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Abstract

Biodiesel is one of the most efficient and effective potential solutions to current environmental problems because of its
renewable and eco-friendly nature. Out of several possible methods and techniques for biodiesel production from natural
feedstock, transesterification reaction in presence of catalyst and an alcohol is consider to be the most suitable method.
The application of modified heterogeneous catalysts offers several advantages, including renewable resources, non-toxic,
reusable, high catalytic activity, and stability in both acidic and basic conditions. This paper, reviews the development and
utilization of the bio-based heterogeneous catalyst for sustainable biodiesel production and their suitability for industrial
application. Catalyst generated from various bio wastes such as waste shells, animal bones and biomass ash derived from
natural resources being utilized and provides a greener synthesis route for biodiesel production. This review article is focused
on the critical evaluation of different biomass based catalysts in terms of their efficiency in biodiesel synthesis from various

biomass feedstocks under varying process conditions.

Keywords Biodiesel - Biomass - Transesterification - Heterogeneous catalyst

Introduction

The importance of alternative sources of energy has been
driven by the increased globalization as well as the deple-
tion of the supply of fossil fuels. The alternatives energy
source produced from a wild or non-edible oil feedstock can
be used in diesel engines for its fuel properties which are
comparable with diesel. Biodiesel is considered as a poten-
tial replacement for petroleum-based diesel which can be
prepared from vegetable oil or animal fats by a chemical pro-
cess called transesterification, which involves a reaction with
methanol, using acid or base as a catalyst. Biodiesel is most
often used as bland with petroleum diesel and referred to as
B2 (for the ratios of 2%), B5 (5%), or B20 (20%). Accord-
ing to U. S. Energy Information Administration (EIA), in
2020, the United States produced about 43.04 million bar-
rels (1.81 billion gallons) of biodiesel, imported about 1.30
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million barrels, and consumed about 44.38 million barrels
(1.86 billion gallons) nearly 0.12 million barrels per day
(Capuano 2020). International Energy Statistics of EIA dem-
onstrate that the global biodiesel production about 293.83
million barrels (12.34 billion gallons) and consumed about
255.50 million barrels (10.73 billion gallons) in the year
2019. According to the Environmental protection agency
(EPA), the application of biodiesel decreases greenhouse
gas emissions by 57-86%. The increased consumption of
non-renewable fossil fuels generates several greenhouse
gases to the environment and acts as a significant contribu-
tor to global warming. Moreover, the absence of sulfur and
aromatic compounds in biodiesel contributes to higher
combustion efficiency, and superior lubricity which in turn
increases the durability of the engine, and also reduces haz-
ardous emissions such as CO, CO,, and NO, (Abdullah et al.
2017; Basumatary et al. 2018). The application of biodiesel
reduces the emission of net carbon dioxide, carbon monox-
ide, other particulate matter, and unburned hydrocarbons
by 78%, 46.7%, 66.7%, and 45.2%, respectively (Changmai
et al. 2020).

Chemically, biodiesel is monoalkyl-esters of long-chain
fatty acids and is often known as the fatty acid methyl
esters (FAME) of a vegetable oil or animal fat as methanol
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is commonly used in its production. Out of several types
of alcohol methanol is commonly used due to its cheap-
est, short-chain alcohol, quickly reacted and easily dis-
solved properties into the reaction medium (Basumatary
et al. 2018). Transesterification is the easiest and most cost-
effective approach to produce biodiesel as compared to
other methods including direct use and blending of raw oils,
dilution, microemulsion, and thermal cracking or pyrolysis
(Ezebor et al. 2014; Mohammed et al. 2017). The different
techniques used for biodiesel production is showed in Fig. 1.
Biodiesel synthesis through transesterification reaction can
be catalyzed either alkali or acid or enzyme. In addition
to being corrosive, homogeneous acid-catalyzed reactions
require high methanol to oil ratio as well as longer reaction
times for conversion. It has been reported that the conver-
sion rate of acid-catalyzed transesterification is about 4000
times slower than that of a base catalyst. Although, homo-
geneous base (such as NaOH, KOH) catalyzed reactions
require milder conditions and shorter reaction times with
high catalytic activities, it associated with several drawbacks
like highly sensitive to the presence of free fatty acids (FFA)
and as a result formation of soap and saponification will
cause complications in the separation and purification pro-
cess of the product mixtures for which catalysts could not be
recycled as these are consumed during reactions (Moham-
med et al. 2017). Enzyme catalyzed transesterification is
not feasible for cost-effective biodiesel production since the
high price of the enzyme and extremely slow reaction rate

make it limited. The application of heterogeneous or solid
catalyst offers numerous advantages as it is not dissolved in
the reaction mixture and can easily recovered and reused
back in the reaction (Thangaraj et al. 2019; Atabani et al.
2014). Besides that, the required amount of heterogeneous
catalyst is significantly lower than that of homogeneous one.
For example, 88 tons of NaOH is required to produce 8000
tons of biodiesel while only 5.7 tons of solid-supported MgO
catalyst can produce 100,000 tons of biodiesel (Bohlouli and
Mahdavian 2019; Azad and Ameer Uddin 2013; Zabeti et al.
2009). However, chemical sources based on heterogeneous
catalysts are highly toxic and associated with several com-
plexities in the production processes found to be unsuitable
for clean and green biodiesel. Biomass-based heterogeneous
catalyst presents an environmentally friendly solution since
it is non-toxic, non-corrosive, and reduces the associated
production cost.

In recent times, much research and development of
nanostructured based catalysts have been gaining attention
to natural renewable resources. Considering the cost and
efficiency, several reports have been successfully published
on bio-based solid nanocatalysts from renewable biomasses
resources. Some effective natural sources for CaO based
catalyst preparation are eggshell, ostrich eggshell, chicken
eggshells, crab shell, chicken bone, snail shell, animal bones,
oyster shell, guinea fowl bone, clamshell, obtuse horn shell,
etc. Moreover, numerous agricultural or forestry wastes
have been effectively utilized for green catalyst synthesis
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such as dry leaves, fruit peels, rice husk, etc. The utiliza-
tion of bio-based catalysts will make biodiesel production
cost-effective as the raw materials are natural waste that
is abundantly available without any cost. Besides that, the
large-scale consumption of these catalysts will also help to
maintain the waste minimization and disposal problem due
to its biodegradable, non-toxic, easy to operate, and envi-
ronmentally friendly nature. The utilization of biomass-
derived activated carbon as a catalyst or catalyst support in
transesterification reactions has been widely popularized in
recent times (Konwar et al. 2014a, b; Faruque et al. 2020).
Activated carbon is amorphous carbon that has composed
of extremely porous structures and provides a large surface
area available for adsorption or chemical reactions. Despite
that, carbonaceous catalyst support offers multiple benefits
including high stability in both acidic and basic media, high
electron conductivity, high mechanical strength, and easy
separation or recovery apart from its tunable textural and
surface chemical properties (Dossin et al. 2006; Mbaraka
and Shanks (2006);. In the last decades, the application of
active metal ion impregnated or magnetic biochar catalysts
has garnered considerable interest in biodiesel production.
These types of modified catalysts show a high reaction rate
as well as high recovery rate from products as compared
to conventional ways such as filtration or centrifugation
(Mbaraka and Shanks (2006). Likewise, concentrated H,SO,
acid solution is commonly used to sulfonate the biochar to
develop the porosity and increase the surface area. In this
review, the various natural sources of catalyst, method of
synthesis, and their catalytic performance on sustainable
biodiesel production are distinctly summarized. The pre-
sent study includes several useful and innovative pieces of
research on the biomass-derived heterogeneous catalyst for
future development in the field of the biodiesel production
industry.

In addition, biochar materials loaded with magnetic prop-
erty gain more attention as effective heterogeneous catalysts
due to their unique identity. Magnetic biochar catalyst pre-
pared through the impregnation of a ferrite ion which can
be done either simple one step or multiple step reactions.
Magnetic biochar based heterogeneous catalyst offers sim-
ple, rapid and effective separation of reactions products even
from high viscosity reaction mixture as compared to other
conventional process like filtration or centrifugation. The
trends on the application of heterogeneous catalyst with
magnetic properties in biodiesel production are gradually
increasing as it minimize the dependence on time-consum-
ing mechanical work and electrical instruments like cen-
trifuge for the recovery of solid catalyst. The main objec-
tive of this paper is to explore the recent developments and
advanced utilization of biomass substances in the synthesis
of heterogeneous catalyst for sustainable biodiesel produc-
tion. This review summarizes the effective utilization of

different biowaste materials for the development of novel
heterogeneous catalysts throughout the different synthetic
methods and the fundamental characteristics of the catalyst
which affect their catalytic performance and other process
parameters. The catalytic activity and the leading features
of the catalysts along with the entire process of biodiesel
synthesis are compared thoroughly to provide better insights
in this field.

