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Abstract

Biomass-derived catalysts are being intensively studied as potential replacements for
traditional chemical catalysts in the sustainable generation of biodiesel because of their unique
combination of characteristics; catalytic activity, low-cost, plentiful supply and ecologically
friendly and efficient manufacturing procedures. This critical review discusses the recently
reported approaches that have been used (mostly since 2016) towards cost-effective and
environmentally benign solid base/acid/acid-base catalysts from a range of biomass. Sources
include shells, animal bones, and plants. Outlined alongside the push for optimized conversion
and yield is the increasing trend for enhanced catalyst reusability and recyclability. Outstanding
technical problems associated with catalyst preparation or stability, or waste generation are
considered individually. The outlook for solving each of these is discussed, as is the potential
of biomass-derived catalysts and the biodiesel they produce to develop the fields of fuel
synthesis and energy use. Overall, this review aims to assess the viability of biomass-derived
catalysts in the commercial sector and the most promising routes for transferring new

technologies from the academic environment to industry.

Keywords: Biodiesel, biomass, transesterification, esterification, renewable energy,

heterogeneous catalyst
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1 General introduction

In recent years, increased global energy demand has combined with the depletion of fossil fuel
reserves and skyrocketing CO> emissions to drive the search for more sustainable and
environmentally benign ways to power modern economies [1]. Complementary to it, biofuels
have come to represent a compelling research vector because they can be created from
renewable, sustainable resources (biomass) [2]. They are non-toxic and their combustion emits
less carbon monoxide (CO), sulfur dioxide (SO;) and unburned hydrocarbons (HCs) than
traditional fossil fuels [3][4]. Biomass-derived catalysts are now attracting significant interest
because of their biodegradability, eco-friendly nature, and the abundance of raw materials for
their preparation that can be sourced from food waste like fruit peel, waste groceries, and other
food remnants [5][6]. Additionally, materials from plant and crop biomass waste as well as
discarded animal and egg shells represent convenient, inexpensive raw materials, whose
repurposing can in fact obviate the need for costly and energy-intensive waste management
and disposal [1][3]. Consequently, catalyst systems derived from waste biomass have emerged
as a focus of intensive study for more sustainably producing biodiesel. This focus is driven by
the combination of specific notable attributes: high activity, widespread availability of catalyst
precursors, cost-effectiveness, and the ability to yield high-quality products. Additionally, this
approach is of great interest in developing countries, because these catalysts can be used with
only minimally modified existing infrastructure [7]. The starting point for biofuels has

historically taken one of two forms; edible or inedible biomass. Edible biomass is typically rich
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in triglycerides (TRIGs). These are simply converted by monofunctional bases through
transesterification. However, particularly in developing economies, the use of inedible biomass
is easier to justify because of its widespread availability, often lower cost, and because it
doesn’t compete with the demand for food. That said, it often contains more free fatty acids
(FFAs), which must be esterified, and this complicates the process and adds cost [8]. In general,
if the acid value of any biodiesel feedstock is more than 4.0 mg KOH g’!, a pre-treatment

(esterification step) has to be carried out before the alkaline transesterification reaction [9].
1.1 Biodiesel production

Biodiesel, aka fatty acid methyl ester (FAME), is obtained by the transesterification of TRIGs
(esters of FFAs and glycerol) and/or esterification of FFAs in vegetable oils and animals fats.
A representative mechanism for the transesterification and esterification of TRIGs and FFA is
shown in Fig. 1. The composition of these TRIGs greatly influences the physicochemical
properties of the oils and fats and largely dictates the quality of biodiesel produced from them.
FFAs are broadly classified into two types depending on their carbon backbones: 1) saturated,
and 11) unsaturated. In vegetable oils and animal fats, the most commonly found FFAs are oleic
acid, linolenic acid, palmitic acid, palmitoleic acid, linoleic acid, myristic acid, arachidic acid,

and stearic acid [4][10][11].
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Fig. 1. Plausible mechanisms of transesterification (a) and esterification (b) using a typical
biomass-derived acidic catalyst.
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An enormous range of feedstocks have been, and continue to be, explored for the
production of biodiesel. These include edible plant oils, non-edible oils, waste cooking oils,
animal fats, and algal oil [8][12]. However, using the first of these creates a food vs fuel nexus
as potential food for human consumption is converted to fuel. In recent years, inedible oils such
as Jatropha curcus oil, Pongamia glabra (karanja) oil, Pongamia pinnatta (Honge) oil, palm
fatty acid distillate (PFAD), and rubber seed oil (RSO) have therefore received more attention
[4][12]. This has had consequences, because in the past base catalysts have usually been
preferred over acid catalysts in the transesterification of vegetable oils to biodiesel owing to
them being more reactive and costing less. However, with the reorientation of research to
inedible oils it has become apparent that base catalysts tend to react with the FFA component
being introduced, resulting in soap formation. This may consume the catalyst and reduce its
reactivity [6][13]. The presence of high FFA levels in inedible oils has therefore necessitated
the development of acid -catalysts. These have made possible the simultaneous
transesterification of TRIGs and esterification of FFAs but tend to suffer from relatively poor

activity.

Apart from the dichotomy between base and acid catalysis, there is also one of
homogeneous and heterogeneous approaches to address. Homogenous acid or base catalysts
have certainly achieved satisfactory yields in biodiesel manufacture [14]. However, while
homogeneous catalysts can provide benefits that include high catalytic activity under modest
conditions, they cause a number of issues. These include soap generation, reactor corrosion,
catalyst recovery difficulties, and the production of huge amounts of waste. These complexities
are inevitably reflected in overall biodiesel production costs [9][10]. The potential of
heterogeneous catalysts to address many of these issues has therefore assumed importance. If
prepared straightforwardly from relatively easily sourced materials, these can offer to reduce
environmental impact whilst bringing greater cost-effectiveness, largely through their simple
isolation and recovery [12]. In principle, heterogeneous catalysts can be recycled and reused
multiple times, maintaining morphology, active site density and activity and making biodiesel
manufacture significantly more cost-effective [13][14][15]. As aresult, in spite of many studies
[16][17], the use of heterogeneous catalysts for large-scale biodiesel production remains

problematic from both economic and long-term sustainability standpoints.

