO, emissions than diesel oil, due to higher cylinder combus-
tion temperature, higher adiabatic flame temperature, and
greater availability of oxygen. At half engine load, HC emissions
for all tested fuels were decreased, but at increasing engine
load, they had risen, because there was comparatively less
oxygen available when more fuel was injected at higher loads.
Smoke emissions are reduced as well, with biodiesel blends as
contrasted to pure diesel. Correspondingly, when tested by Gad
et al. with special attention to palm oil biodiesel, it was
discovered that NO, emissions increased owing to a rise in the
content of fuel consumed and a rise in the cylinder tempera-
ture, while CO and CO, emissions decreased owing to the
oxygen present in the molecular structure of biodiesel blend
fuels.”® The high cetane number causes a decrease in HC
emissions in biodiesel. Moreover, high oxygen content
improves combustion, which lowers HC emissions. However,
only reporting the emission parameters without discussing the
consumption parameters in the same circumstances does not
display the full picture. The amount of biodiesel mixed with
diesel fuel affects how much fuel is consumed in oil blends, as
biodiesel has lower calorific values than diesel fuel. The amount
of fuel required by a diesel engine to produce the same amount
of power increases when biodiesel and its mixes with diesel fuel
are used. There is a decrease in thermal efficiency as well, due to
higher viscosity, lower heating value, elevated density, and poor
volatility of biodiesel. Biodiesel from WCO has also been tested
for emission qualities, by Gad et al. They found that NO,
emissions were reduced by about 12% when WCO-derived
biodiesel was blended with diesel and used in a four-cylinder
indirect ignition engine, compared to the use of diesel
blended with WCO.** A similar reduction was reported for the
emissions of HC and CO by Kukana & Jakhar.>” The emission
parameters of the CI engine are summarized in Table 1 during
the use of WCO-derived biodiesel.

1.2 Waste cooking oil and its prospects

Waste cooking oil, commonly abbreviated as WCO, or referred
to as used cooking oil (UCO) or spent cooking oil (SCO) is ob-
tained by collecting oil that is used for cooking purposes,
usually frying. If WCO is disposed in municipal solid waste
landfills, it will also pollute the soil.> The typical techniques for
disposing of WCO also pose a concern to human health.** To be
more exact, WCO seeps into the soil and then it reaches
groundwater supplies and drinking water.”® Moreover, the
dangerous substances that are generated in WCO are ingested
by marine species and passed back to people via the food chain
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Table 1 Emission parameters of the ClI engine operating on WCO biodiesel
Emission parameter
Specification of the engine Biodiesel CO% HC% Smoke% CO,% NO,% Reference
1 cyl® 4-stroke, horsepower of 5.02 kW at BD10 —31.46 —25.2 —3.61 +34.5 24
1500 rpm, CR? 0f 18:1 BD20 —27.3 —10.84 —6.82 +41.39
BD100 —44.05 —36.22 —18.63 +48.4
3 cyl, power 9.9 kW, 1500 rpm, CR 1:22 —15 +3 —4 25
Kirloskar & TV1, 1 cyl, 5.2 kW at B20 —-20 —15.4 —17.39 +3.12 +12.66 26
1500 rpm, CR 17.5: 1
Kirloskar, 1 cyl, power 3.5 kW at 1500 B20 —ve —ve +ve +9 27
rpm B100 —16 —20
Yanmar L70N6, 4.4 kW @ 3600 rpm B100 —ve —ve —ve —ve 28
Kirloskar AV-1, 1 cyl, 3.7 kW at 1500 rpm, OOME-T100 —12.5 —18.7 —24 +10.4 29
CR16:1
1 cyl, 3.7 kW at 1500 rpm, CR 16: 1 B10 —ve —ve — — +ve 30
B20
B30
1 cyl, 7.8 kW at 2400 rpm, CR 17.7: 1 B10 —52.2 —72.6 — — —-1.8 31
B20 —8.2
Euro IV, in-line 4 cyl, turbocharged, 75 B20 —ve —ve — — +ve 32
kW at 3600 rpm, CR 18.5:1 B50
B100
Kirloskar TV2 engine B20 -36 —14 — — —-10 33

“ ¢yl: eylinder. ® CR: compression ratio.

as shown in Fig. 2(a).*® One of the most reliable and efficient
methods for reducing environmental issues linked to trash
disposal and addressing issues with conventional energy
consumption, particularly carbon emissions, is waste-to-energy
as shown in Fig. 2(b).>® Using WCO as feedstock not only miti-
gates the food and land security concerns of first and second-
generation biodiesel but also provides a novel solution for
recycling WCO, which is otherwise dumped as waste.”® At
present the Indian government is taking necessary steps for
producing biodiesel from WCO through a suitable collection
mechanism to ensure a continuous supply of waste oil for the
same. The Food Safety and Standards Authority of India (FSSAI)
has set the limit at 25% for polar compounds in waste 0il.** It is
disclosed that a single junk food center produces around 10 to
20 1 of WCO daily.”” Recently, the FSSAI and the Biodiesel
Association of India have jointly implemented a digital direc-
tory where all the data related to the acquisition and conversion
of WCO to biodiesel are available.”® To enhance the biodiesel
market, the Indian government has fixed the price of UCO per
liter for 3 years (Aug 2019-Sep 2022). To ensure the imple-
mentation of policy under RUCO in all the states nodal officers
have been appointed by the government.* As per the report of
the Biodiesel Association of India (BDAI), biodiesel production
is 3.5 lac tons per annum only, although India has a total
installed capacity of 12 lakh tons per annum. So, biodiesel can
reserve roughly S$1.47 billion in foreign currency of India as
a substitute for conventional diesel.*

Nevertheless, WCO goes through continuous heating and
frying at high temperatures for which some chemical properties
change in the used o0il.**** In frying oil, the chemical reactions
of hydrolysis, oxidation, and polymerization frequently occur
and result in the production of volatile or non-volatile

MO8 | Sustainable Energy Fuels, 2024, 8, 105-1152

chemicals as shown in Fig. S3(a).1*"* Deep-fat frying reduces the
amount of unsaturated fatty acids in the oil and increases the
amount of free fatty acids,*” polar materials, and polymeric
compounds, as well as changes in foaming, color, viscosity,
density, and specific heat.>"* The acid value and FFA content of
WCO are found to be substantially higher than those of edible
oils and also happen to be the critical factors for deciding the
catalyst and method to produce biodiesel from any oil. The
majority of WCO contains FFA in the range of 2-15%.%> The
hydrolysis, oxidation, and polymerization of the oil during
frying are influenced by frying temperature and time, frying oil,
antioxidants, and the type of fryer. The different chemical
reactions are outlined as follows.