Heterogeneous catalysts for biodiesel
production

The application of heterogeneous or solid catalysts for bio-
diesel synthesis has gained increasing attraction worldwide
as they are neither consumed nor dissolved in the reaction
mixture which made it easier to be separated from the prod-
uct. Moreover, recovered catalyst can be reusable several
times in the reaction, hence reducing the catalyst consump-
tion as well as provide quality products as the catalyst does
not allow the formation of soaps during the reaction, and the
whole process occurs in a eco-friendly manner. Numbers
of catalysts have been reported and investigated in various
literature studies for biodiesel production, which includes
metal oxide, mixed metal oxides, transition metal oxide, ion
exchange resin, carbon-based catalyst, zeolites, etc. In view
of cost and efficiency of biodiesel production, researcher
shows interest towards bio-based heterogeneous green
catalyst derived from natural renewable resources such as
biomass. Many researchers reported that application of the
natural biological source of calcium and carbon becomes
a potential heterogeneous catalyst for transesterification of
vegetable oil. Some biomass materials utilized for catalyst
preparation are the mussel shell, cockle shell, biont shell,
egg shell, chicken egg shells, ostrich egg shell, crab shell,
snail shell, turbonilla striatula shell, shrimp shell, clam shell,
animal bones, chicken bone, etc. (Ooi et al. 2021; Catarino
et al. 2017; Risso et al. 2018; Sai et al. 2020; Wei et al.
2009; Singh and Sharma (2017); Lee et al. 2015; Corro et al.
2016). Besides that, several metal oxides or mixed metal
oxides modified or functionalized biomass derived materi-
als have been effectively utilized for biodiesel production
(Demirbas et al. 2006; Dhawane et al. 2018; Balajii and Niju
(2019a, b); Quah et al. 2019). Figure 2 shows the different
process employed for biochar based heterogeneous catalysts
synthesis.

Sources of biomass-derived heterogeneous catalyst
Utilization of solid heterogeneous catalyst derived from the
waste shell in biodiesel production is advantageous which

is both cost-effective and eco-friendly. In the last decades,
several waste shell derived heterogeneous catalyst such as
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Fig. 2 Different process employed for heterogeneous catalysts synthesis from biomass

chicken eggshell, crab shell, ostrich eggshell, coconut shell,
peanut shell, walnut shell, empty fruit bunch, etc. has gained
more attention to reduce the overall biodiesel production
cost (Balajii and Niju 2019a, b). Waste shells are mainly
composed of CaCO; (96-98%) with a trace amount of mag-
nesium carbonate (MgCO,), strontium carbonate (SrCO;),
calcium phosphate, metal oxides (K,0, Fe,0s, SiOz’ etc.),
and water. Performing high-temperature combustion of
waste shells formation of metal oxides occurs from metal
carbonates which is a highly active base catalyst for bio-
diesel production. CaO has been frequently used for bio-
diesel production from various types of feedstock as it pro-
vides low toxicity, low solubility in methanol, high catalytic
activity, cost efficiency, simply natural and waste sources,
and mild reaction conditions. Waste shells are the cheap-
est raw materials for the synthesis of CaO and have been
significantly utilized as a heterogeneous catalyst in transes-
terification reactions to produce biodiesel. The composition
of some bio-waste materials before and after calcination
process is summarized in Tables 1 and 2.

Suryaputra et al. (2013) utilized waste capiz shell as raw
material for the production of CaO catalyst from calcium
carbonate through the calcination process. In a study, Laskar
et al. (2018) utilized waste snail shells (Pila spp.) as a source
of CaO to produce biodiesel from soybean oil at room tem-
perature. The catalyst was prepared via calcination in a muf-
fle furnace at various temperatures (400-1000 °C) for 4 h. It
was found that at calcination temperature more than 700 °C,
the decomposition of calcium carbonate was initiated and
completely converted to CaO at 900 °C as shown in the
XRD pattern (Fig. 3). The EDS analysis also showed that the
percentage of carbon decreases and the percentage of cal-
cium increases gradually with an increase in the calcination
temperature. It was found that a very small carbon (4.6%)
was remained after the calcination at 900 °C. Following
that a biodiesel yield of 98% was reported under optimized
reaction conditions and the derived catalyst exhibits high
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catalytic activity up to eight times with significant results.
Roschat et al. (2016) developed river snail shells-based CaO
heterogeneous catalyst for economical and green biodiesel
production processes. The results displayed a significant
increase of FAME% with calcination temperature of the
shells from 600 to 800 °C due to the increasing CaO for-
mation from CaCO;. Moreover, they also reported that at
calcination temperature 900 and 1000 °C catalytic activity
gradually decreases and gave lower FAME yield under the
same reaction condition. The study concluded that higher
than 800 °C results in CaO with lower BET surface area,
total pore volume, and mean pore diameter due to the severe
sintering of particles which significantly reduced total basic
sites and basic site density of the sample. In another study,
Sirisomboonchai et al. (2015) reported calcined scallop shell
(CSS) as a catalyst in the transesterification of waste cook-
ing oil (WCO) and methanol. The study suggested that the
calcined scallop shell-based catalyst showed higher catalytic
activity as compared with the commercial CaO. Experimen-
tal results found that CaO of the derived catalyst transferred
to calcium glyceroxide upon transesterification reaction, and
calcium glyceroxide also provides good catalytic activity in
reutilization.

Eggshells are one of the widely used raw materials for
the synthesis of CaO based catalysts. Much research work
has been reported successful utilization of waste eggshell
to develop a metal oxide or bimetallic mixed oxide catalyst
for transesterification as it provides high natural abundance,
low cost, eco-friendly sustainable route. Mansir et al. (2018)
developed a bimetallic mixed oxide catalyst from waste
eggshells to produce biodiesel from high free fatty acid
content waste cooking oil. The prepared catalyst showed a
high biodiesel yield of 92.1% under the optimized reaction
conditions and can be reused in five cycles without any sig-
nificant loss activity. In a study, Chowdhury and his team
investigated the biodiesel synthesis from Madhuca indica
oil with waste egg shell-derived heterogeneous catalyst. The
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Table 2 (continued)

References

Yield%

Composition%

Calcination

Catalyst source

Gohain et al. (2017)

Mg Na

Ca

700

Musa balbisiana Colla peel

10.41

12.02
Si

36.08

Mg

41.37

Balajii and Niju (2019a, b)

98.7

Ca

700

Red banana peduncle

1.20
Ca

1.30 1.54 1.91 0.03 42.23
Si Cl

50.54
Al

Betiku and Ajala (2014)

94.9

Fe Zn

Mn

35

500

Musa paradisiacal peel

1.99 0.67 4.89 54.73 1.13 0.05 0.04 0.01
Ca Mg Al

33.01

342
Na

Li et al. (2018)

92.27

800

Campbhor tree ash

2.70
Si

1.82

1.22 12.05
Ca

Na

0.23

Gohain et al. (2020a, b)

95.2

700

Carica Papaya stem

3.02

1478  21.08 441
Mg Ca Mn

Na

56.71

Betiku et al. (2016)