1.2 Aims and scope of the review
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Attempts to address the issues highlighted above, essentially maximizing environmental
sensitivity while reducing production costs, have underpinned the use of (particularly waste)
biomass as both biofuel precursor and catalyst source [18][19][20][21]. Indeed, the latter
approach has been highlighted as aligning with the principles of carbon neutral and zero-waste
economics [19]. It is recent efforts in the use of biomass as a source of heterogeneous catalysts
that will be critically reviewed here. Coverage will focus on the last 5 years (2016-) and take
in a broad range of approaches to catalyst formation. For the most part, animal- and plant-based
biomass will be considered. Other sources, such as municipal solid waste (MSW) or
lignocellulosic biomass are, of course, established, have been lately reviewed [22][23][24] and,
for recent lignin-rich biomass work, incorporated here. However, the need for complex
separation and preparation of MSW or to structurally modify lignin-rich material complicates
the use of these biomass sources. Meanwhile, though algal biomass has recently emerged as a
candidate for biodiesel synthesis in combination with carbon sequestering, this technology is
currently somewhat far from the marketplace [25]. A range of more tractable and established
catalyst sources are considered in the current article and this introduces the possibility of
producing biodiesel of variable quality. Unless stated, biodiesel reported in this work can be
assumed by the reader to meet ASTM standards. This work seeks to incorporate some of the
most recent developments in the area and so add to previous reviews [26]. The current work
clarifies the breadth of potential for generating catalysts from both animal- and plant-based
biomass. As such, it contrasts with more specialized surveys of the recent literature on chemical
engineering aspects of biodiesel production [27] and the use of specific catalyst feedstocks,
e.g. animal-based biomass [28], industrial waste [29], or lignocellulosic material [30]. Turning
to methods for enhancing catalyst activity (e.g., calcination, doping), we particularly outline
recent advances by ourselves and others in the development of sulfonated catalysts in the
context of limiting active site leaching and/or regenerating spent catalysts. This leads to a
discussion of truly bifunctional catalysts, with a focus on the promise these more designed
catalysts offer for the use of inedible biomass in biodiesel production. This attempt to look at
how to address the basic technical challenges that remain with biomass-derived catalysts (e.g.
deactivation, mass transfer limitations, the need for downstream treatment) is drawn together
in Section 4, where the issues are explicitly discussed. Section 5 covers the reasons for
switching to biofuels from more conventional fuels generally, and the relevance of biodiesel
generated using sustainably sourced catalysts specifically. This is done from a purely scientific
perspective (comparing emissions of bio- and petrodiesel) and also in broader societal and

political terms (looking at the cost implications of moving to biomass for catalysts, the energy
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security gained by avoiding fossil fuels, the effects of repurposing industry waste). Sections 4

and 5 finally combine to allow us to finally point to the specific strategies the catalysis

community is now developing to address outstanding problems in Table 6. In general terms,

however, current catalysts for biodiesel production with their associated merits and demerits

are summarized in Table 1.

Table 1. Current catalysts for biodiesel production (adapted from ref. [4]).

Catalyst type Examples Advantages Disadvantages
Homogeneous
Alkali KOH, NaOH High activity Requires low FFA content
Cheap (<1 wt. %)
Fast reaction rate High sensitivity to FFA and
Mild operational water
conditions Saponification
Wastewater generation
Equipment corrosion
Non-recyclable
Acid HCI, H,SO4, HF Insensitive to FFA and Low activity
water content Long reaction time
Simultaneously High reaction temperature
catalyzes Equipment corrosion
(trans)esterification Non-recyclable
No soap formation.
Heterogeneous
Alkali (Mixed) metal Stable Slow reaction rate due to
oxides eg. CaO, Non-corrosive diffusion limitations
MgO, SrO, Recyclable Requires low FFA content (< 1
zeolites, CaO- Fewer disposal wt. %)
MgO, La,O- problems High sensitivity to FFA and
Zr0;, Ca0- Easy to separate water
La;0s Saponification

Active site leaching

Wastewater generation



e Complex synthesis

e Expensive

Acid TiO, ZnO,* Insensitive to FFA and Slow reaction rate due to
(*Amphoteric)  ZrO,* ion- water content diffusion limitations

exchange resin, Simultaneously Low activity

sulfated and catalyzes High reaction temperature

sulfonated metal (trans)esterification Low acid density

oxides and Recyclable Active site leaching

carbon materials. Non-corrosive Complex synthesis

Expensive

174

175 2 Animal bio-waste-based catalysts
176  2.1. Eggshells

177  CaO is amongst the most active and cost-effective of heterogeneous solid catalysts for biodiesel
178  production [31][32][33]. However, its major source (limestone) is non-renewable, and its
179  synthesis is lengthy and costly. Alternative approaches that harness natural waste materials
180 have therefore attracted interest as the precursors are typically non-toxic, easy to handle,
181  plentiful, low cost, and renewable [18][22]. Literature reveals that waste shells comprise 96-
182 98 % CaCOs; along with trace MgCOs, SrCOs;, Caz(PO4)2, organic material and water. This
183  high proportion of CaCOj in waste shells (and bones) makes them an excellent potential source
184  of CaO, with high temperature calcination (750-1000 °C) [24] the most widely used process
185  for making biomass-derived solid base catalysts. In particular, the exploitation of waste
186  eggshells as a catalyst precursor solves major problems of waste dumping and recycling [24].
187  The calcination temperature alluded to above has a major impact on the synthesis and the
188  evolution of the catalyst’s surface morphology, and this can be correlated with activity [34]. A
189  general flowchart for the different types of biomass-derived CaO, and modified CaO is
190 presented in Fig. 3. In general, bare CaO obtained by calcination of waste shells is commonly
191 used as a highly basic catalyst for biodiesel production by transesterification [35][36].
192  Nonetheless, bare CaO usually possesses low-surface area, and relatively low catalytic activity.
193  Hence, attempts have been made to increase the basicity, stability and activity of waste shell-
194  derived CaO by doping with active metals [37][38][39], by catalyst support [40] (Fig. 3b), and
195 by hydration-dehydration [41][42][43][44] (Fig. 3¢).
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To date, a variety of waste eggshells have been used in biodiesel production (Table 2).
Goli et al. [35] synthesized CaO from chicken eggshell and utilized it with soybean oil.
Calcination at 500-1000 °C examined temperature effects on CaO production. Temperatures
up to 800 °C failed to convert the major portion of the CaCO3 to CaO (18.75 %), while an
increase from 800-900 °C led to the much more complete generation of CaO (58.33 %). Further
increasing temperature did not show any significant improvement. Theoretical and
experimental procedures then displayed 92.32 % and 93 % biodiesel yield, respectively.
Similarly, CaO derived from chicken eggshells at 800-1000 °C was used to transesterify waste
cooking oil (WCO)[26][34][35]. A relatively brief (2-4 h) calcination at higher temperature
(1000 °C) gave high conversion of CaCOs3; to CaO, while increasing calcination time (>4h)
degraded the catalyst and suppressed active sites, and this was reflected in transesterification
[45]. In spite of this, Tshizanga et al. [46] found that the calcination of eggshell at 800 °C for
as much as 24 h resulted in increased surface area and allowed the resulting catalyst to show
91 % biodiesel yield. Whilst this performance might be surpassed by other catalysts, a
demonstration that this catalyst could be reused in up to 10 consecutive cycles with no
depreciation in activity, suggested excellent stability. After 10 cycles, the catalyst activity then
dwindled, reaching 30 % yield in 18" cycle. This decrease was possibly due to a combination
of 1) leaching of Ca (in the form of CaO or calcium diglyceroxide) during methanolysis
[47][48], 2) formation of Ca(OH); in presence of water, and 3) calcium diglyceroxide (formed
by reaction of CaO with glycerol byproduct) blocking active sites [49].