1.2.1 Hydrolysis. While food items are crisped in hot oil,
vapor generates steam, which, combined with oxygen along
with water, starts the chemical process in the hot oil. The ester
bond of triglycerides is attacked by water, which possesses weak
nucleophilic action, resulting in de-esterification and the
production of FFA and di- and monoacylglycerols, which is why
FFA content increases with the number of times a batch of oil is
reused.*»*® The hydrolysis reaction of WCO is depicted in
Fig. S3(b).T It is also reported that when oil is heated, more
unsaturated fatty acids quickly decrease in proportion to less
unsaturated or saturated fatty acids. Free fatty acids are more
flammable and lower the smoke point of the oil.** Polar mono-
and diglycerides cause foaming. Using oil with long-chain fatty
acids reduces hydrolysis since small-chain fatty acids are more
soluble in water and enhance hydrolysis.

1.2.2 Oxidation. It occurs in stages, primary, secondary,
and tertiary. The primary or initial oxidation of triglyceride
molecules in frying oil results in hydroperoxides bound to
a double bond of an unsaturated fatty acid, an unstable lipid

This journal is © The Royal Society of Chemistry 2024
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conversion into bioenergy vs. WCO disposal. Reprinted with permission from ref. 36 Copyright (2021) Elsevier.

species that cleaves to create non-volatile and volatile secondary
oxidation products such as alcohols, carbonyls, and acids as
shown in Fig. S3(c).T As a result of some of these secondary
products’ polymerizing (tertiary oxidation), the oil becomes
viscous, becomes brown on the surface, and darkens.* In oils
that are high in free unsaturated fatty acids, like soybean oil,
polymerization is prevalent.

1.2.3 Thermal polymerisation. High-molecular-weight
cyclic fatty acid (FA) monomers, as well as dimers and oligo-
mers, are produced in a non-radical mechanism by frying at
high temperatures as shown in Fig. S3(d).t It is similar to
tertiary oxidation, but unrelated and occurs at higher temper-
atures when oxygen is limited due to evaporated water from the
food covering the oil in a ‘steam blanket’.*”

This journal is © The Royal Society of Chemistry 2024

1.3 Pre-treatment of WCO

The production of biodiesel from WCO faces one big challenge.
During cooking, moisture gets adsorbed on the oil surface from
various food items.' This moisture leads to hydrolysis of the
triglycerides in the oil and forms FFA. This increases the
viscosity of WCO as well as the acidity.*® The increase in FFA and
water content misbalances the biodiesel yield by forming soap
along with the final product.***° The process of estimating AV
and FFA comprises titrating a given amount of sample diluted
in 10 milliliters of 2-propanol against a KOH solution of a given
strength. Phenolphthalein was utilized as the end point indi-
cator. Three separate estimates were made, and the mean figure
was taken into account. FFA content and AV are computed using
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eqn (1) and (2).** Hence, WCO, before it can be used to produce
biodiesel, has to go through pre-treatment to reduce FFA by less
than 2% for the base catalyzed process. Pre-treatment initially
includes removing impurities and solids left over due to the
cooking processes via filtration. Pre-treatment processes must
also reduce the high FFA content of WCO, most commonly done
by esterification. Moisture content is usually removed by pre-
heating the oil above 100 °C or using adsorption or vacuum
distillation (0.05 bar).>>* It requires a two-step (when FFA > 2%)
esterification process with an acid catalyst followed by trans-
esterification with a basic catalyst.** These challenges need to
overcome by selecting a suitable catalyst with WCO. The fatty
acid compositions and acid values of various WCO influence the
biodiesel efficiency. The prescribed standard of biodiesel fuel
such as viscosity, oxidation stability, acid value, and flash point
gets influenced by the presence of FFA.>>>¢

Acid value = ME x M x 1 (1)
w
Acid value
FFA = —199 (2)

where ME - molecular weight of KOH, M - molarity, ¢ - titrant
value, and w - weight of oil (g).

Esterification as pre-treatment was studied and reported by
Chai et al. who optimized the reaction parameters for used
cooking oil with FFA 5.0 wt%. They discovered that the ideal
reaction temperature was between 55 and 65 °C, the methanol
to FFA molar ratio was 40:1, and 10 wt% sulfuric acid as
a catalyst.”” Thoai et al. also carried out pre-treatment of WCO
having FFA and moisture contents of 3.94 wt% and 0.54 wt% by
esterification with sulphuric acid as a conventional acid cata-
lyst. First, moisture was removed from the WCO by preheating it
for 2 hours at 110 °C. They used response surface methodology
(RSM) to optimize the process parameters and achieved 90%
conversion to reduce the FFA to 0.40 wt% with a methanol to
FFA molar ratio of 40 : 11 with a catalyst weight of 10.64 wt% at
a temperature of 60 °C for 5 hours.*® Other ways of removing the
acidity of the feedstock are neutralization and chemical refining
by reaction with alkaline solutions with KOH or NaOH, which
produces soaps and water. Once generated, the alkaline fatty
acid salts are insoluble in the oil and must be extracted using
decantation or centrifugation after being washed with water
spray.® After neutralization, vacuum distillation is used to
remove the residual water from the WCO.*® Vacuum and strip-
ping distillation is also used as a standalone physical process to
reduce acidity, as the acidic components are more volatile.**
Other than esterification, biological treatment is also used as
a chemical process to remove acidity in WCO. The free fatty
acids are acted upon by microorganisms to break them down
under specific conditions.*

2. Methods for biodiesel production
2.1 Dilution

In this method, produced biodiesel is simply blended with diesel
without any chemical reaction. Raw materials like WCO or other

MO | Sustainable Energy Fuels, 2024, 8, 1105-1152

View Article Online

Review

oils like sunflower oil, rubber seed oil, rapeseed oil, etc. are
blended with diesel fuel, ethanol, or solvent.®* While this lowers
the density and viscosity of the raw materials, it does not reduce
the high FFA or moisture content of WCO.'** Blending is not
suitable in the long term, as the viscosity of the blend was more
than the prescribed ASTM standards. B20 blends have also been
used, with 20% vegetable oils and 80% diesel fuel.** It was found
that the calorific value of the mixed fuel is lower than that of
gasoline, so the fuel consumption rate increases and the engine
output decreases, even though there was no notable distinction
in the thermal efficacy of the engine.®* The viscosity is reduced
with an increased percentage of diesel fuel in the blend, but the
high FFA and moisture lead to wear and tear of engines and
reduce the performance of the produced biodiesel.*®