98.5

Fe

700

Banana peel

0.19 0.03 0.03 0.01 0.01

99.73

T Calcination temperature in °C; ¢ calcination time in hour

synthetic process was optimized by the Taguchi approach
(Chowdhury et al. 2019). In another study, Farooq et al.
(2018) explained the preparation of a CaO based efficient
catalyst from waste chicken eggshells for exploring envi-
ronment-friendly and cost-effective biodiesel production
process. The precalcined CaO powder at variable tempera-
ture (800—1000 °C) was dispersed in distilled water to form
Ca(OH), suspension after that the sample was placed in an
autoclave for 24 h at 150 °C. Finally, the filtered sample was
calcined at elevated temperature (800—1000 °C) for another
3 h. Similarly, the study found that calcination temperature
lower than 800 °C could not lead to complete decomposi-
tion of CaCO; to CaO. However, at 800, 900, and 1000 °C
the catalysts are mainly composed of CaO as a major phase.
The BET analysis demonstrated that at 900 °C calcination
temperature catalyst showed a maximum surface area how-
ever, beyond 900 °C the surface area was found to be signifi-
cantly reduced. The experimental results showed that cata-
lysts prepared at 900 °C possess the excellent activity and
provided a high yield of biodiesel up to 93.5% at methanol to
oil molar ratio of 12:1 with 5 wt% of catalyst in 90 min. Tan
et al. (2015) developed a calcium oxide heterogeneous base
catalyst by utilizing ostrich eggshell and chicken eggshell
waste as the raw material. They investigate the performance
of CaO catalysts derived from both waste ostrich eggshell
and the conventional chicken-eggshell for biodiesel produc-
tion from waste cooking oil and reported yield of biodiesel
was 96% and 94% for calcined ostrich and calcined chicken
eggshells respectively under the same optima reaction con-
ditions. In another study, Correia et al. (2014) investigate
the catalytic activities of calcium oxide obtained from crab
shells and eggshells in the transesterification of vegetable
oil. The study found that the prepared CaO catalyst converts
triglycerides to methyl esters up to 84% (crab shell) and 94%
(eggshell) under optimized reaction conditions.

Animal bone is one of the solid wastes that are cheap,
easy, and abundantly available all over the world. In many
studies, the waste bone-derived catalysts have been shown to
be highly effective as a catalyst for biodiesel production. The
X-ray diffraction analysis confirms that waste animal bones
are composed of two different phases of CaCOj;, known as
aragonite and calcite. These can be used as a potential source
of CaO based basic catalysts for transesterification. Nisar
et al. (2017) investigated the modified animal bones with
KOH as a heterogeneous base catalyst for transesterification
of non-edible Jatropha oil. The XRD diffractogram showed
that the uncalcined bone mainly composed of CaCO; as
aragonite and calcite and after calcination at 900 °C all the
aragonite phase converted to CaO which acts as effective
base catalyst for biodiesel production. The experimental
results confirm a maximum biodiesel yield of 96.1% at
optimal parametric conditions viz. methanol to oil molar
ratio of 9:1, calcination temperature, 900 °C, and catalyst
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concentration 6 wt% of oil. The reusability of the catalyst
was also investigated and results show that it could be recy-
cled up to four times without losing any significant activity.
In a study, Smith et al. (2013) employed bovine bone waste
as an effective catalyst in the transesterification reaction
between soybean oil and methanol. They perform the calci-
nation process at temperature of 950 °C which implies the
complete conversion of CaCO; to CaO. The XRF study also
showed that the high concentration of Ca (81.02%) which
provides crucial contribution toward the biodiesel synthe-
sis. They reported that the maximum yield of methyl ester
was about 97% obtained by performing the closed-system
transesterification reaction with 8 wt% of catalyst and 6:1
methanol to oil ratio at 65 °C for 3 h.

In another study, Khan and his team investigated biodiesel
production from waste cooking oils by utilizing cheap het-
erogeneous catalyst derived from waste Ostrich (Struthio
camelus) bones (Khan et al. 2020). It was reported that after
calcination at 900 °C for 4 h the sample displayed the hex-
agonal crystal structure due to the breakdown of carbonates
and the formation of metal oxides. It is well known that
the activity of the catalyst is directly related to the strength
of basic sites. The basicity of catalysts could be consid-
ered as the prime parameter to enhance the transesterifi-
cation process. The basicity of the obtained ostrich bone
catalyst was found to be 13.6 mmol g~! by using the acid
titration method. The reaction parameters had been opti-
mized to maximize biodiesel yield and the optimum yield
of 90.56% was achieved at methanol to oil ratio of 15:1 and
catalyst loading of 5 wt% within a reaction period of 4 h.
The study concluded that the presence of hydroxyapatite in
the derived ostrich bones catalyst showed the good catalytic
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performance to produce biodiesel from waste cooking oil.
Farooq et al. (2015) also derived heterogeneous catalysts
from chicken bones for the transesterification reaction of
waste cooking oil for biodiesel production. The investigation
showed that the heterogeneous catalyst calcined at 900 °C
provides good catalytic activity in the transesterification of
waste cooking oil and exhibiting a maximum biodiesel yield
of 89.33% at optimum reaction conditions. The study found
that the catalyst surface area increases from 5.25 to 120.02
m? g~! as the calcination temperature increases from 800 to
1000 °C. The catalyst characterization confirmed the trans-
formation of hydroxyapatite into $-Ca;(PO,), that could act
as a base catalyst for transesterification reaction. Besides
that, it was also observed that at 900 °C calcination cata-
lysts shows a greater number of basic sites on the surface as
it shows greater uptake of CO, in comparison to catalysts
prepared at 800 and 1000 °C. Moreover, the experimental
results reported successful reutilization of derived catalyst
up to four times for biodiesel production. Mohadesi et al.
(2021) developed CaO based heterogeneous catalyst from
cow bone to produce biodiesel from waste cooking oil.
Transesterification reaction was carried out in a microre-
actor to reduce the residence time to 1 min and the maxi-
mum purity of biodiesel in presence of 8.5 wt% catalysts at
63.1 °C was 99.24%.

Kosti¢ et al. (2016) experimented on biodiesel produc-
tion via CaO-rich catalyst developed from palm kernel shell
biochar (PKSB). The study reported that CaO based PKSB
catalyst can be reused for three consecutive cycles without
any significant loss of activity. The experiments found a high
biodiesel content of about 99% in presence of 3 wt% cata-
lyst concentration and a 9:1 molar ratio of methanol to oil.
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Miladinovi¢ et al. (2020) investigated the catalytic activity
of the walnut shell-derived catalyst in biodiesel production
by the sunflower oil methanolysis. The prepared CaO based
catalyst offered a very fast reaction and provides a high yield
of biodiesel up to 98%. The study conducted successfully
recycled the catalyst up to four times after the regeneration
of the catalytic activity by recalcination at 800 °C. In a study,
Boro et al. (2011) utilized solid oxide catalyst derived from
the waste shell of turbonilla striatula for biodiesel produc-
tion via transesterification of mustard oil. The experimental
results confirmed the formation of solid oxide i.e. CaO at a
calcination temperature of 800 °C. A maximum biodiesel
yield of 93.3% was achieved at methanol to oil molar ratio
of 9:1 and 3 wt% of catalyst loading. The study also inves-
tigated the reusability of the derived catalysts in different
temperatures. Apart from that, various waste shells based
biomass precursors such as peanut shell (Zeng et al. 2014),
coconut shell (Endut et al. 2017), palm shell (Farabi et al.
2019), jatropha hulls (Zhang et al. 2017), empty fruit bunch
(Lim et al. 2020), etc. have been investigated as an effective
catalyst for biodiesel production. It is clearly observed that
calcination temperatures play a vital role in the catalytic per-
formance of the waste shell-derived heterogeneous catalyst.