To offset the high energy consumption of conventional methods, microwave irradiation
has been widely adopted in recent years as it enables faster reaction rates, thereby reducing the
reaction time by using volumetric heating. Advantageously, apart from the economic benefit
of reducing the reaction time, microwave-assisted reaction could enable better recovery and
reusability of the CaO catalyst used in the methanolysis of triglyceride, because the amount of
CaO solubilized in methanol increases with time. In an experiment, it was observed that after
3 h of immersion of CaO in methanol, leached Ca®" amounted to 0.169 mg mL™! and after 6 h
it had increased to 0.532 mg mL™'. Moreover, in the presence of glycerol, CaO forms calcium
diglyceroxide, which is even more soluble [47]. Hence, reducing the reaction time should
positively impact by preventing leaching of Ca*" into the reaction mixture, helping retain the
reactivity of CaO on repeated reuse. Owing to the advantages of microwave-assisted synthesis,
several reports on microwave-assisted production of biodiesel have appeared [50][51][52][53].

Taking advantage of this trend, and with an intention to reduce the reaction time, thereby
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making the synthesis procedure economical, chicken shell-derived CaO was used to produce
biodiesel in 98.90 % yield from C. inophyllum L. oil in <13 mins [54]. The requirement of this
short reaction time under microwave-irradiation could potentially endorse its wide application

in industrial scale biodiesel production.

CaO is superior to other heterogeneous base catalysts in the methanolysis of vegetable
oil to biodiesel. Yet, it is much slower than the homogeneous catalysts currently used in the
biodiesel industry. To make it applicable on an industrial scale, the catalytic activity of waste
shell-derived CaO has to be increased considerably by enhancing its basicity, surface area, and
tolerance to ambient CO2 and H,O (which poison basic sites by the formation of CaCOs3 and
Ca(OH),, respectively) as well as resistance to leaching [47]. In order to do this, numerous
methods have been attempted; loading onto supports, formation of mixed oxide composites
with other metal oxides and calcination-hydration-dehydration. Putra ez al. [40] obtained CaO
from eggshell and supported it on SiO; extracted from palm empty fruit branches (PEFB) for
WCO transesterification. In comparison to CaO and CaO@PEFB, CaO@SiO: possessed a high
surface area of 79.8 m? g'!, and this was reflected by an excellent 96 % biodiesel yield. In
another study, a hybrid catalyst (CaO@Si0,) derived from two waste materials (eggshell and

rice husks) transesterified palm oil [55]

I after

The surface area of CaO increased modestly from 6.83 to 12.29 m? g’
impregnation with silica from BET analysis, with the increased surface area attributed to a
strong, stabilizing interaction of the CaO with the silica support reducing surface diffusion and
sintering. The catalyst’s porosity underwent examination through the N2 physisorption method,
with the pore size distribution of 0.0429 cm? g! showing the mesoporous nature of the catalyst
determined via the adsorption branch. Fig. 2 illustrates the nitrogen adsorption—desorption
isotherms and the corresponding plots for pore size distribution. In these plots, all isotherm
curves exhibited a type IV profile and type H3 hysteresis loop, except for silica, which notably
lacked a hysteresis loop during the initial capillary condensation. SEM imaging revealed the
agglomeration of silica particles and a heterogeneous distribution thereon of CaO. In CaO
catalysts with 3 wt. % silica, there appeared to be greater room between agglomerates than was
seen in those with 5, 7, and 10 wt. % silica. It was argued that this underpinned more efficient

interaction with reactant molecules in this, the most active catalyst. Nevertheless, biodiesel

yield was only 90 % and this dropped to 77.5 % after 7 cycles.
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Fig. 2. N, adsorption—desorption isotherm and pore size distribution of the (a) CaO, (b) silica
and (c) CaO impregnated with 3% silica; hybrid catalyst. Reproduced from Ref. [55].
260

261 Doping CaO with alkali metal species [37][38] to increase the basicity is another topic
262  of research interest (Fig. 3b). This increase is believed to occur via the exchange of lattice M>*
263  for M" upon calcination, leading to O~ vacancies [56][57]. With the intention of preparing
264  highly basic metal doped CaO, Hossain et al. [37] treated eggshell-derived CaO with different
265  concentrations of KOH to obtain K/CaO. Among several catalysts developed (1.25, 2.5, and 5
266  wt. % K" doped), 5 wt. % K" doping resulted in the high biodiesel yield of 98.46 % from waste
267  soybean oil (WSO). In contrast, the bare eggshell-CaO afforded merely 88.1 % yield. The K*-
268  CaO catalyst was recycled by washing with hexane and dried overnight at 105 °C then calcined
269  at 900 °C 4 h. In other work, Khatibi ef al. [38] functionalized eggshell-derived CaO with Na-
270 K via wet impregnation to obtain a doped Na-K/CaO catalyst for the transesterification of

271  canola oil. The effect of Na:K molar ratio was studied using values of 3, 1 and 0.33, with Na:K
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= 1 showing maximal biodiesel yield at 97.6 %. Interestingly, co-doped catalysts (Na-K/CaO)
afforded much higher biodiesel yields than K/CaO (84.7 %) and Na/CaO (80.6 %).