2.2 Thermal cracking or pyrolysis

Pyrolysis is a thermochemical process, where feedstock is
heated at medium temperature in the absence of air or oxygen
or anaerobically under inert conditions, to produce oil (here,
biodiesel), char, and gas.®® This may be performed with or
without the help of a catalyst. The yield of oil produced from
pyrolysis depends primarily on the process temperature,
whereas the composition and quality of the oil depend on the
lignin—-cellulose content and type of feedstock used.®® A wide
range of process conditions like temperature, rate of heating,
solid residence time, the particle size of biomass, etc., are
considered, depending on which, pyrolysis can be categorized
as traditional (or slow), fast, and flash pyrolysis. Slow pyrolysis
has a very high residence time, which requires a massive
amount of energy due to the low heat transfer. Fast pyrolysis is
found to give the best biodiesel yield above 80%.%” Flash
pyrolysis produces up to 75% oil yield, but the product has
many disadvantages such as poor thermal stability and high
corrosiveness, and results in the production of pyrolytic water.*®
This process' adequacy is enhanced by its lower processing cost,
excellent resemblance to fuel qualities and standards, and
feedstock flexibility. The fuel obtained through pyrolysis is
identical to conventional diesel fuel in terms of qualities and
characteristics. Wang et al. reports biodiesel produced from
waste clay oil via catalytic pyrolysis with a carrier gas rate of
0.1 N L min~", pyrolysis temperature of 550 °C and calcium
oxide (CaO) as a catalyst with a catalyst ratio of 1/5 with a yield of
83%.%° The choice of the catalyst improves the efficiency of the
production process in the pyrolysis temperature range. Also, it
was outlined that waste cooking oil pyrolyzed with 1% NaOH
catalyst concentration gave a 70% biofuel yield in a temperature
range of 235-310 °C.”° However, this method needs sophisti-
cated machinery, produces compounds with short chains, has
limited volatility, and provides non-oxygenated value. Due to
the outdated nature of this biodiesel production method,
modern methods such as ultrasonic reactors, microwave tech-
nologies, and the supercritical process are currently used.”

2.3 Micro-emulsification

An immiscible mixture of oil and alcohol can be produced by
using a surfactant and co-surfactant as a binder through micro-

This journal is © The Royal Society of Chemistry 2024
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emulsification without any chemical reaction.” They are
isotropic, transparent, and thermodynamically stable mixtures
of oil in water (O/W) or water in oil (W/O) along with surface-
active agents (surfactants/co-surfactants).””* Alcohols like
methanol, ethanol, and 1-butanol form a colloidal equilibrium
dispersion with vegetable oils with optically isotropic fluid
microstructures of dimensions normally in the span of 1-
150 nm.”>”® This lowers the high viscosity of the oils, which
allows them to be directly utilized in diesel engines. Micro-
emulsified biofuels can be made from WCO, as reported by
Bora et al. using ethanol as a dispersed phase and butane-2-ol as
a co-surfactant. The fuel was found to have comparable fuel
properties to biodiesel and superior cold flow properties.”
Micro-emulsification does not require heat energy, as compared
to pyrolysis, which makes the process energy intensive.
According to research by Chang et al., biodiesel with improved
brake efficiency and significantly lower emissions of PM, NO,,
and polycyclic aromatic hydrocarbons (PAHs) was produced.
They used an emulsion of 20 vol% acetone-butanol-ethanol
solution with 0.5 vol% water in diesel.” WCO, ethanol, water,
and Span 80 as a surfactant were used to create an emulsified
fuel by using 70% WCO, 15%water, 10% ethanol, and 5% Span
80 as an ideal composition. The performance of the emulsified
fuels was improved, and smoke, NOy, HC, and CO emissions
were greatly decreased. Tan et al. reported the use of WCO as
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feedstock to produce biodiesel as a surfactant to produce
a microemulsion with optimum volume ratios of diesel-80%,
bioethanol-15%, and biodiesel-5%.”° The microemulsion was
found to emit lower CO levels than conventional diesel at lower
engine speeds. Similar trends were reported for NO, emissions,
and it was found that no significant emissions of NO, took
place. However, micro-emulsified diesel fuels might give rise to
problems such as incomplete combustion, carbon deposit, and
nozzle failure. Also, this method needs sophisticated machines
and extreme temperatures.*®

2.4 Transesterification

Transesterification, or alcoholysis, is now the most preferred
and simple procedure for preparing biodiesel from diverse
feedstock and other oils.** It is a chemical reaction between
vegetable oils or fat with suitable short-chain alcohols to give
biodiesel and glycerol as shown in Fig. 3(a). Large branched
triglycerides in vegetable oils are converted to smaller straight-
chain molecules of methyl esters via transesterification.®® It
essentially exchanges the alkoxy group of an ester compound
with another alcohol, mostly similar to hydrolysis as shown in
Fig. 3(b), except that alcohol is used instead of water.?” The
saponification reaction is shown in Fig. 3(c). The entire trans-
esterification reaction occurs in three steps with intermediate

(a) O CH,;—OH
(‘:H OH o
o Catalyst ” CH —OH
‘ + CH;0H CH;—C—O0—R; +
CH;—C—0—R; CH,— OH
Monoglyceride Methanol Methyl Ester Glycerol
W T
R-C—OH + KOH -~ 5 R—C—O K -+ 2
Fatty acids Catalyst Potassium soap Water
i
(c) CHZ_g_O_R1 CH, —OH
‘ ﬂ o H,0 I CH,—OH
CH—C—O0—R _
o ? + 3KOH ~—> 3R —C—0O K +
I CH,—OH
CH,—C—0—R;3
Triglyceride Catalyst Potassium soap Glycerol

Fig. 3 (a) Overall transesterification reaction mechanism, (b) hydrolysis reaction mechanism, and (c) saponification reaction mechanism.

Reprinted with permission from ref. 70. Copyright (2022) Elsevier.

This journal is © The Royal Society of Chemistry 2024
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products of diglycerides and monoglycerides, finally resulting
in three moles of methyl esters and one mole of glycerol as
shown in Fig. S4.7% Alcohols are the acyl acceptors in the
transesterification process. Methanol and ethanol are
commonly used. These alcohols are economical and easily
available as opposed to costlier short-chain alcohols like prop-
anol, butanol, isopropanol, tert-butanol, octanol, etc.** Meth-
anol is preferred because of its shortest chain and polar nature,
quick reaction with triglycerides, high solubility in NaOH,
easier availability as compared to ethanol, and the fact that it
does not form an azeotrope with water making it easy to sepa-
rate from the product phase.®® Ethanol is of interest because it is
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cheaper than methanol, and biodiesel produced using ethanol
is entirely bio-based and carbon-dioxide neutral, as opposed to
petroleum-derived alcohols like methanol, propanol, and iso-
propanol. Hence, it is environmentally friendly and less toxic
and can be considered an alternative to methanol which is toxic
fossil-derived.®® Several studies have reported using blends of
methanol and ethanol since they remove the difficulty of
product separation after transesterification. Blends of methanol
and ethanol show good complementary outcomes as an ester
exchange agent. Also, oil (especially waste cooking oil, being
non-polar) dissolves better in ethanol, a non-polar solvent,
rather than methanol, leading to fewer mass transfer
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Fig.4 Mechanism of ultrasonication, (b) heating mechanism of conventional and microwave heating processes. Reprinted with permission from

ref. 90. Copyright (2020) Elsevier.
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limitations when a methanol-ethanol blend is used.*” Stoi-
chiometrically, one mole of triglyceride reacts with three moles
of alcohol, to give three moles of fatty acid methyl esters or
FAMEs and one mole of glycerol. However, transesterification is
areversible reaction, so adding alcohol in excess accelerates the
forward reaction, shifting the equilibrium to the right, leading
to faster formation of the products.®®