Although, there are no fixed relations between FAME yield
and calcination temperatures, it is directly associated with
the catalyst surface area and pore size distribution as well as
the entire surface texture of the catalyst. Besides that, doped
CaO based catalyst significantly affects the transesterifica-
tion process that could alter the FAME yield. The selection
of appropriate doping agents with optimal conditions leads
to the formation of sufficient active sites and compatible
surface properties that enhance the activity of catalyst.
High carbon content compounds such as coal, wood, and
coconut shell are being utilized for the synthesis of acti-
vated carbon (AC). It provides a high surface area with a
well-decorated porous structure in nature as illustrated in
Fig. 4. AC possesses a high number of active sites that pro-
vide sufficient adsorptive sites for reaction to take place as
a result the overall performance of the reaction significantly
increased. Activated carbon-based materials developed from
several biomass resources have been successfully utilized as
an effective green heterogeneous catalyst for the sustainable
production of biodiesel. The presence of highly active sites
and different functional groups such as phenolic, carboxylic,
etc. on their surface effectively contributes to enhancing the
reaction rates. Farid et al. (2017) investigated the fatty acid

Fig.4 Porous network of activated carbon derived from biomass (Reproduced with permission from Elsevier, Tang et al. 2020)
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methyl esters (FAME) production from waste cooking oil
using activated carbon developed from oil palm biomass as
a catalyst. The synthesized AC catalyst exhibits a basicity of
11.21 mmol g~! with substantial surface area and provides
98% of FAME yield under optimum reaction parameters.
The reusability study showed that more than 76% of yield
was achieved after five consecutive cycles. In a research
work, Dejean et al. (2017) used shea nutshell as raw mate-
rial to prepare an activated carbon-based catalyst for the pro-
duction of ethanolic biodiesel. The X-ray diffraction (XRD)
results confirmed that the presence of potassium carbonate
in the catalyst was the main active potassium species respon-
sible for catalytic activity. Recyclability tests showed that the
catalyst had excellent cyclic stability and can be reused after
a thermal post-treatment with superior catalytic activity.
The biochar-based solid heterogeneous catalyst gains
more attention in the latest times due to their economic fea-
sibility and simple method of preparation as well as envi-
ronmentally safe nature. Generally, biochar is the blackened
organic matter that is generated through the carbonization
process and mainly it is the residual part of the fast pyrolysis
from the woody mass and also the main product obtained
upon slow pyrolysis. These are high in oxygen content
(27-34 wt%) mostly in the form of phenolic and carboxylic
acidic groups. The presence of phenolic, carboxylic, and
sulfonic groups in biochar materials assists in improving
the catalytic activity and also enhances the interaction of
the reactant molecules on the surface of the catalyst (Liu
et al. 2011). In a study, Aleman-Ramirez et al. (2021) pre-
pared a heterogeneous catalyst from moringa leaves ash
as a sustainable precursor for biodiesel production. The
investigation published that inorganic carbonate miner-
als of dolomite, calcite, and K,Ca(CO3), were the main
components and enhances the transesterification reaction.
The EDS analysis of the catalysts suggested that after the
calcination process the amount of oxygen, potassium, cal-
cium and magnesium increased to 59.57%, 9.87%, 10.09%
and 5.92% respectively which provide significant catalytic
activity toward transesterification. Basumatary et al. (2021)
investigated the efficiency of a sustainable basic heterogene-
ous catalyst derived from heteropanax fragrans (Kesseru)
for the synthesis of biodiesel from jatropha curcas oil. The
elemental analysis showed that percentage of basic elements
present in the uncalcined materials such as K (14.6%) and
Ca (3.05%) increases after the calcination process. The high
amount of potassium (19.2%) recorded after 550 °C along
with various metals and that could be responsible for the
high efficiency of the catalyst. Besides that, the calcined
catalyst showed a maximum basicity of 0.423 mmol/g as
compared to the uncalcined catalyst (0.298 mmol/g) and also
displayed a high biodiesel yield of 90.22% in the third reac-
tion cycle. Barros et al. (2020) synthesized a novel solid base
catalyst from Pineapple (Ananéds comosus) leaves ash for
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transesterification of soybean oil. The catalyst was prepared
via calcinations of grounded leaves at 600 °C for 2 h and
900 °C for 30 min in a muffle furnace. The study reported
a higher content of alkali or alkali metals (K, Ca, and Mg),
about 85 wt% that could provide a major contribution to
the high catalytic activity. The experimental results showed
that a maximum oil to biodiesel conversion above 98% was
recorded in presence of 4 wt% catalysts and oil to methanol
molar ratio of 1:40 after 30 min. Gohain et al. (2020a, b)
proposed calcined tectona grandis leave as an eco-friendly,
renewable, and low-cost heterogeneous base catalyst for
transesterification. The study investigated the efficiency of
the catalyst towards biodiesel production and reported that
the presence of alkali and alkaline earth metals creates well
decorated basic surface sites. Arumugam and Sankarana-
rayanan (2020) utilized residual ash from sugarcane leaf as
a heterogeneous catalyst for the synthesis of calophyllum
inophyllum methyl esters. The catalyst was prepared by
open-air burning and subjected to NaOH solution for the
recovery and removal of silica followed by sonication. The
mixture was filtered and the residual ash was washed with
distilled water for several times to remove the remaining
alkali. The calcination process generates the porous, spongy,
and agglomerated structure of ash along with the production
of metal oxides that can effectively catalyze the biodiesel
production process. The major metal oxides identified were
silicon dioxide, calcium oxide, and magnesium dioxide.
The reusability study found that a maximum FAME yield
of 97.85% was achieved up to six cycles. In a research work,
Balajii and Niju (2020) studied the feasibility of a green
heterogeneous base catalyst derived from banana peduncle
ash for transesterification of non-edible ceiba pentandra oil.
The experimental analysis reported that calcined banana
ash composed of alkali oxide (K,0), alkaline earth metal
oxides (MgO, Ca0O), and metal oxide (SiO,) by degrading
the recalcitrant matrix of the biomass. The presence of alkali
metal oxides or mixed metal oxides significantly enhances
the basicity of catalyst which provides remarkable catalytic
activity. It was also found that calcination provides a highly
porous network which in turn increases the surface area of
the catalyst that improves the activity of the ash catalyst.
Under optimum process conditions such as 1.978 wt% of
catalyst concentration, 9.20:1 ratio of methanol to oil, and
60 min reaction time, a maximum FAME yield of 99.36%
was achieved. Nath et al. (2019) utilized a waste brassica
nigra plant-derived green heterogeneous base catalyst for
effective transesterification of soybean oil to synthesize
biodiesel. The investigation found a high content of potas-
sium about 56.13 wt% as the major component followed by
calcium (26.04 wt%) in the form of oxide, carbonate, and
chloride. The catalyst afforded a maximum yield of 98.79%
in presence of 7 wt% of catalyst and a 12:1 ratio of metha-
nol to oil in a short period of 25 min at 65 °C. Apart from
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that, various biomass ash-based materials such as rice husk
ash (Chen et al. 2013; Li et al. 2014), wood ash (Sharma
et al. 2012), lignin (Guo et al. 2012a, b), waste date pits
(Ala’a et al. 2018), corncob residue (Behera et al. 2020;
Tang et al. 2020), defatted seed (Dawodu et al. 2014), etc.
have been successfully employed as green sustainable pre-
cursors for the catalytic transesterification reaction to syn-
thesize biodiesel.

Biomass based modified/functionalized basic
heterogeneous catalyst

Much research work has been reported successful utiliza-
tion of waste eggshell to develop a metal oxide or bimetal-
lic mixed oxide catalyst for transesterification as it provides
high natural abundance, low cost, eco-friendly sustainable
route. Mansir et al. (2018) developed a bimetallic mixed
oxide catalyst from waste eggshells to produce biodiesel
from high free fatty acid content waste cooking oil. The
powdered CaCO; was precarbonized to obtain CaO powder
in a furnace at a temperature of 900 °C for 5 h. An appropri-
ate amount of Mn(NO;),'4H,0 and ZrO,H, in the ratio of
3:2 was mixed with CaO powder and placed in a furnace
at 650 °C for 5 h to get the resultant bimetallic doped CaO
catalyst. The prepared catalyst showed a high biodiesel yield
of 92.1% under the optimized reaction conditions and can
be reused in five cycles without any significant loss activ-
ity. Chowdhury and his team (2019) investigated the bio-
diesel synthesis from Madhuca indica oil with waste egg
shell-derived heterogeneous catalyst. The synthetic process
was optimized by the Taguchi approach. The modified egg
shell-based catalyst was prepared by using impregnation of
sodium nitrate aqueous solution at a temperature of 800 °C
for 3 h. The experimental analysis found BET-specific sur-
face area of 2.83 m? g~! for CaO eggshell catalyst without
impregnation and 12.67 m? g~! for impregnated catalyst,
whereas the pore volume area was found to be 0.1098 and
0.2335 cm?® g~ for unimpregnated and impregnated catalyst
respectively. Following that, the study concluded that metal-
doped egg shell-derived catalyst enhancing the catalytic
activity due to the modifications of surface texture. Khatibi
et al. (2021) derived Na and K doped CaO from calcined
eggshells for biodiesel production via transesterification of
canola oil. The powdered eggshells were calcined at three
different temperatures prior the impregnation process. The
impregnation of Na—K was performed by using NaNO; and
K,SO, at 60 °C under constant stirring followed by calcina-
tions at 600 °C for 5 h. BET analysis found that Na doped
CaO experienced a lower surface area as compared with
that for CaO while K doped one showed a higher surface
area than that of CaO. On the other hand, both Na—K doped
CaO had an average pore volume and specific surface area
in between the values for Na—CaO and K—CaO catalysts and

displayed a maximum biodiesel yield. The study clearly
experienced that there is no linear relationship between
the catalyst surface area and pore size distribution with the
FAME yield. However, the investigation revealed the linear
relationship between the biodiesel yield and the number of
basic sites on the surface of the catalyst. The highest FAME
yield of 97.6% was achieved under the catalyst loading of
3 wt% with methanol to oil molar ratio of 9:1 and 3 h of
reaction time.