Calcination-hydration-dehydration has also garnered attention for the development of
CaO (abbreviated as CaOc.u-p) with high surface area and basicity (Fig. 3¢) [58][59][60]. The
use of hydroxide precursor for the synthesis of CaO is effective in increasing the surface area
and amount of basic sites [59]. Hence, waste shell (CaCOs) was first calcined to produce CaO,
which underwent hydration to form Ca(OH), that was finally calcined to afford highly basic,
high surface area CaOc.u.p (as detected by temperature programmed desorption of carbon
dioxide, CO,-TPD) [59]. In a pioneering work, Niju et al. [41] observed a remarkable
difference in the transesterification yield of 67.57 %, 79.62 % and 94.52 % for commercial
CaO, eggshell-derived CaO and eggshell-derived CaOc.n-p (eggshell- CaOc.u-p), respectively.
Eggshell-derived CaO had a surface area of 3.72 m? g”!, whereas that of eggshell-CaOc.n.p was
8.64 m? g'!, which accounted for its higher activity. Using Hammett indicator titration, the
basicity of eggshell derived-CaO was found to be in the range 9.8<H<12.2, whereas eggshell-
CaOc.u-p was 12.2<H<15.0. Similarly, Gupta et al. [58] reported eggshell-CaOc.u-p for the
transesterification of WCO. The hydration-dehydration process involved two steps. Hydration
of CaO with deionized water at 60 °C for 6 h formed Ca(OH),, followed by drying of the
resultant mass at 80 °C followed by calcination at 600 °C for 3 h. The resulting eggshell-CaOc.-
u.p catalyst possessed a high surface area of 53.48 m? g'!, which was much higher than many
reported commercial CaO systems (3-4 m? g!) [61], and returned a 93.1 % biodiesel yield.
Nano-eggshell-CaOc.u.p has also been used for the production of biodiesel using microalgal

strain 4. obliquus as a low-cost feedstock [62].
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Fig. 3. Preparation of (a) CaO-derived catalysts, (b) metal-doped CaO, (c) CaO

nanoparticles from shell-based biomass.

2.2 River, sea and other shells

A wide variety of river and seashells have been calcined to produce CaO transesterification
catalysts [63][64](Table 2). In a 2017 example, Kaewdaeng et al. [65] reported the synthesis
of biodiesel from used cooking oil (UCO) with river snail shell-derived CaO. Calcination of
the shell at 800 °C for 4 h resulted in efficient CaO formation (70.1 wt. %), and this then
showed good catalytic activity with 92.5 % oil conversion. Of course, different types of snail
shells are available, and a range have been utilized for the transesterification of feedstocks such
as palm oil [66], soybean oil [3] and WCO [42]. The effects of a range of co-solvents on
reaction kinetics and biodiesel yield have also been investigated [66], with 98.5 % + 1.5
achieved using 10 % v/v THF in methanol. In this case, activation energy (E.) was established

to have been reduced to 57.79 kJ mol! compared to 67.60 kJ mol! in pure methanol.

A 98 % biodiesel yield was obtained from soybean oil at ambient temperature using

snail shell (Pila spp.)-derived CaO. The authors systematically investigated the effect of
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calcination temperature and observed that, at above 900 °C, essentially all the CaCO; was
converted (CaO content 98.0 wt. %, Fig. 4). As with oxide prepared from egg shell, high yield
was achievable in spite of only moderate catalyst surface area (7.0 m? g'!). However, reusability
tests saw a considerable depreciation in activity from 98 % to 77 %, and this was attributed to
blocking of catalyst active sites with glycerol [3], moisture [56] and impurities [57]. In other
work, mussel shell was also successfully calcined to obtain a highly basic CaO and employed
for the transesterification of Camelina sativa oil, achieving 95 % biodiesel yield. The catalyst
proved to be reusable in up to 10 reaction cycles, maintaining a biodiesel yield of ~93 %,
suggesting the possibility of high stability catalysts of this type [67]. ASTM biodiesel standards
were used to compare the fuel qualities of product made from Camelina sativa oil. Importantly,
it was found that there would be no need to modify an engine to use this biodiesel because its
viscosity was comparable to that of ordinary diesel fuel. Beneficially, the biodiesel produced
showed a higher cetane number, which indicates improved fuel efficiency, better ignition
quality, lessening of harmful emissions, and quicker pumping of protective lubricating fluids
throughout the system. Similarly, Venus clam (Tapes belcheri S.) was used in a similar fashion,
the resulting catalysts transesterified palm oil efficiently in the first instance (97 % yield).
Interestingly, in CO2-TPD analysis, commercial CaO catalyst displayed a basicity of only
294.20 umol g!. In contrast, venus clamp calcined at 900 °C (CS-900) showed roughly 44
times higher basicity (13,156.80 umol g!). However, reusability now proved disappointing (86
% yield after 3 cycles) [61].

Crab shell has been used for the synthesis of CaO catalyst. One study employed the
resulting material to transesterify karanja oil. Interestingly, the catalyst exhibited a moderate
surface area of 16.47 m? g! that was nevertheless high enough to show respectable activity (94
% yield). The catalyst was tested in up to 5 cycles, but with an almost 11 % decrease in activity,
stability was suspect [68]. Finally, using ASTM standards, the characteristics of the biodiesel
produced were described. It was found that the density decreased from 0.92 (for karanja oil) to
0.81 (for biodiesel), and the pour and flash points were both 184 °C. Given that density and
viscosity are directly proportional, the kinematic viscosity at 40 °C was decreased from 43.6
(mm? s to 4.02 (mm? s!). Biodiesel had a calorific value of 3800 kcal kg! and a moisture

content of 0.005 %. The synthetic biodiesel met US biodiesel criteria in full.
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Fig. 4. XRD patterns showing the effect of 4 h calcination temperature on conversion of snail

shells to CaO. Reproduced from Ref. [3]