2.5 Ultrasonication

Ultrasonication is a widely accepted intensification technique
for catalyzed transesterification of biodiesel, which improves
mass transfer by augmenting the interfacial surface area
between immiscible reactants and reducing the reaction time
and production cost. It is less energy-intensive than conven-
tional reactors.* Ultrasonic cavitation, or the periodic devel-
opment, growth, and collapse of small bubbles in the
ultrasound-irradiated liquid, is caused by the propagation of
ultrasound waves through a liquid as shown in Fig. 4(a).” As
a result, high local temperature and pressure spots, called
“hotspots”, high-speed micro-jets, micro-streaming, and
shockwaves emerge locally, increasing mass and heat transfers
in the reaction mixture.”® The physical properties of ultra-
sonication help in mixing solutions effectively, breaking up
unmixable liquid layers and promoting mass transfer at liquid-
solid interfaces. Radial motion cavitation bubbles also create
microturbulence, which is utilized to emulsify immiscible
liquid reactants. Emulsion stability and viscosity are found to
increase with sonication time.”> During the brief cavitation
bubble collapse phases, free radicals are produced as one of the
chemical effects. Low-frequency ultrasound (LFU, between 28
and 40 kHz) is an effective and time-saving method of agitation
that is also financially feasible since it uses just a little amount
of catalyst and one-third and half of the energy used by
mechanical stirring.* Ultrasonication can be done in one of two
ways — continuous mode or pulse mode. Chand et al. have re-
ported a comparison between the two methods, the efficiency of
each method, and yield obtained by a conventional method.
They found that biodiesel with a yield of 96 wt% was produced
using pulse mode ultrasonic treatment in less than 90 seconds
as opposed to 30-45 minutes in the conventional method with
comparable yields (83-86%). The highest biodiesel output in
the continuous sonication mode was 86 wt% and was attained
in 15 s.”* Fallah Kelarijani et al. worked with nanomagnetic
catalysts (Li/Fe;O, or Li/ZnO-Fe;0,) and obtained a yield of
99.8% by employing ultrasonic waves at 37 kHz frequency. They
compared it to mechanical stirring and found that the optimum
yield only required 0.8% catalyst loading, at an ambient
temperature of 35 °C for 35 minutes with ultrasonication.”
Ultrasonication has also been used in conjunction with enzy-
matic transesterification, as reported by Bhangu et al. They
showed that the reaction time could be reduced considerably by
using ultrasonic irradiation, from 22-24 h to 1.5 h.*®

2.6 Microwave-assisted transesterification

Another extensively used process intensification method is
microwave-assisted transesterification.>® Compared to the

This journal is © The Royal Society of Chemistry 2024
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ultrasonic process, microwave irradiation requires even shorter
reaction times and lower solvent volumes, and is even more
energy efficient.”” Microwaves are electromagnetic radiations
that have the power to heat polar molecules already existing in
the reactants, causing them to align with the microwaves'
electromagnetic field and producing heat through friction as
shown in Fig. 4(b).°® Dielectric loss results in microwave
dielectric heating, which is a bulk effect. Thus, dielectric heat-
ing by irradiation with microwave energy at 2.45 GHz is made
feasible by multiple species in the reaction mixture having
a persistent dipole, for instance, methanol in the trans-
esterification reaction.” Microwave heating immediately
transmits energy to reactants from the inside to the outside,
unlike conventional heating methods, transferring heat energy
via radiation rather than conduction or convection, and
producing potent microwave hot spots. As a result, it increases
the reaction rate process and overcomes the activation energy
needed for transesterification for biodiesel production.* A few
benefits of microwave processing include quick heating and
cooling, time efficiency, energy efficiency, precision, controlled
processing, selective heating, uniform heating, and shorter
processing times, which allegedly improve the attributes and
characteristics of the final product. Rahul Soosai et al. reported
on the use of microwave irradiation for producing biodiesel
from in-edible Ceiba pentandra seed oil. The FFA of the oil was
as high as 6.87%, so the oil was subjected to microwave-assisted
esterification, which reduced the FFA to 0.83%. This esterified
oil was transesterified with CaO as the catalyst, to give a yield of
97.4% in just 114 s reaction time at 270 W. The reaction time
showed how considerably microwave irradiation reduces the
reaction time.'” WCO has also been utilized as feedstock for
microwave-assisted studies, as reported by Sharma et al., who
used waste cotton seed oil, with KOH and CaO catalysts as
conventional catalysts, respectively. With homogeneous cata-
lysts, the reaction was completed in 9.6 minutes, with a yield of
96.55 £ 0.23% at 0.65 wt% catalyst loading with a 7:1 molar
ratio for alcohol: oil. When the heterogeneous catalyst CaO
was used, the yield obtained was 90.41 £ 0.02%, in 9.7 minutes
with 1.33 wt% catalyst weight with an alcohol : oil molar ratio of
9.6:1.'

2.7 Supercritical method

Transesterification is a mechanism for the reaction between
triglycerides and methanol in supercritical circumstances. As
discussed earlier, transesterification employs the use of alcohol,
usually methanol, ethanol, or a blend of the two. The utilization
of high pressure and temperature settings over the utilized
alcohol's critical point is implied by the term supercritical
technology, e.g., 8.01 MPa and 512.6 K for methanol.'®®
Dramatic changes in methanol's mass density occur when the
critical temperature and pressure are crossed, changing its
solubility and mass-transfer properties. Triglycerides and
methanol combine into a single phase in supercritical meth-
anol as a result of methanol's increased density and decreased
dielectric constant. Due to hydrogen bonding, the polarity of
methanol decreases as density rises. To generate
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a homogeneous phase, it is, therefore, preferable to dissolve the
non-polar triglyceride in methanol under supercritical condi-
tions.'* Supercritical conditions also make scaling and
continuous operation possible.’®® At elevated pressures and
temperatures, methanol attacks the carbonyl group present in
triglycerides, releasing free monomers and creating an inter-
mediary by the transfer of a methoxide molecule. The inter-
mediate is then rearranged to produce diglycerides and
biodiesel, two more stable molecules. Diglycerides similarly
interact with a second methanol molecule to produce mono-
glycerides and biodiesel. Biodiesel and glycerol are produced
when monoglyceride and methanol combine. Ghoreishi &
Moein reported the application of waste vegetable oils as feed-
stock for the supercritical method in a batch reactor. They re-
ported the requirement of a high methanol/oil molar ratio of
33.8:1, a temperature of 271.1 °C, a pressure of 23.1 MPa, and
a reaction time of 20.4 minutes, to give a yield of 95.27%.'%
There are some restrictions on the manufacture of supercritical
biodiesel, such as the requirement for high oil-to-alcohol molar
ratios, high pressure, and high temperature. Co-solvent and
catalyst use has been suggested as a solution to these issues.
DMC, methanol, and methyl acetate are just a few of the
numerous reactants and reaction environments that have been
investigated.*”’