Nisar et al. (2017) investigated the modified animal bones
with KOH as a heterogeneous base catalyst for transesterifi-
cation of non-edible Jatropha oil. The calcined powder bones
obtained at variable temperature ranges (500-1100 °C) in a
furnace were soaked with different concentrations of potas-
sium hydroxide solutions to synthesize a modified CaO cata-
lyst. The experimental results also found that 900 °C is the
most suited and optimum temperature for the calcinations
as it offers the best catalytic performance of the catalyst.
Farid et al. (2017) investigated the fatty acid methyl esters
(FAME) production from waste cooking oil using activated
carbon developed from oil palm biomass as a catalyst. The
activated carbon was prepared by using a two-step method.
Initially, a carbonization step was carried out at 700 °C for
2 h then an appropriate amount of KOH was impregnated
followed by activation at 700 °C for another 2 h under a
continuous flow of N,. The obtained AC was further impreg-
nated with K;PO, followed by subsequent calcination for
another 3 h under a continuous flow of N, at 500 °C. The
study reported that the surface area and pore size distribu-
tion of the AC were decreased after calcination and K;PO,
immobilization due to the sequential spread of K;PO, inside
the capillary pores. However, they used KOH as an activat-
ing agent to improve the surface area and pore structure of
the mesoporous carbon. The synthesized catalyst exhibits
a basicity of 11.21 mmol g~ with substantial surface area
and provides 98% of FAME yield under optimum reaction
parameters. The reusability study showed that more than
76% of yield was achieved after five consecutive cycles. In a
study, Ayoob and Fadhil (2020) developed waste tires based
activated carbon for biodiesel production from a mixture of
non-edible oils. AC was prepared followed by a pyrolytic
conversion of the waste tire at a temperature of 500 °C. The
obtained pyrolytic char sample was purified with n-hexane
and finally, the activation was carried out at 800-900 °C for
2 h under a stream of steam. Further, the as-prepared AC was
utilized for the synthesis of carbon-based solid base catalyst
through the wet impregnation method with different aque-
ous solutions of KOH and calcined at 400 °C for 2 h under
a flow of N, gas, to obtain the desire carbon-based catalyst.
In another study, they prepared lithium supported on acti-
vated carbon derived from scrap tires for transesterification
of a mixture of non-edible oils. Although the impregnated
LiOH-AC experienced a lower surface area as compared
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with parent AC, the basicity increases significantly with ris-
ing the LiOH% in the impregnation solution and that plays
an energetic role in the catalytic action. The catalyst reus-
ability was also investigated and exhibited superior activity
after being four times recycled with more than 80% FAME
content (Ayoob and Fadhil 2019). Akinfalabi et al. (2019)
synthesized AC based catalyst from kenaf seed cake to pro-
duced biodiesel from palm fatty acid distillate (PFAD). At
optimum reaction parameters, a free fatty acid (FFA) con-
version of 98.7% and yield of fatty acid methyl esters about
97.9% was achieved. The synthesized catalyst showed excel-
lent catalytic activity and maintaining the yield of methyl
esters and free fatty acid conversion of more than 90% up to
five consecutive cycles.

Abdullah et al. (2021) developed a highly mesoporous
activated carbon derived from palm kernel shell for biodiesel
production from waste cooking oil. Hydrothermal carboni-
zation (HTC) was carried out in an autoclave heated up to
240 °C for 24 h and NaOH was used as an activating agent
to increase the active sites and improve the porous texture
of the carbon structure. The obtained HTC based activated
carbon was further impregnated with K,CO; and CuO to
achieve bifunctional characteristics that are suitable for
simultaneous esterification and transesterification processes.
The investigation concluded that the chemical treatment of
NaOH significantly increased the surface area of AC from
3.57 to 3368.60 m? g~!. On the other hand, it was found that
the impregnation of AC with a favourable amount of K,CO;
and CuO provides a higher amount of basicity. In a research
work, Changmai et al. (2021a, b) developed a magnetic
nano-sized solid catalyst from bio-waste Citrus sinensis peel
ash for the synthesis of biodiesel from waste cooking oil
(WCO). The developed magnetic catalyst afforded a maxi-
mum biodiesel yield of 98% under the reaction conditions of
6:1 methanol to oil molar ratio, 6 wt% of catalyst at 65 °C in
3 h. Besides that, the catalyst exhibited high physical stabil-
ity and sustain the catalytic reactivity up to nine consecu-
tive cycles. In a study, Madai et al. (2020) used banana peel
ash-derived catalyst loaded with a metal oxide to fast rate
synthesis of biodiesel from neem seed oil. The experimen-
tal analysis confirms the presence of potassium carbonate
(K,COs), a calcium magnesium silicate (CaMgSiO,), and
potassium sodium sulfate (KNaSO,) and that contributes
to raising the basicity of the catalyst up to 11.09. In a study
conducted by Chen et al. (2013) reported a Li-doped rice
husk ash catalyst. The calcined rice husk ash was mixed with
an appropriate amount of Li,CO; to obtain a Li-modified
heterogeneous catalyst. The chemical treatment results in the
conversion of the crystalline phase of the rice husk ash to
the Li,Si0; and a few Li,SiO,. It was reported that Li,SiO;
reacted with atmospheric CO, to form Li,COj; that appears
on the catalyst surface which exceeded the basic strength of
the catalyst. The reaction conditions and the modification
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process of some biomass derived basic heterogeneous cata-
lysts are illustrated in Table 3.

Biomass based modified/functionalized acidic
heterogeneous catalyst

The sulfonated carbon material contains a higher amount of
acidic groups at its surface than that of precursor activated
carbon due to the insertion of various functional groups at
the activated carbon surface. Moreover, the attached sul-
fonic groups (-SO;H) helps to protonate the neighboring
weakly acidic groups (e.g., -COOH, —OH) that will initiate
the esterification or transesterification reaction by the attack
of the alcohol on the carbocation. In a study, Tang et al.
(2020) conducted an experiment to produce biodiesel from
palm fatty acid distillate through the catalytic performance
of papaya seed, empty fruit bunch (EFB), and corncob bio-
mass waste-derived based activated carbons. The biomass
materials were impregnated with H;PO, to obtain activated
carbon after that subjected for sulfonation by arylation of
4-BDS (4-benzene diazonium sulfonate). The study found
that the synthesized AC exhibited a high porous structure as
the carbonization process leads to the elimination of vola-
tile materials during thermal treatment and also the use of
the activation pretreatment step by H;PO, as the activat-
ing agent. A well-developed porous structure of AC was
significant to create a larger surface for the implantation of
sufficient active sites and to grant access for the reactants
into the inner surface. The experiment showed that corncob
waste-derived sulfonated AC catalyst exhibited the highest
FAME yield of 72.09% and FFA conversion of 93.49%. A
study conducted by Konwar et al. (2014a, b) reported oil-
cake waste-derived catalysts in biodiesel production from
acid oils. The reported catalyst exhibited high thermal sta-
bility and was successfully recycled in five consecutive
experiments. The study found that the catalytic activity of
the prepared solid acid catalyst was well comparable with
an equivalent amount of H,SO, under similar reaction con-
ditions. Rocha et al. (2019) developed sulfonated activated
carbon from corn cobs as heterogeneous catalysts to pro-
duce biodiesel from soya bin oil using microwave-assisted
transesterification. The corncob-based AC was prepared
with phosphoric acid via thermal treatment and sulfonation
was done by using 4-benzenediazoniumsulfonate (BDS) as
a sulfonating agent. The study demonstrated that after the
sulfonation the specific surface area of the activated carbon
slightly decreased, but maintains well-decorated mesopores
for use as solid acid catalyst. The experimental facts con-
cluded that a pure biodiesel phase with a yield of 88.7% was
attained with 20% of catalyst concentration and a 6:1 ratio of
alcohol-to-oil at microwave variable power of 0-600 W or
20 min. The study also reported the five subsequent reaction
cycles of the catalyst without loss of its catalytic activity. In
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a study, Niu and his team synthesized bamboo-based acti-
vated carbon for the esterification of oleic acid to produce
biodiesel. Derived heterogeneous acid catalyst exhibits the
well-developed mesoporous microstructure with a surface
area of 225.71 m? g'1 (Niu et al. 2018). Bora et al. (2018)
investigated the synthesis of heterogeneous carbonaceous
catalysts from waste mesua ferrea linn (MFL) shells for
esterification of mesua ferrea linn (MFL) oils. The study
investigated the optimization of the biodiesel synthesis pro-
cess based on four parameters viz. reaction time, tempera-
ture, catalyst loading, and methanol to oil ratio. A maximum
of 95.57% of FFA conversion was recorded at optimum con-
ditions including 10 wt% of catalyst, 6:1 ratio of methanol
to oil, and 2 h of reaction at 55 °C.