Although snail shell-derived CaO has demonstrated respectable biodiesel production
activity, it has frequently failed to achieve excellent yields due to its low basicity. Like for egg
shells, to improve the basicity, doping with alkali metals has been attempted. An activated
catalyst was therefore synthesized by combining ground snail shell-derived CaO and kaolin,
doping with KBr. With a 20.5 wt. % K content, this catalyst (eggshell-CaO/kaolin) returned a
98.5 % biodiesel yield, which compared with 93.2 % without KBr activation [69]. In another
study, waste mussel shell-derived CaO was combined with activated carbon prior to
impregnation with NaOH. Calcination at 800 °C for 3 h finally produced C/CaO/NaOH for
transesterification of WCQO. The authors examined the effect of C:CaO mass ratio and
concentration of NaOH and discerned that 2:3 C:CaO and 30 % NaOH concentration gave the
best yield (95.1 %) [39]. In an effort to increase the catalytic activity, crab shell-derived CaO
was doped on Na-ZSM-5 for the transesterification of neem oil. Expectedly, a very high surface
area of 385 m? g! was observed for the supported CaO catalyst (CaO-Na-ZSM-5). This
displayed good activity, with 95 % biodiesel yield obtained. However, a high methanol-to-oil
ratio (MTOR, 12:1) and high catalyst amount (15 wt. %) were required to achieve the

maximum biodiesel yield [70].
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Generally speaking, CaO derived from snail shells has achieved reasonable yields but
has possessed low surface area and reusability and, in this sense, is very much like chicken
eggshell-derived CaO. This has led to augmentation by calcination-hydration-dehydration.
Very recently therefore, Krishnamurthy et al. [71] synthesized CaO at 900 °C. The resultant
mass then underwent hydration-dehydration to form nano-CaOc.u.p. This catalyst still
possessed a modest surface area (9.37 m? g!), but now showed excellent activity towards
transesterification of H. wightiana oil, achieving a 98.9 % yield. The catalyst could be reused
to some extent, but whilst C-H-D treatment aimed to make it more resilient, yield still dropped

to 87.5 % after only 5 cycles.

Chicoreus brunneus [72] and Polymedosa erosa [42] sea shells were also utilized for
the synthesis of nano-CaOc.n.p for the transesterification of rice bran oil and Jatropha oil,
respectively. At only 1.56 m? g”!, the surface area of the Chicoreus brunneus catalyst was very
low, making it somewhat of an anomaly compared to the CaO nanocatalysts derived from snail
shells and eggshells. Nevertheless, a promising biodiesel yield of 93 % using only 0.4 wt. %
CaO nanocatalyst was achieved. However, this required a very high MTOR of 30:1 [72]. On
the other hand, Brunauer-Emmett-Teller (BET) analysis established that Polymedosa erosa
nano-CaOc.u.p possessed a diameter of 66 + 3 nm, indicating macroporosity, and a high surface
area of 90.61 m? g'!. Correspondingly, it showed excellent catalytic activity (98.5 % yield)
from Jatropha oil using a still low catalyst loading of 2 wt. %. Of particular appeal, this
performance could be achieved at room temperature [42]. Cockle shell [43] was converted into
nano-CaOc.y.p and was utilized in the transesterification of palm oil in 96.43 % yield.
However, as direct comparison with only calcined CaO was not investigated, the extent of the

effect of hydration-dehydration on CaO was not clearly elucidated.

Overall, shell-derived CaO has acted as a biogenic, cheap, widely available, renewable
and strong base in the transesterification of triglyceride of vegetable oil and animal fats to
biodiesel. At the same time, CaO rapidly hydrated (to Ca(OH).) and carbonated (to CaCO3) by
contact with H,O and CO> present in the air has deactivated very quickly during
transesterification reactions. Hence, reactivation by outgassing at temperatures 550-700 °C to
revert the CO» poisoning and hydration, is essential for repeated reuse as a catalyst [73][74].
In some case, calcination at an elevated temperature (1100 °C) has been required to reactive
the spent CaO, making the system uneconomical [72]. In addition, CaO has suffered
deactivation due to the cloaking of active sites by adsorbed intermediates or byproducts. These

have included monoglyceride, diglyceride, and glycerol. More so, leaching of CaO into
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solution has drastically reduced catalyst efficacy. Hence, many attempts have been made to
promote the activity, stability and recyclability of CaO by doping with metals, supporting on

another metal oxide, and hydration-dehydration treatment to increase surface area and basicity.
2.3 Animal bones

The oxides of alkaline earth materials and other nonmetals are commonly found in animal
bones. There is an excess of calcium and phosphorus in these bones, giving scope for producing
highly basic calcium hydroxyapatite (Ca-HAP, Cai0(PO4)s(OH)2) via calcination. A flowchart
outlining the preparation of waste bone-derived Ca-HAP catalyst, activated Ca-HAP, and
supported CaO is given in Fig. 5. Khan et al. [75] used ostrich bone-derived Ca-HAP (Fig. 5a)
to transesterify WCO. A decent yield of 90.56 % was achieved, albeit using a high MTOR
(15:1). Similarly, Ca-HAP derived from cow [76] and goat [77] was employed for the
conversion of WCO and microalgae, respectively, into biodiesel. Particularly timely, the use
of a solar reactor for heating could represent an excellent way to reduce the cost of biodiesel
production. Solar heating has returned a high FAME yield (96 %) using cow bone-derived Ca-
HAP to esterify the FFA component in WCO. This required a more moderate MTOR (12:1)
and the catalyst was reusable in up to 10 consecutive cycles, with only a very slight depreciation
in activity [76]. A chicken and fish bone mixture (1:1 mass ratio), calcined at 1000 °C for 4 h
to produce CaO and hydroxyapatite, was also employed as a catalyst for biodiesel production

from WCO, giving an 89.5 % yield [78].

Despite the fact that waste bone-derived catalysts have demonstrated reasonable
performance and consistency in biodiesel synthesis, these catalysts have tended — see above —
to require high MTORs. In an attempt to overcome this, calcined waste animal bones were
soaked in aqueous KOH (Fig. Sb). In one recent study, bones soaked in KOH solutions of
different concentration were used to transesterify pretreated Jatropha oil. A high biodiesel
yield of 96.1 % was achieved using a 9:1 MTOR and a 6 wt. % catalyst loading. The catalyst
showed reasonable reusability, giving 86 % yield on 4™ cycle. The authors attributed the
respectable reusability to high basicity in KOH-AB (potassium hydroxide-animal bone) that
stopped the further decomposition of B-Caz(PO4)2 in the reaction mixture [79].