3. The relevance of catalysis to
biodiesel production
3.1 Homogeneous catalyst

In a reaction involving a homogeneous catalyst, the catalyst is
present in the same phase as the medium, often a liquid.**
Homogeneous catalysts are subdivided into homogeneous acid
and homogeneous base catalysts.’® They are most popularly
used due to their high conversion efficiency. Alkaline metal
hydroxides like NaOH and KOH as well as alkoxides like
CH;0Na, CH;0K, and NaOC,H; are the common catalysts in
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this group.'® The carbonyl group of the ester is protonated to
form a carbocation and a tetrahedral intermediary during acid-
catalyzed transesterification, which allows the elimination of
glycerol to form a new ester. A nucleophilic attack on the
alcohol revives the catalyst for recycling as shown in Fig. 5(a)."*®
In the presence of excess alcohol, the forward reaction exhibits
pseudo-first-order kinetics, and the reverse reaction follows
second-order kinetics.** However, these catalysts work best with
pure virgin oils that are low in acidity (1 mg KOH per g oil) and
FFA concentration (0.5%). Pre-treatment procedures such as
filtering and heating and esterification help in improving the
yield of biodiesel produced from feedstock with high FFA and
moisture.”* However, according to studies by Sheet et al. it is
recommended to not heat the feedstock beyond the boiling
point of alcohol, and the use of an alkali catalyst is suggested
without preheating.'”> KOH was also used by Hamze et al. to
achieve 99.38% yield at 1.4 wt% catalyst loading, a methanol :
oil molar ratio of 7.5 : 1, and 65 °C temperature.™ Similarly, Oza
et al. also used KOH as a catalyst with an ultrasound technique
having 250 W power and a fixed frequency of 20 kHz. With just
0.5 wt% catalyst weight and a 6:1 methanol: oil ratio, and
a temperature of 50 °C for a reaction time of just 10 minutes,
they also achieved a high yield of 98%."** Sree et al. outlined the
use of NaOH as a homogeneous catalyst on WCO feedstock with
1.5 g 17" catalyst weight, a 6 : 1 methanol : oil molar ratio, and
65 °C temperature for 90 minutes, and achieved 90% biodiesel
yield."® When used with high-FFA feedstock, such as non-edible
oils and waste oils, it is difficult to extract and purify the product
due to excess soap formation. Acid catalysts are not affected by
the high FFA content of the feedstock and can catalyze two-step
esterification and transesterification reactions at the same time.
The most commonly used homogeneous acid catalysts are sul-
phuric acid (H,SO,), sulfonic acid (H,SO3), and hydrochloric
acid (HCl). Sulphuric acid is preferred due to its capability to
catalyze the reaction under moderate conditions."™ Al
Hatrooshi et al. used a H,SO, acid catalyst to achieve
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Fig. 5 Mechanism of (a) homogeneous catalytic transesterification and (b) heterogeneous catalytic transesterification.
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a conversion of about 99% with 5.9 wt% catalyst loading,
a 10.3 : 1 molar ratio of methanol : waste shark liver oil, and 60 °©
C for a reaction time of 720 minutes.'*® Chakraborty et al. also
used H,SO, as a catalyst with waste goat tallow as feedstock at
59.93 wt% catalyst loading, 31.88:1 methanol: WCO and
69.97 °C for 2.5 hours to achieve 96.7% conversion. Process
intensification was used in the form of infrared radiation for
simultaneous esterification/transesterification.""” When
producing biodiesel, utilizing an acid catalyst is preferable to
a base catalyst since it allows for better performance at lower
temperatures and pressure. Irrespective of these high yields,
focus is shifting from homogeneous catalysts as they cannot be
separated from the product stream, and thus cannot be reused.
Separation issues following reactions and wastewater treat-
ment, saponification creating a stable emulsion, the inability to
reuse catalysts, and the sensitivity of basic catalysts to the
presence of FFA and water are the main challenges faced by
homogeneous catalysts.

3.2 Heterogeneous catalysts

A heterogeneous catalyst maintains a different phase than the
component of the reactant. They are also known as solid cata-
lysts because they work by having the reactant components
adhere to their surfaces."®'** Heterogeneous catalysts primarily
persist in the solid phase of biodiesel production (trans-
esterification process), whereas alcohol and feedstock are in the
liquid phase.**> During heterogeneous catalysis, a few of the
reactants spread throughout the catalyst surface and are
adsorbed onto the active phases by the creation of chemical
affinity.”® After the reaction, the products spread and desorb
from the catalyst's surface, leaving the active site free for a new
molecule to adsorb on it and thus regenerating the catalyst.***
Heterogeneous catalysts have attracted a lot of scientific and
industrial recognition in recent years for producing biodiesel
from WCO because of their affordability, non-corrosive and
recyclable nature as shown in Fig. 5(b), and environmental
friendliness. Heterogeneous catalysts can be either acidic, basic
or sometimes bifunctional, meaning they show both acidic and
basic characteristics.”* For the production of biodiesel from
oils with a high FFA concentration, solid acid catalysts
concurrently favor esterification and transesterification;
however, solid base catalysts have higher efficiency. Different
catalyst supports, such as ceria, iron, silica, or alumina, can be
made attached to the surface or to the internal pores to promote
the grafting and trapping of the active molecules.” Heteroge-
neous acid catalysts require a long reaction duration and
exceptionally high temperature. Altered bifunctional catalysts
can carry out both transesterification and esterification reac-
tions concurrently under mild conditions.* The surface of the
catalyst, which is primarily dependent on a linked structure of
large pores, surface acid sites, and hydrophobicity, affects
heterogeneous acid-catalyzed reactions. Heterogeneous solid
acid catalysts are being studied in biodiesel research because
they have two different types of strengths: the Lewis type, which
can acquire a negatron combination from amalgamated
sulfonated oxides, and the Bregnsted type, which can donate

This journal is © The Royal Society of Chemistry 2024
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a proton to minerals that contain sulphonic acid.”” The main
advantages of heterogeneous catalysts include cost effective-
ness, being non-corrosive and recyclable, having fewer disposal
issues, being easy to separate products from one another,
having a higher selectivity, having a longer catalyst life, and acid
catalysts being insensitive to the presence of water and FFA,
providing simple and efficient recovery.”****” The attributes and
properties of dissimilar heterogeneous catalysts and the process
variables for producing biodiesel from WCO are delineated in
Table 2.