Lathiya et al. (2018) prepared a solid acid catalyst from
waste orange peels to investigate cost-effective biodiesel
production. The orange peel AC was sulfonated by using
concentrated H,SO,. Activated carbon was prepared through
hydrothermal carbonization and KOH was used as an activa-
tion agent to promote the carbonization process as well as
the formation of a mesoporous structure. Sulfonation was
carried out in a teflon coated autoclave reactor at 200 °C
for 24 h. The mechanism suggested that treatment of KOH
with surface carbons leads to the formation of K,CO; and
after carbonization, the materials comprise of K metal, K,0,
CO, CO,. The experimental analysis confirmed the attached
—SO;H groups on ACs surface and increased sulfur con-
tent after sulfonation. A maximum biodiesel conversion of
91.68% was obtained from corn acid oil under optimized
conditions using Box—Behnken Design (BBD). In an experi-
ment, Ezebor et al. (2014) derived solid acid catalysts from
Oil palm trunk and sugarcane bagasse for rapid esterifica-
tion of fatty acids and moisture-assisted transesterification
of oils using pseudo-infinite methanol. They investigated the
effect of pseudo-infinite methanol in increasing the rate of
esterification and transesterification reactions over oil palm
trunk (OPT) and sugarcane bagasse (SCB) derived solid
acid catalysts. The study found that under optimal reaction
conditions, the process provides the FAME yields of 93%
and 94% in 45 min for OPT and SCB catalysts, respectively.
Fadhil et al. (2016) utilized waste polyethylene terephtha-
late (PET) to prepare activated carbon acid catalyst for bio-
diesel production from Silybum marianum L. seed oil. The
catalyst reusability study reported that the catalytic activity
gradually decreases upon recycling and reached 60% at the
fifth cycle. Chellappan et al. (2018) also used concentrated
sulfuric acid to introducing —SO5H groups in the surface
of sawdust-derived biochar. The BET analysis showed that
sulfonated biochar catalyst has a higher surface area and
pore volume as compared to biochar. Moreover, sulfona-
tion leads to functionalized biochar surfaces containing
various functional acidic groups such as weak acidic -OH
groups, strong acidic -COOH, and —SO;H groups. These
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functional groups provide a remarkable contribution to
enhanced catalytic activity and increase the reactants' acces-
sibility towards acidic sites for simultaneous esterification
and transesterification.

In a study Yu et al. (2021) applied waste ginger straw
as an efficient heterogeneous acid catalyst for biodiesel
production. The acidic catalyst was synthesized by partial
carbonization of the raw materials followed by sulfonation
under sulphuric acid at optimized preparation conditions.
The catalyst exhibits an amorphous carbon structure having
an —SO;H group density of 1.05 mmol/g and provides excel-
lent thermal stability up to 200 °C and satisfactory catalytic
performance (93.2%) under the optimized reaction condi-
tions of 9:1 M ratio of methanol to oleic acid and 7 wt%
catalyst concentration at 64 °C for 210 min. Malani et al.
(2018) used Rubber De-Oiled Cake as Heterogeneous Acid
Catalyst source in Biodiesel Production by using Mixed
Non-Edible Oil Feedstock. The acid catalyst was prepared
through the direct sulfonation process by using Sulfuric acid
and Chloro-sulfonic acid. The acidity of the catalysts was
determined via titration techniques and total acidic site den-
sity was found to be 2.92 and 3.76 mmol/g for sulfonated and
chloro—sulfonated catalyst respectively. The study reported
a maximum biodiesel yields of 91.2+1.1% and 93.7 + 1.3%
were achieved at 8.18 wt% catalyst loading and 12.8:1 molar
ratio at 63 °C in single—step process and two-step process
respectively. Wang et al. (2018) reported a mesoporous solid
acid derived from biodegradable biomass materials through
a mild and environmental friendly process. The experimen-
tal investigation revealed that a maximum 96.7% biodiesel
yield was attained at 80 °C with in 3 h under 4 wt% catalyst
dosage and 15:1 molar ratio of oleaic acid to methanol. It
was found that the presence of the —SO;H and NH;" sites
on the magnetic catalyst plays a significant rule for effective
esterification of high acid value oleaic acid with methanol.
The reaction parameters and the functionalization process
of some biomass based acidic heterogeneous catalysts are
illustrated in Table 4.

Nanocatalysts from biomass resources

Apart from biomass based heterogeneous acidic and basic
catalysts, biomass derived nanocatalysts have shown tremen-
dous potential owning to their larger surface area, higher
selectivity, and excellent catalytic activity. Researchers are
now attracting towards the preparation of novel nanocat-
alysts with size ranging from 1 to 100 nm from biowaste
materials due to their high surface areas, higher catalytic
activity, and longer stability and at the same time it offers
economic feasibility and environment friendly. Numerous
methods have been reported for the synthesis of nanocata-
lysts such as wet impregnation method, combustion method,
co-precipitation method, precipitation method, hydrothermal
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Table 5 Method of preparation and characteristics of some biomass based nanocatalysts

Source Nanocatalyst Methods Size (nm)  Surface References
area (m?
g
Terminalia chebula leaves CuO Solution combustion 100 11.92 Yatish et al. (2021)

Leaf extract was mixed with
Cu(NOy),, stirred and finally cal-
cined at 400 °C

Cinnamomum tamala leaves CuO Leaf extract was mixed with CuSO,, 20 - Suresh et al. (2021)
stirred at 70 °C and finally cen-
trifuged, washed with water and
ethanol

Razma seeds ZnO Seeds powder was mixed with 50 - Reddy Yadav et al. (2018)
Zn(NOs),, heated to form gel, cal-
cined at 500 °C for 3 h

Banana rhizome ZnO Banana rhizome extract was mixed 372 - Dutta et al. (2019)
with ZnSO, under microwave
irradiation, washed and calcined at
400 °Cfor3 h

Ficus elastic latex NiO Latex extract was mixed with NiSO,  22-26
solution, heated upto 200 °C, centri-
fuged and finally calcined at 300 °C

Dawood et al. (2021)

for3 h

Castor leaf Iron nanoparticles Castor leaf extract was mixed with 10-35 - Rengasamy et al. (2016)
ferric chloride solution, centrifuged
and dried

Egg shell CaO Eggshells were powdered and cal- 75 16.4 Pandit and Fulekar (2017))

cined at 900 °C for 3 h, refluxed in
water at 60 °C, dried and calcined at
870°Cfor3 h

Oil-palm empty fruit K,0 Burned in open air, milled and finally 150 - Husin et al. (2018)
calcined at 600 °C for 4 h
Egg shell Zn—-CaO Egg shell was calcined at 900 °C for ~ 30-42 - Borah et al. (2019)

3 h, mixed with aqueous solution
of zinc acetate, filtered and finally
calcined at 900 °C for 3 h

Snail shell CaO Dry shells were crushed and washed 40 9.37 Krishnamurthy et al. (2020)
with nitric acid, hydrothermal treat-
ment with water at 120 °C for 3 h,
finally calcined at 900 °C for 4 h