The low surface area of waste bone-derived catalysts is a perennial issue that effects
biodiesel yield. Efforts to address this have led to the modification of calcined animal bones by
hydrothermal treatment [80] and impregnation into a solid support [81] to improve surface area.

Beef bone-derived Ca-HAP catalyst has been developed via a two-step process based on
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calcination and hydrothermal treatment. The hydrothermal step underpinned the formation of
a layered Ca-HAP structure. Calcination of this was claimed to then result in a slight increase
in the surface area (8.63 m? g'!) compared to that of the purely calcined bone (7.03 m? g'!') with
a pore volume of 0.042 cc g!. Here because of the small pore volume, 88 % and 96 % yield
were recorded for the calcined and hydrothermally treated layered system, respectively. The
higher yield of the latter catalyst was mainly attributed to enhanced surface area. Interestingly,
a very low decrease (1 %) in yield was observed in the 5™ catalytic cycle, confirming the
satisfactory stability of the layered catalyst [80]. Similarly, fly ash was used as a catalyst
support for Ca-HAP (Fig. Sc) derived from sheep bone. Again, the aim was to increase surface
area, and the resulting composite was utilized for the transesterification of mustard oil. The
surface area of the calcined catalyst increased drastically from 1.7 to 100 m? g”! upon depositing
onto the support. The amount of composite needed to achieve maximal biodiesel yield was 20
wt. % (w.r.t. fly ash). Interestingly, a low MTOR (5.5:1) was sufficient to achieve a good oil
conversion of 90.4 %. On the other hand, the maximum conversion achieved by using fly ash
and calcined sheep bone were only 7.3 % and 85.4 %, respectively, suggesting the positive
impact of increasing the surface area. A reusability investigation revealed a decline of 11.1 %

oil conversion after the 7% run [81].

SHEEP
BONES
GOAT ASTE
BONES | BONES

OSTRICH cow
BONES BONES
1) Wash
2) Dry
3) Powder

CALCINATION

Supported Support Ca-HAp | Activatewith | Activated
— ——
metal oxide Ca-HAP

(c) (a) (b)

<_|




Fig. 5. Flowchart of the preparation of (a) Ca-HAP catalyst, (b)
activated Ca-HAP, (c) supported Ca-HAP from a range of animal
bone sources.
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Table 2. Biodiesel production by transesterification using various shell- and animal bone-derived solid base catalysts and different feedstocks.

NR =not reported. CRC (Y) = catalyst reusability cycles (yield %). RT = room temperature.

No. Catalyst source Calcination process® Catalyst Catalyst Feedstock Conditions” Yield CRC(Y) Ref.
surface area (%)
(m*g™)
1. Chicken 900 °C,3 h CaO NR Soybean oil  10:1,7,57.5, 120 93 5(75) [35]
eggshell
2. Chicken 1000 °C, 2 h CaO NR WCO 4:1,2, 65,120 NR NR [45]
eggshell
3. Chicken 900 °C, 1 h CaO 5.20 WCO 12:1, 1.5, 60, 60 96.23 NR [36]
eggshell
4. Chicken 800 °C,24 h CaO 30.7 WCO 22.5:1,3.5,65,330 91 10 (91) [46]
eggshell
5. Chicken 900 °C,2.5h CaO NR C. 9:1, 3.88, MW, 9890 NR [54]
eggshell inophyllum  12.47
L oil
6. Chicken CaCOs (10% w/w) from CaO/SiO>  79.8 WCO 14:1, 8, 60, 90 96 3(89) [40]
eggshell eggshell impregnated
with SiO; extracted from
PRFB and calcined at 900
°Cfor2h
7. Chicken Hybrid  catalyst  of CaO/SiO2 12.29 WCO 15:1, 3, 60, 120 90 6 (80) [55]
eggshell calcined eggshell (900
°C, 6 h) and silca
(extracted from rice
husks) prepared by wet
impregnation followed by
calcination (800 °C, 3 h).
8. Chicken 900 °C, 5 h followed by K/CaO 12.14 WSO 12:1, 3, 65, 180 98.46  8(68.52) [37]
eggshell treatment with KOH
solution, dried and
calcined (900 °C, 4 h)
9. Chicken 900 °C, 3 h followed by Na-K/CaO 12.6 Canola oil 9:1, 3, 50, 180 97.6 4 (66) [38]
eggshell treated with NaNOs and
K2SOs.
10.  Chicken 850 °C, 3 h followed by CaO 48.35 WCO 10:1, 1.5, 60, 50 93.10 5(81.15) [58]
eggshell hydration (deionized
water, 60 °C, 6 h) and
dehydration (600 °C, 3 h).
11.  Chicken 900 °C, 3 h followed by Nano-CaO 16.4 Microalgal  10:1 (wt/vol), 1.7, 86.41  6(67.87) [62]
eggshell hydration (deionized strain A. 70,3.6h
water, 60 °C, 6 h) and obliquus
dehydration (870 °C, 3 h).
12.  River snail 800 °C, 4 h CaO NR uco 9:1, 3, 65, 60 92.5¢ NR [65]
shell
13.  River snail 800 °C, 3 h CaO 3.45 Palm oil 12:1, 5, 65, 90 98.5 7 (54) [66]
shell
14. River snail 900 °C, 4 h CaO 7 Soybean oil  6:1, 3, RT, 420 98 9(77) [3]
shell
15.  Crab shell 900 °C CaO 16.47 Karanja oil  8:1, 2.5, 65, 120 94 5(84) [68]
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16. Mussel shell

17.  Venus  clam
(Tapes belcheri
S)

18.  Snail shell-
kaolin

19. Mussel shell

(Perna varidis)

20.  Crab shell

21.  Snail shell

22.  Chicoreus

brunneus shell

23. P
seashells

24. Waste
shells

erosa

cockle

25.  Ostrich bones
26. Cow bones
27.  Goat bone
28.  Chicken-fish

bone

29.  Waste animal

bone

30. Beefbone

31.  Sheep bone/fly

ash

900 °C for2 h

850°C for6 h

Calcined snail shell and
kaolin mixed, soaked in
KBr, then calcined at 450-
650 °C for 3 h

900 °C for 3 h, mixed
with activated carbon (2:3
C:Ca0),
with NaOH (30%) and
calcined at 500 °C for 5 h
900 °C and mixed with
Na-ZSM-5.