3.2.1 Zeolites. Zeolites are crystalline aluminosilicate
materials with a large surface area and great thermal solidity
that are found in nature. The pore shape, surface characteris-
tics, and the inner electric field from the crystal vary across
different zeolites. Zeolites also can increase the number of
mobile phases in the core pores and enhance surface assimi-
lation because of the strong electric field produced by the
catalyst's efficient catalysis and high selectivity."”*® They have
molecular-scale pores, which results in very good shape selec-
tivity and make it possible to synthesize transition metal
nanoparticles that are catalytically active. The selection of the
reaction species in the zeolite pores affects the yield and speed
of reactions catalyzed by zeolites. Fig. 6 schematically illustrates
three different transition metal-zeolite composites.”®® Zeolites
do, however, have several restrictions on the transesterification
reaction, including their small pore size and diffusion.?®® The
catalytic efficiency of a Ni/zeolite catalyst was outlined for
producing biodiesel from WCO through transesterification.**®
According to BET analysis, the generated Ni/zeolite has a more
surface area of 80.661 m”> g~ " and pore volume of 0.123 cm® g~*
than the zeolite catalyst. This was due to calcination that forced
agglomerates to break into smaller-sized agglomerates and
effectively reduced the pore radius. The optimized parameters
such as a methanol to WCO ratio of 12:1, 4 h reaction time,
a reaction temperature of 60 °C, and 3 wt% catalyst loading
obtained the maximum biodiesel efficiency of 89.4%.
Compared with other studies, it was reported that the waste-
based catalyst gave a relatively higher yield per 100 g of the
catalyst and used a minimum amount of alcohol. The catalyst
also showed good reusability for three consecutive cycles, and
the process overall has good sustainability, being entirely waste-
derived and reusable. Aghel et al. reported a zeolite-like mate-
rial, clinoptilolite, obtained from calcium-rich industrial phos-
phoric waste as a catalyst with WCO and methanol for
producing biodiesel.”® The preparation of the catalyst is simple,
the clinoptilolite being ordinarily purified and then stirred with
a weighed amount of calcium oxide and kept at 800 °C for 2 h.
The result showed a highest biodiesel purity of 84.76%. Reus-
ability studies indicated a loss of catalytic activity by 20% at the
end of the last cycle, due to deactivation of active sites by
absorption and by-products of unreacted oil.

A zeolite/geopolymer (Z/GP) composite basic catalyst was
synthesized from kaolinite and diatomite for producing bio-
diesel from spent cooking oil. The Z/GP catalyst showed
a surface area of 106 m* g™, 4.2 nm pore size (diameter), and
a basicity of 6.73 mmol OH per g. XRD analysis confirmed an
alteration in the structural and crystalline properties of the raw
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Fig. 6 Possible zeolite—metal composite configurations. Reprinted with permission from ref. 285. Copyright (2018) ACS.

materials used to produce Z/GP. This catalyst showed 98.1%
biodiesel yield from WCO through the transesterification reac-
tion with maximized conditions of a 12 : 1 methanol to oil ratio,
catalyst weight of 3.25 wt%, and 90 min reaction time at
a relatively low reaction temperature of 40 °C. The optimization
study indicated that the yield could be increased to 99% with
a reaction temperature of 54.9 °C for 81.9 minutes with the
same molar ratio for methanol and oil with 3.48 wt% catalyst
loading. The experimental yield obtained is high in comparison
with other studies and the catalyst showed very good reusability
for five runs.*** Fereidooni et al. explored a Na'/zeolite-chitosan
biocomposite in the electrolytic transesterification of waste
frying oil to biodiesel utilizing methanol solvent. TEM images in
Fig. 7(a) show that holes with various sizes are highly porous in
raw zeolite and Fig. 7(b) demonstrates that there are multiple
cages and pores on the surface of the catalyst. The maximum
96.5% biodiesel yield was obtained with a relatively low molar
ratio of methanol: oil of 8:1, 1 wt% catalyst concentration at
ambient temperature, and a reaction time of 30 minutes with an
electric voltage of 40 V and stirring at 400 rpm. This study made
use of co-solvents to combat the low solubility of oil in alcohol

by using acetone in the reaction phase. Reusability studies were
reported for five runs with the yield decreasing from 96.5% to
92.9% in the final run, showing excellent reusability. The
decrease in catalytic efficiency was attributed to the percolation
of Na catalytic phases and by-product absorption on these active
sites, leading to their deactivation.**®

3.2.2 Alkaline earth metal oxides. Alkaline earth metal
oxides are one of the most frequently utilized groups in
heterogeneous catalysis for transesterification. The group
mainly includes basic oxides like MgO, CaO, SrO, and BaO. All
of these oxides are quite active because of the high percentage
of surface basic sites,”®® but to maximize their reusability and
activity, it is recommended to mix them with other active
metals.”® Their activity is determined by the quantity and basic
strength or the alkalinity of these sites,”® and hence their
activity usually follows the trend MgO < CaO < SrO < BaO.*** The
appearance of a surface metal ion that works like a Lewis acid
and an oxygen ion that works like Brgnsted basic results in the
formation of a basic site.’”” BaO gives the best activity but can
get diluted in methanol and produce harmful barium
compounds,*> whereas SrO does not generate toxic

Fig. 7 TEM of the zeolite (a) and composite (b). Reprinted with permission from ref. 146. Copyright (2021) Elsevier.
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components. However, SrO is smoothly leached in the reaction
mixture and is easily deactivated by CO, and ambient moisture
and hence would require very delicately monitored reaction
conditions.”*® Support materials usually applied are ZrO,,'*
La,03,** Al,03, and silica.*®® CaO specifically is reported to be
active for the transesterification of vegetable oil in refluxing
methanol by catalyzing the reaction through a nucleophilic
reaction and speeding up the reaction due to its enhanced basic
characteristics.>®® It is non-toxic and non-corrosive, can be
prepared easily, has low solubility in biodiesel and hence can be
separated easily and requires mild reaction conditions. Simi-
larly, the basic characteristics of MgO also catalyze the reaction,
but its basic sites are activated at higher calcination tempera-
tures. CaO is a very commonly used catalyst as it can be easily
obtained from waste eggshells, thus being bioderived. These
catalysts' basic sites can be readily affected by the appearance of
FFA and water adsorption, which results in a reduction in
activity and reduced overall efficiency.*” In 2021, Erchamo et al.
prepared a CaO nanocatalyst by calcination of eggshell powder
at 900 °C, followed by hydration-dehydration treatment to
enhance its catalytic activity for biodiesel production with WCO
through transesterification. XRD, SEM, and EDX studies were
used to examine the catalyst's various physical characteristics.
After hydration-dehydration, the catalyst underwent morpho-
logical modifications, changing from a rod-like pattern to
a honeycomb structure, with a decrease in the particle size and
an increase in the surface area. The highest efficiency of 94%
was reported under the maximized set of preconditions (time:
120 min, temperature 60 °C, methanol : oil molar ratio of 12: 1,
and catalyst weight: 2.5 wt%). The produced biodiesel met the
ASTM parameters concerning fuel properties. The study is of
importance from a profitable point of view, being entirely waste-
derived.>®