Waste eggshell CaO Crushed and dried egg shells were 23.65 64.51 Ahmad et al. (2020)
calcined at 900 °C, reflux in water
at 60 °C, finally calcined at 870 °C
for3h

Eggshell CaO Crushed and dried egg shells were 13.53-21.3
calcined at 900 °C for 3 h, reflux in
water at 60 °C, finally calcined at

Erchamo et al. (2021)

800 °C for 3 h
Chicken bone CaO Dry bone powder was calcined at 700, 50.34 - Zik et al. (2020)
800, and 900 °C for 4, 5and 6 h
Palm kernel shell K,CO;—CuO Hydrothermal carbonization, chemical — 3368.60  Abdullah et al. (2021)

activation with NaOH, calcined at
600 °C for 3 h, functionalized with
K,COj; and Cu(NO3),
Citrus sinensis peel CSPA@Fe;0, Burned in open air to make ash, 12-13 15.55 Changmai et al. (2021a, b)
water extract of ash was mixed with
FeSO,.7H,0 and FeCl;, stir for 3 h
Croton macrostachyus leaves Metal oxides Sol-gel-thermal oxidation method 23.8 126.3 Kasirajan et al. (2022)

Citrullus colocynthis fruit MgO Co-precipitation method 1-5 147.4 Khan et al. (2022)
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Table 5 (continued)

Source Nanocatalyst Methods Size (nm)  Surface References
area (m?
gh
Buxus papillosa leaf Cdo, Leaf extract was mixed with 45 - Arshad et al. (2023)

CdSO, followed by calcination

50 nm

Sk catod mapndFlcatlons Toke Placni VET CPET Tecmal 53)

(@

200 nm

A lreat by ) Cage s F00MY

Flaces wIT (FET Tesmal 303

Bl caked et Gt ianl 11,0k

Fig.5 SEM (a, b) and TEM (¢, d) images of CuO nanocatalyst (Reproduced from with permission from Elsevier, Suresh et al. 2021)

22-26 nm and provides a highest biodiesel yield of 97.5% at
optimum conditions. Rengasamy et al. (2016) investigated
the catalytic effects of iron nanoparticles derived by using
castor leaf extract in the transesterification of castor oil. The
size of the iron nanoparticles was found to be 10-35 nm and
the transesterification reaction yielded about 86% biodiesel
in presence of 1 wt% of catalyst and 1:9 molar ratio of cas-
tor oil and methanol at 65 °C within 150 min. Cholapan-
dian et al. (2022) investigated the biodiesel production from
waste cooking oil by using CaO nanocatalyst synthesized
from Acalypha indica leaves. The experimental investiga-
tion found 94.74% biodiesel yield under optimum process
parameters like 2.4 wt% of catalyst load, 11.8:1 ratio of
methanol to oil molar at 63.7 °C of reaction temperature
for 70 min of reaction time. Kasirajan et al. (2022) utilized
croton macrostachyus leaves for the preparation of metal
oxides nano-catalyst via sol-gel-thermal oxidation method

and the seeds as a potential non edible oil resource for bio-
diesel production by ultrasound-supported transeserification
process. The prepared nanocatalyst exhibits superior basic
sites with a high surface area of 126.3 m? g~! and the par-
ticle size was 23.8 nm. They achieved a maximum yield of
98.85+0.99 wt% by using 1.23 wt% of catalyst concentra-
tion with 1:9.13 molar ratio of oil to methanol within 36 min
at a reaction temperature of 55.48 °C.

Biomass based magnetic nanocatalysts

Biomass materials loaded with ferrite ion that usually known
as magnetic biochar catalyst has garnered tremendous atten-
tion in recent years. Typically, the magnetic biochar cata-
lyst was prepared by impregnation of ferrite ion contain-
ing reagent into biomass materials followed by the thermal
treatment. The usage of biomass impregnated magnetic
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catalysts provides the economically sustainable approach
as it enhance the recovery and reusability property of solid
magnetic biochar catalyst in the biodiesel production. Fur-
thermore, this helps to eliminate dependence of the time-
consuming mechanical work and involvement of electrical
instruments like centrifuge for the recovery of solid catalyst
(Quah et al. 2019). The reaction conditions and recyclability
yield of some biomass derived heterogeneous catalysts are
summarized in Table 6.

Guo et al. (2012a, b) reported that magnetic catalyst can
be recovered 1.7 times faster than non-magnetic catalyst.
Besides that, nanomagnetic catalyst exhibits high specific
surface area that leads the higher active sites on the catalyst
surface which enhances the catalytic activity. It was also
stated that the impregnation of Fe particles on the catalyst
helps to elimination of volatile matters like H,O and CO,
during biomass pyrolysis process which in turn increases
the surface area and pore volume of the catalyst particles.
Moreover, the magnetic catalyst displayed tremendous sta-
bility and reusability after several cycles without any loss
of catalytic activity. Ibrahim et al. (2019) prepared a car-
bonaceous solid acid magnetic catalyst using empty fruit
bunch for biodiesel production from palm fatty acid distil-
late (PFAD). The synthesis process comprised of three con-
secutive steps like chemical activation-doping-sulphonation.
Chemical activation was performed to increase the surface
active site of the precursor material while the doping of
Fe was carried out at different concentrations such as 2,
5, 10 and 15 (%) followed by sulphonation to obtain AC-
Fe ,, SO;Cl. The prepared magnetic catalyst had a high mag-
netic properties (HC =344.14G) with higher surface area of
20.42 m*g and acidity of 29,520 pmol/g. The catalyst also
showed excellent catalytic activity with 98.6% conversion of
high free fatty acid at 100 °C in presence of 4 wt% catalyst
and 16:1 methanol to PFAD ratio within 3 h. The synthe-
sized magnetic catalyst could be effectively recovered as
shown in Fig. 6. and showed superior esterification activity
upto six continuous cycles without any further treatment. In
another study, Araujo et al. (2021) derived a magnetic acid
catalyst by using simple impregnation process followed by
calcination at different temperatures and functionalization
with sulphuric acid. In their study, red mud was used as Fe
precursor for the synthesis of magnetic catalyst. The impreg-
nation process was done at several ratios of red mud and
acai seed powder followed by thermal treatment in a tubular
furnace at 400, 500 and 600 °C which converts the hematite
phase to magnetite phase. The obtained material was further
functionalized with concentrated sulfuric acid for 180 min
at 80 °C to get desired magnetic catalyst. It was observed
that the optimum ratio of acai seed powder to red mud was
1:1 and the calcination temperature was 400 °C for 3 h. The
prepared magnetic catalyst presented 88% yield of methyl
oleate under 5 wt% catalyst concentrations and a 1:12 molar
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ratio of oleic acid to methanol at 100 °C. Quabh et al. (2020)
reported waste palm kernel shell derived magnetic acid cata-
lyst via impregnation method. The dry biomass powder was
mixed with an appropriate amount of iron chloride solution
and placed for pyrolysis to form magnetic biochar and the
acidity of the biochar was introduced by treating with con-
centrated sulphuric acid which leads to form the covalent
linkages of sulfonic groups (—SO;H) onto the surface of the
mesoporous magnetic carbon. The analysis showed that the
magnetic biochar prior to sulfonation possessed high mag-
netisation saturation of 37.655 emu/g and after sulfonation
the magnetism was reduced to 8.458 emu/g. However, it
was able to provide satisfactory magnetic response which
was sufficient to recover the magnetic catalyst from reaction
media effectively by using an external magnetic field.