900 °C, 4 h, hydration (80
°C, 8h) and dehydration
(860-900 °C, 3.5 h)

900 °C, 2.5 h followed by
hydration (60 °C, 24 h),
and dehydration (800-
1100 °C, 3 h)

900 °C, 2.5 h followed by
hydration (60 °C, 6 h),
and dehydration (600 °C,
3 h)

900 °C, 3 h followed by

impregnated

hydration with deionized
water (60 °C, 3 h) and
dehydration (650 °C, 2 h)
600-1000 °C, 4 h
400-800 °C, 8 h

900 °C,3 h

1:1 chicken and fish
bones calcined at 1000 °C
for4 h

900 °C, then soaked in
KOH solution

1000 °C for 4 h, followed
by hydrothermal
treatment at 200 °C for
12-48 h

900 °C, 2 h, followed by
impregnation with fly

ash.

CaO

CaO

CaO/KBr/k

aolin

C/Ca0O/Na
OH

CaO/Na-
ZSM-5
Nano-CaO

CaO

Nano-CaO

Nano-CaO

Ca-HAP
Ca-HAP
CaO
CaO-HAP

Ca-
HAP/KOH
Ca-HAP

Ca-
HAP/fly

ash

NR

11.6

25.82

NR

385

9.37

1.56

90.61

13.91

3.61

3.25

NR

34.73

NR

8.636

11.3

Camelina
sativa oil

Palm oil

Soybean oil

Palm oil

Neem oil

H
wightiana
oil
Rice  bran

oil

Jatropha oil

Palm oil

WCO
WCO
Microalgae

WCO

Pre-treated
Jatropha oil

Honge oil

Mustard oil

12:1, 1, 65, 120

15:1, 5, 65, 360

6:1, 2, 65, 120

0.5:1 (w/w), 7.5,

65, 180

12:1, 15, 75, 360

12.4:1, 0.892, 61.6,

145.154

30:1, 0.4, 65, 120

5.15:1, 2, RT,
133.1

8:1,3,60,3

15:1, 5, 60, 240
12:1, 10. solar, 240
11:1,2, 60, 180
NR, 1.98, 65, 94

9:1,6,70 £ 3, 180

12:1, 2.5, 65, 120

5.5:1, 10, 65, 360

95

97

98.5

95.12

95

98.93

98.54

94.13

90.56

92

89.5

96.1

90.4¢

10 ¢93)

3 (86)

4 (73.6)

NR

NR

5 (87.46)

7 (80)

6 (90.1)

NR

4 (87)
10 (94)
NR

4 (65)

4 (86)

5 (96)

7(80.3)

[67]

[61]

[69]

[39]

[70]

[71]

[72]

[42]

[43]

[79]

[80]

[81]

“Calcination temperature unless otherwise stated

PMTOR, catalyst loading (wt. %), temperature (°C), reaction time (min unless otherwise stated)

“Conversion
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3 Plant biomass-based catalysts

3.1 Plant-derived basic catalysts
3.1.1 Different parts of plants

Recent efforts to reduce the cost of biodiesel production have combined with environmental
concerns to lead to the advent of plant biomass-derived material as a cheap, renewable, and
environmentally benign catalyst source (Table 3). Simple burning of waste biomass to ash has
provided active catalysts with high levels of (basic) oxides such as K>O, CaO [82][83][84],
K>COs [85][86] and KCI1 [84] as the major components. With an intent to produce a green, easy
to synthesize and economical catalyst, Pathak et al. [82] have prepared Musa acuminata peel
ash (MAPA) catalyst by simple burning in the open air. The MAPA yielded a catalyst estimated
to have 65.11 % potassium (K-0) and a total surface area of 1.45 m? g'!. This yielded 98.85 %
biodiesel from soybean oil (6:1 MTOR, 7 wt. % catalyst loading at room temperature for 4 h).
However, the yield reduced significantly, to 52.16 %, after 4 cycles due to the loss of potassium
and calcium and the accumulation of glycerol and esters on the surface of the catalyst, blocking
the active sites. The product soybean biodiesel was tested for its physico-chemical
characteristics and the result met the standards of both European and ASTM D 6751 criteria
(EN 14214). In recent work, Rajkumari et al. [87] burned the trunk of banana to obtain M.
acuminate banana trunk ash (MBTA) ash, before using it to obtain a free fatty acid conversion
of 98.39 % from the transesterification of soybean oil. As detected by XPS, K20 is the main
basic site, contributing 58.72 wt. % of the ash catalyst. The catalyst showed a somewhat higher
total surface area (39.067 m? g') and pore volume (0.21 cm® g!) than in the MAPA work
above. However, a high catalyst loading of 14 wt. % and longer reaction time of 360 mins were
required for biodiesel generation. Hence, the K,O content (higher in MAPA than MBPA)
represented the major factor in determining the basicity of either catalyst. An orange peel ash
catalyst obtained by simple burning of the precursor revealed potassium and calcium contents
increased from 0.18 % and 0.03 % (in the dried peel) to 14.67 % and 7.34 % (orange peel ash).
The ash showed high porosity (0.428 cm® g'!) and total surface area (605.60 m?g™!). It contained
two highly basic components; K20 (51.64 wt. %) and CaO (25.67 wt. %). Albeit a 7 wt. %
catalyst loading was needed, a 98 % biodiesel was then obtained from soybean oil. This catalyst

provided only modest stability though — returning an 85 % yield after 5 cycles [83].

Whilst open burning of biomass to produce ash catalyst is simple and economical,
calcination drives up basicity by decomposing the carbon content of the ash catalyst [85][88]

and often leads to an increase in surface area as well [89]. In the meantime, care has to be taken
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over the temperature of calcination as too high a temperature can led to a decrease in surface
area due to sintering [90]. In recent work, with the aim of increasing the concentration of the
basic component (K) through decomposition of the carbon content by calcination of the
biomass, an ash catalyst was prepared by calcining kola nut pod husk (KNPH) at 300-1100 °C.
The potassium content, only 8.21 % in raw KNPH, was slightly increased to 12.22 % in the
ash produced by its open-air burning. Interestingly, on calcining the ash at 500 °C, the K
concentration increased to 47.14 %, mainly due to the decomposition of organic material during
calcination. Potassium is now present mainly as K2Ca(COs)2 and K2COj3-1.5H20, as recorded
by PXRD. Compared to other studies, the optimal ash preparation temperature was relatively
low. Most impressively though, at 96.28 % after 4 cycles, biodiesel yield was rather stable for

a biomass-derived catalyst [85].