Bargole et al. prepared a CaO catalyst from marble waste
powder. The marble waste was cleaned and calcined at 850 °C
for 2 h. After that, it was subjected to acid nitric acid (HNO3)
treatment to eliminate insoluble silica contaminants from the
pre-calcined marble waste, and then filtered and dried. This was
again additionally calcined at 850 °C for 2 h, to give calcium and
magnesium oxides. The study revealed the application of
ultrasonication for producing biodiesel from WCO through
transesterification. The maximum biodiesel efficacy of 95.45%
was attained from WCO under optimized process precondi-
tions. RSM optimization showed that the effect of temperature
was the greatest compared to the other reaction parameters.
The acid-treated pre-calcined marble waste powder gave the
best yields, as it had no SiO, and MgO impurities and mainly
consisted of CaO, which generates methoxy ions on the
adsorption of methanol on the surface of the catalyst and stays
in the aqueous phase with methanol due to its hydrophilicity.
The conversion of biodiesel was 63.79% after the 5th cycle of
recycling. This deactivation may occur owing to the adsorption
of fatty acids on the catalytic sites, effectively blocking them.**
Attari et al. investigated waste chicken eggshells as CaO cata-
lysts with WCO for the transesterification reaction equipped
with an ultrasonic horn-type reactor and achieved 98.62% bio-
diesel yield. The waste eggshells were washed, dried, and finely
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crushed, and then calcined at 900 °C for 4 h, which converted
the carbonate present in the shells to calcium oxide. The FESEM
images showed that the raw chicken eggshell powder exerted
irregular-sized particles as shown in Fig. S5(a),f and the
calcined eggshell generates rod-like components in the form of
lumps as shown in Fig. S5(b).t RSM with CCD was utilized to get
the reaction parameters, and they found that the best yield was
achieved at a catalyst weight of 6.04 w/w% with a methanol-to-
oil ratio of 8.33:1 at an ultrasonic potential of 299.66 W for
a reaction time of 39.84 minutes. Process intensification with
ultrasonic energy helped maximize the yield in a shorter period
as compared to similar studies with the catalyst in conventional
reactors.” In further work, Sahani et al. explored the catalytic
efficiency of an altered strontium oxide catalyst for the trans-
esterification of WCO. They used a Sr-Ti mixed oxide, synthe-
sized by the sol-gel polymer precursor method using different
Sr/Ti atomic ratios, and then calcined at 880 °C for 8 h to
optimize the catalytic performance. The Sr-Ti mixed metal
oxide at a 4 : 1 ratio resulted in the highest biodiesel conversion
under optimized parameters, compared to the other catalysts.
The pore diameter or pore size was deliberated to be 8.7125 nm,
which indicated the mesoporous structure of the catalyst. Its
high activity can be explained by its high surface area of 43.6 m*
¢ " and basicity of 15.0 < H_ < 18.4, measured through the
Hammett titration process. The highest biodiesel conversion
was 97.9 £+ 0.5%, optimized by RSM using CCD. Moreover,
a persistent catalytic efficacy directing to an 83% methyl ester
conversion with an eight recycle was observed.>*

3.2.3 Cation exchange resins. Cation exchange resins fall
within the category of ion exchange materials, which contain
Bronsted and Lewis acids in their metallic H" and M" forms.
Ion-exchange materials can be broadly defined as insoluble
matrices with labile ions that may exchange with ions in their
surrounding media without significantly altering the structure
of the material.** They are essentially Brensted acids that
gradually gain Lewis acidic character as a result of an increased
interchange with metallic cations. Inorganic substances like
clays and zeolites are fundamentally Lewis's acids, and the
presence of metallic cations and the petrology formation
influence them.** These acidic heterogeneous catalysts are
widely used due to their reusability, non-corrosivity, eco-
friendly nature, and their easy removal from the reaction
medium, usually by elementary filtration or decantation due to
their solid nature.**>**® These catalysts can prevent the inter-
ference of moisture in the transesterification process and the
biodiesel process can be carried out efficiently.*** Using these
catalysts in a packed tower removes the necessity of washing
biodiesel for purification, thus cutting down the cost of
production and reducing water wastage.**® Ma et al. investigated
the effect of a modified macroporous styrene type cation-
exchange resin, i.e., FeCl; altered resin as a catalyst to trans-
esterify WCO obtained from soybean oil and animal fat. They
obtained a yield of 92% under the optimum conditions of a 10 :
1 molar ratio of methanol: oil, catalyst content of 8%, and
a reaction temperature of 90 °C for a reaction time of 120
minutes. The conventional homogeneous catalyst H,SO,, with
the same feedstock, took a long reaction time. The convenient
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catalyst segregation from the reaction made reusability studies
feasible and economical. The conversion was maintained at
73% after the 9th recycle run.?*® Shibasaki-Kitakawa et al. out-
lined biodiesel production from waste rice bran acid oil with
over 95% FFA by weight using a porous type of cation-exchange
resin with low crosslinking density, i.e., Diaion PK208LH. The
cation-exchange resin was used for the esterification of FFA,
after which they used an anion-exchange resin for trans-
esterification. They achieved a complete conversion of FFA at
a methanol to oil ratio of 2:1 for alcohol: fatty acid. They
achieved greater yields with feedstock that contained more FFA
than triglycerides, as triglycerides led to the occurrence of a side
reaction with the anion exchange resin. Thus, this catalyst
opened the path for using low-quality inedible and waste oils.
The biodiesel produced met the required specifications, other
than that for oxidative stability.**

3.2.4 Mixed metal oxides. These catalysts are prepared by
mixing metals and their oxides, which enhances their proper-
ties as compared to their catalytic activity as individual species
act in synergy. Mixing these oxides leads to enhancement in
properties because of a better surface area. It also helps in the
separation of the catalyst inducing magnetic separation and
provides good catalytic activity. Mixing different metals gives
better activity for feedstock with high moisture and FFA
content. The stability, surface area, and basicity of catalysts are
significantly impacted by the appearance of various active
particles in the binary system.**” Dias et al. reported meth-
anolysis of soybean oil over magnesia-supported SrO heteroge-
neous catalysts. The catalytic activity decays after three reuses as
the residual Sr remains trapped in the MgO pores and is thus
inaccessible to the reactants as shown in Fig. 8.**® Metals and
their oxides can be mixed to provide bifunctional catalysts that
can perform the acid-catalyzed esterification of FFA and base-
catalyzed transesterification of triglycerides in a single step,
reducing the reaction time and cost on a commercial scale.®*
The majority of current research focuses on enhancing stability

FRESH catalyst

methanol
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or regeneration methods such as solvent washing or recalcina-
tion. Lee et al. have reported the catalytic activity of various
mixed metal oxides, like CaO-MgO, CaO-ZnO, CaO-La,03, and
MgO-ZnO, with Jatropha oil, and found that their activity as
compared to their oxides enhanced in the order CaO-ZnO >
CaO ~ CaO-MgO ~ CaO-La,0O3; > MgO-ZnO > MgO > ZnO >
La,0;. Additionally, they also found that CaO-ZnO displayed
good separability and reusability.*® TiO,-MgO mixed oxides
synthesized by a sol-gel method were analyzed by Wen et al. for
biodiesel production from waste cooking oil. They prepared
a set of catalysts with different atomic ratios and different
calcination temperatures to optimize the catalytic activity. The
results reported a 92.3% biodiesel yield for MT-1-923, with an
Mg/Ti molar ratio of 1 and calcined at 923 K. They concluded
that improving the molar ratio of Mg to 1 increased the yield
drastically from 52.2% to 79.1%. The surface area of a catalyst
affects its catalytic performance significantly. The surface area
of the catalyst was determined to be 36.3 m> g™, and the pore
diameter was determined to be 16.1 nm. For the reusability
work, the catalyst was separated, cleaned with methanol, and
dried for reuse and found to reduce to 81.2% after 4 recycles.*"*
Yusuff et al. reported the synthesis of anthill-eggshell-Ni-Co
mixed oxide nanomaterials via co-precipitation trans-
esterification of waste frying oil. The catalyst was prepared by
co-precipitation. The catalyst was then calcined at 1000 °C for
4 h. The numerous properties of the nanocatalyst were exam-
ined by XRD, FTIR, XRF, BET, and SEM. The BET analysis
showed that the surface area of the catalyst enhanced greatly,
from 55.95 m”> g ! to 411.10 m”> g~ ' due to calcination, and
a similar trend was followed for the pore volume and diameter.
The reaction was optimized at 3 wt% catalyst weight, a molar
ratio of 12:1, and 70 °C for 2 h to obtain 90.23% yield. Again,
the catalyst was found to have good activity and stability for four
reuse cycles. It had slight deactivation of basic sites after each
cycle, which contributed to the decrease in activity, resulting in
a 77.05% yield after the last cycle.”*®