On the other hand, Changmai et al. (2021a, b) derived a
magnetically separable silica support acidic nanocatalyst for
biodiesel production. The magnetic Fe;O, was synthesised
through co-precipitation method which was coated with sil-
ica nanoparticles to get Fe;0,@SiO, and finally functional-
ized with sulfonic acid to obtain Fe;0,@SiO,-SO;H core@
shell nanoparticulate acid catalyst. The derived catalyst had
a stronger magnetic saturation of 30.94 emu g~ 'and dis-
played a surface area and pore diameter of 32.88 m*> g~! and
3.48 nm respectively. In other study, they also synthesized
Citrus sinensis peel ash coated magnetic basic catalyst via a
simple one step process. Magnetic Fe;O0, nanoparticles were
synthesized via traditional co-precipitation method followed
by the dropwise addition of basic extract prepared from Cit-
rus sinensis peel ash (CSAP). The basicity and surface area
of the catalyst was found to be 0.170 mmol g~! and 15.55
m? g~! respectively which showed significant reactivity in
the formation of biodiesel. The vibrating sample magnetom-
eter (VSM) analysis provides the existence of magnetism on
derived Fe;0, and CSPA@Fe;0, are 37.74 and 31.56 emu/g
respectively. The drop in magnetism of CSPA @Fe;0, states
the successful impregnation of ash materials on the surface
of the highly magnetic Fe;O, nanoparticles (Changmai
et al. 2020). They also demonstrated a reaction mechanism
based on diffusion—adsorption model on the magnetic cata-
lyst surface Fig. 7. Since the magnetic particles surface was
loaded with the basic oxides of the biomass substances, the
0O?~ species on catalyst surface helps to generate the meth-
oxide ion which further attacks the electron deficient centre
of triglyceride and form a tetrahedral intermediate followed
by the rearrangement to methyl ester or biodiesel and diglyc-
eride anion. Afterwards the diglyceride anion abstracts the
hydrogen from catalyst to form diglyceride and similarly the
process was repeated and generates one mole of glycerol and
three moles of methyl ester.

Wang et al. (2018) reported a novel magnetically recy-
clable solid acid catalyst utilizing chitosan. They prepared
a double shell hollow structured acid catalyst for the green
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Fig.6 VSM magnetization curves of magnetic catalyst (a, b) and magnetic separation of the catalyst (¢) (Reproduced with permission from

Elsevier, Ibrahim et al. 2019)

production of biodiesel as illustrate in Fig. 8. At first the
Fe;0, nanoparticles was prepared as the center of micro-
sphere followed by the introduction of chitosan layer above
the magnetic nanospheres. The obtained Fe;O,@chitosan
was treated with tetraethyl orthosilicate (TEOS) under con-
tinuous stirring to get chitosan coated Fe;O,@chitosan@
Si0, and the above identical procedure was repeated to form
the double shell structure. The acidic functional groups were
introduced on the surface of the double shell microspheres
using p-toluenesulfonic acid. The incorporated double shell
hollow structure provides several advantages on catalytic
activity such as preventing the magnetic materials from
etching and improvement on surface area and active sites
on catalyst surface. The experimental analysis showed that
the hollow structure of Fe;O,@ Chitosan-Hollow-Chitosan
(FCHC) offers a high biodiesel yield of 96.7% whereas non
hollow Fe;0,@Chitosan-SO;H catalyst offered only 75.1%.
The Fe;0,@Chitosan-Hollow-Chitosan (FCHC) catalyst
exhibited a strong magnetism of 18.9 emu/g and a remark-
able recyclability rate (84.1% biodiesel yield) even after five
cycles.

In another study, Liu et al. (2018) reported the utiliza-
tion of bamboo charcoal for the synthesis of bifunctional
magnetic solid base catalyst in biodiesel production. The
synthesis process involves the wet impregnation of bam-
boo charcoal precursor with y-Fe,O; through an in-situ
method followed by the saturation using KNO; solution.
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After that the magnetic bamboo charcoal substances
placed for calcination at 500 °C for 3 h. The experimen-
tal investigation revealed the characteristic mesoporous
structure of the magnetic catalyst having high specific
surface area of 28.7m?/g along with strong magnetism of
35.4 emu/g due to stable impregnation of y-Fe,O; parti-
cles onto the carbon skeleton of bamboo charcoal. The as
prepared catalyst provides 98.0% of biodiesel yield under
2.5 wt% catalysts loading and 8:1 ratio of methanol to
oil at 60 °C. Moreover, it also demonstrated the excellent
recovery yield of more than 94% even after four consecu-
tive cycles. Zhang et al. (2016) also derived a magnetic
base catalyst from bamboo powder supported with nickel
and sodium silicate (Na,Si0;@Ni/C). In their study, the
magnetic precursor was synthesized by using the mixture
of nickel nitrate solution, solid urea and bamboo powder
followed by calcination at high temperature to get Ni/C
particles. Finally, the Ni/C particles were mixed with
sodium silicate solution through reflux and then calcinated
at 400 °C to obtain the final magnetic catalyst. The exist-
ence of Ni element in the synthesized catalyst displayed a
strong magnetism (15.7 emu/g) and also provided excel-
lent catalytic activity for the conversion of glycerol to
hydrogen. Apart from that, comparatively a high biodiesel
yield (98.1%) was achieved in the fresh cycle followed by
the reusability yield of greater than 93% after four cycles.
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Fig.8 Schematic illustration for the synthesis of FCHC-SO;H catalyst (Reproduced with permission from Elsevier, Wang et al. 2018)

Critical analysis of the catalysts

The biomass based heterogeneous catalysts provides
numerous advantages over the chemical based catalysts
including the biodegradable, non-toxic and high abundant
nature. However, the catalytic activity of biomass origi-
nated catalysts depends upon the elemental compositions

(like potassium, calcium, magnesium etc.) and the crystal-
line components (like K,CO;, K,0, CaO, MgO etc.) of the
catalysts which are the significant factor for the reactivity of
transesterification reaction. The presence of high concentra-
tions of alkali and alkaline elements or compounds makes
the biomass materials extremely basic in natures that are
suitable to carry out a transesterification reaction. Moreover,

4\ Springer € ABEQ itz



44

Brazilian Journal of Chemical Engineering (2024) 41:23-48

the catalytic activity of the catalysts depends upon the nature
of feedstock used for transesterification. The basic catalysts
are suitable for low FFA (<3%) content feedstock due to
their tendency towards soap formation in presence of high
FFA. The acid catalyzed transesterification is unaffected by
the high FFA as it also esterifies to their respective methyl
esters and increases the overall biodiesel yield. This review
also found that not only basicity and acidity can control the
transesterification reaction and biodiesel yield but also the
catalysts size and surface area are quite significant. Small
sized and high surface area catalysts offer sufficient acces-
sibility to reactant molecules for catalysts surface active
site which ultimately enhance the biodiesel yield. However,
there is no linear relationship is established well between
the biodiesel yield and the surface area of the biomass based
catalysts. The basic functionalized catalysts are more effec-
tive for biodiesel synthesis as it requires short reaction time
as compared to the acidic catalysts. Besides that, the mag-
netic functionalized heterogeneous basic catalysts are more
superior due to their rapid and easy separable nature from
the reaction medium which enhances the catalyst reusability
up to certain repeated cycles.

Conclusions and perspectives

Production of biodiesel via transesterification of triglycer-
ides is mainly influenced by the active sites and basicity of
catalyst as well as amount of catalyst, molar ratio of meth-
anol to oil, reaction times, and temperatures. This review
revealed that the utilization of biomass derived heterogene-
ous catalyst is found as one of the most potential hetero-
geneous catalysts for biodiesel synthesis. Catalysts derived
from various renewable biomasses such as egg shells, fish
scales, biomass ash and animal bones have shown promising
effect for biodiesel production which is easily available in
nature. The consumption of biomass or waste as the source
of catalyst may reduce the associated cost for commercially
available solid catalyst as well as provide new applications
and utilization for the waste. However, solid heterogene-
ous catalysts often struggle with poisoning and active site
leaching in the reaction medium. Thereby, to develop a more
efficient design, robust and catalytically stable catalysts is
still an important challenge which can improve the overall
quality of biodiesel production process. It is important to
maintain the porosity and hydrophilic/hydrophobic sites on
catalyst surface so that mass transport can be enhanced with
limited diffusion and catalyst deactivation. Apart from that,
single step or in-situ route for catalyst preparation is encour-
aged to avoid the complex multistep grafting process. The
basic functionalized catalysts are more effective for low FFA
content feedstock whereas acidic catalysts are more favour-
able for high FFA feedstock for biodiesel synthesis. Besides

@ Springer ﬂﬁ%:ﬁl‘ ABEQ &siiedting

that, the magnetic functionalized heterogeneous catalysts are
more superior due to their rapid and easy separable nature
from the reaction medium which enhances the catalyst reus-
ability up to certain repeated cycles. Nevertheless, further
investigation and development of biomass derived hetero-
geneous catalyst are necessary to explore more efficient and
highly active heterogeneous catalyst that can improve the
overall catalytic performance in biodiesel production as well
as other chemical processes.
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