SPENT catalyst
oil

MgO

SrO
methanol
FAME FAME
+ =) allowed +
Glycerol mmp not allowed Glycerol

Fig. 8 Scheme for the catalyst deactivation process. Reprinted with permission from ref. 308. Copyright (2012) Elsevier.
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Fig. 9 Schematic synthesis of the magnetic MGO@MMO nanocatalyst.

Apart from binary mixed systems, ternary systems with
further modifications have also been investigated by Rezania
et al. To create a heterogeneous nanocatalyst, MGO@MMO was
prepared by a co-precipitation process with basic cations of
cerium, zirconium, and strontium oxides as shown in Fig. 9, for
the conversion of waste frying oil. The molar ratio of the mixed
oxides was kept constant at 1:1:1, but the ratio of graphene
oxide to mixed metal oxides was varied to optimize the catalytic
performance. The delineation of the catalyst proved that the
spherical metal oxide nanoparticles were dispersed onto the
planar graphene oxide sheets and reduced the nano-particle
agglomeration. It is evident that the MGO@MMO catalyst had
bifunctional properties (MGO and MMO) that concurrently can
attack the triglycerides. MMO acts as a Bronsted base and high
proton acceptor and graphene oxide acts as a Bronsted acid and
high proton donor. They achieved a high yield of 94% with WFO
by utilizing a methanol : oil ratio of 8: 1 at a temperature of 60 ©
C for 90 minutes. This catalyst in particular displayed good
reusability due to its magnetic nature. They reported eight
cycles of reuse but noted a substantial decrease in activity after
the fourth cycle, up to which the yield was 86%. Then this
activity decreased as a result of active site blockage, leaching,
and coverage by glycerol and fatty acids.*'?

3.2.5 Heteropoly acids. Oxygenated compounds, such as
heteropolyacid and their related salts, are mostly used in the
transesterification reaction. Keggin-type and Wells-Dawson-
type are two usual formations of HPAs.*® The structure of
Keggin-type HPAs is nearly rounded, while Wells-Dawson type
has an egg-shaped formation.*'* Heteropolyacids (HPAs) such
as H,PNDW,,0,0, HsPW;,0,0, H,SiW,;50,0, and H,SiM;,0,,
were reported for better catalytic efficiency. HPAs were added to
extremely porous materials with a large surface area to improve
catalytic efficacy. Heteropolyacids are insensitive to FFA

This journal is © The Royal Society of Chemistry 2024
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Reprinted with permission from ref. 312. Copyright (2020) Elsevier.

content, generally give higher yields at relatively lower catalyst
loading, and can catalyze esterification and transesterification
simultaneously, thus eliminating the need for an esterification
pre-treatment step. They have easy separation as they do not
require the product stream to be washed to get biodiesel and
can be reused repeatedly due to their high stability against
leaching. The elimination of water washing lowers the biodiesel
production price, which makes the procedure environmentally
friendly.*** Their flexible structure and strong acidity make
them attractive choices for transesterification catalysis. Their
high activity can be attributed to strong Brensted acidity and
proton mobility. For conventional catalysts, the formation of
water around the catalysts leads to the blocking of active sites
for the catalyst and the reaction is not able to proceed at those
sites. This barrier formation by water does not hinder the
activity of HPA catalysts, making them superior to solid acid
catalysts. They show quick, reversible multi-electron redox
reactions under very moderate circumstances, as they are
effective oxidants. By altering the chemical composition, their
acid-base and redox characteristics may be changed in a wide
range of ways. HPAs however have a low surface area, so to make
their acid sites more accessible, they are often modified with
support materials.*® Support materials used include meso-
porous silica®” and mesoporous SBA-15 (ref. 318), among
others.

Talebian-Kiakalaieh et al. used a heteropoly acid catalyst
H3PW;,0,40.6H,0 (PW,,) for producing biodiesel from WCO.
They used RSM and artificial neural networks (ANNS) to opti-
mize the reaction parameters. The catalyst showed 88.6%
conversion after a time of 14 h at 65 °C along with a 70:1 M
ratio of methanol: oil, and a catalyst loading of 10 wt%. The
catalyst could easily be separated by filtration and be reused,
thus eliminating the need for washing the product, and no
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wastewater was generated. To conduct reusability studies, the
separated catalyst was soaked in hexane overnight to aid in the
desorption of the non-polar compounds from its surface. The
catalyst reached 70% conversion in the fifth cycle of reuse but
does not show a very significant drop in activity till the fourth
cycle.**® Zou et al. investigated an altered form of HPA catalysts
for the transesterification reaction of WCO. Their addition of
a complex Cs,sHsPW;,0,, with bridged bis-cyclodextrin
perfectly transesterified the oil with a yield of 94.2%. The
optimum conditions were a catalyst loading of 3 wt%, a 9:1
molar ratio of methanol: oil, a stirring speed of 300 rpm, and
a temperature of 65 °C for 180 minutes. The inclusion complex
was calcined at 200 °C for 3 h. The BET result showed that the
specific surface area was 153.4 m”> g~ *. The catalyst calcined at
1000 °C showed a surface area of 111 m> g~'. The produced
biodiesel was found to meet the ASTM D6751 standards.?** Cao
et al. reported the transesterification of WFO having a high acid
number and high moisture quantity with the hexahydrate form
of H3PW;,0,40.6H,0 (PW;,) to produce biodiesel.
H;PW,,0,0.3H,0 was calcined at 393 K overnight in the air to
give H3PW;,0,40.6H,0, which gave the best activity for trans-
esterification. It gave a yield of 87% at 65 °C, and a methanol :
oil ratio of 70:1 in a reaction time of 14 h. The catalyst was
easily separable and was treated with methanol before reuse.
The catalyst was used five times with considerable stability and
a very low leaching of 4.6%.%**

3.2.6 Waste sources. Vinu & Binitha investigated a solid
catalyst areca nut husk ash with lithium compound by chemical
modification. The lithium-loaded ash catalyst exhibited excel-
lent catalytic activity and stability from 