The positive impact of calcination on the basicity and surface area of an ash-based
catalyst was reported by Gohain et al. [89], who calcined Musa balbisiana Colla (banana) ash
(BPA) at 700 °C for 4 h to give CBPA. In this case, apart from increasing the basicity,
calcination slightly enhanced catalyst porosity and total surface area (the latter from 10.176
(BPA) to 14.036 m?g! (CBPA)) leading to improved catalytic potential. Another determinant
of alkalinity and catalytic activity are potassium and calcium content, and these were estimated
to be 41.37 and 36.08 %, respectively. A Hammett indicator test on both BPA and CBPA
revealed 9.8<H<12.2 and 9.8<H<I18.4 respectively, indicating higher basicity for CBPA.
Under optimized conditions, the oil conversions using BPA and CBPA were 63.88 and 100 %
respectively. The higher reactivity of CBPA was attributed to the combination of higher surface
area and basicity. However, akin to many other studies, stability proved a problem and after
just 5 transesterification cycles the yield was reduced to 50 %. This depreciation in yield was
attributed to the loss of active species. Correspondingly, the potassium and calcium content of

the CBPA catalyst after the fifth cycle was 30.11 % and 32.40 % respectively by EDX analysis.

One example of a heterogenous basic catalyst made by the same basic route as
described above came from calcining the ash of dried banana peel at 700 °C for 4 h. The activity
of the resulting catalyst was attributed to its KoCOj3 content (potassium represented 99.73 wt.
% of metal present). Morphologically, the catalyst was glossy and spongy in nature, with a
total surface area of 4.442 m? g’!. Using Response Surface Methodology-Central Composite
Design (RSM-CCD), which is a very useful statistical technique for calculating optimal
reaction conditions, transesterification conditions of 7.6:1 MTOR, 2.75 wt. % catalyst loading

at 65 °C for 69.02 mins were arrived at, with a 99.79 % theoretical yield expected. To validate
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the accuracy of the model, the predicted optimum values were applied in laboratory
experiments and a 98.5 % yield was observed, thereby showing the reliability of the model
[86]. Etim et al. [91] produced ash catalysts from ripe plantain (Musa paradisiacal) fruit peels
at different temperatures (500, 700, 900, and 1100 °C) to probe the effects of calcination
temperature. Calcination at 700 °C produced the highest potassium (K>COs3) content (51.02
%). Using the RSM-CCD, a 99.2 % biodiesel yield was predicted, and a 99.3 % yield was
observed. The closeness of the predicted and observed biodiesel yields again validated the
reliability of the model. A leaching test was performed on the biodiesel, and it was observed
that while the unwashed biodiesel had Na/K and Ca/Mg concentrations of 115.6 and 0.96 ppm
respectively, these levels dropped to 1.8 and 0.42 ppm respectively after washing.

Moving from skins to husks and shells, powdered walnut shell was calcined at 800 °C
for 2 h twice to yield a biochar. The potassium (K>O) composition was observed to be 23.55
%, and a biodiesel yield of 98 % was achieved from soybean oil. However, like many basic
biowaste catalysts, after 4 cycles of transesterification the yield was reduced to a very low 33.4
% [92]. In a similar study, a kola nut pod husk catalyst was combined with non-edible, low-
cost biodiesel feedstock Hevea brasiliensis oil, whereupon a yield of 96.97 % biodiesel was
obtained [93]. In similar research, waste Brassica nigra was calcined at 550 °C, which is a
relatively low temperature for calcination [84]. The prepared catalyst had a potassium level of
56.13 % (in the forms of K0, K»CO3 and KCl), a total surface area of 7.3 m? g'! and showed
a high yield of soybean oil biodiesel (yield 98.79 % in 25 mins). Interestingly, a low Ea 0£27.87
kJ mol™! was observed, explaining rapid product formation (transesterification of vegetable oil
with excess methanol follows a pseudo-first order reaction rate law and the E. usually ranges
from 21 kJ mol™! to 84 kJ mol™!) [94]. Of further significance, the catalyst was reasonably stable,
with only a 2 % decline in the yield, albeit this was measured up to only a third reaction cycle
(where the yield was 96 % in a rather longer 135 mins). Leaching of active components from
the recycled catalyst was recorded using AAS and XPS analyses. The AAS analysis of the three
times-recycled catalyst showed a decrease in K from 343.89 ppm (fresh) to 320.93 ppm (after
the 3™ cycle), but showed just a negligible decrease in Mg and Ca concentration. XPS analysis
of the recycled catalyst confirmed the decrease in potassium content from 15.13 % to 10.19 %

[84].

Remaining with modest preparation conditions, Nath er al [95] synthesized a
renewable catalyst by calcining waste Sesamum indicum plants at 550 °C. The resulting catalyst

incorporated potassium (K2COj3; and K>O) at 29.64 % and Ca (CaO and CaCOs3) at 33.80 % but
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showed a modest total surface area of 3.66 m? g'!. It still returned an impressive catalytic
activity (yield 98.9 % biodiesel in 40 mins using sunflower oil). However, this required a high
12:1 MTOR and a 7 wt. % catalyst loading. The prepared catalyst was fairly reusable,
maintaining a yield of 94.2 % (in 165 mins) in the 3™ cycle. XPS analysis was used to determine
the leaching of active component K. The catalyst was probed after initial calcination and again
sulfonated. The morphology and chemical composition of the catalyst was studied by TEM.
The low resolution TEM image in Fig. 6A shows irregular cylindrical and hexagonal particles.
Meanwhile, high-resolution TEM imaging revealed well-ordered, porous materials (Fig. 6B—
E). The SAED pattern (Fig. 6F) shows the presence of mixed polycrystalline components in
the catalyst.

2 1/nm

Fig. 6. TEM images (A—E) and the SAED pattern (F) of calcined Sesamum indicum catalyst.
Scale bars: 100 nm (A), 2 nm (B-D), 1 nm (E) and 2 nm™! (F). Reproduced from Ref. [95].

Banana peduncle constitutes approximately 13 % by mass of harvested banana clusters.
Having no commercial value, it represents an attractive precursor for low-cost biocatalyst
preparation. To test ash catalyst produced from banana peduncle, red banana peduncle has been
calcined at 700 °C for 4 h to give a catalyst where potassium constituted a major percentage of
the elemental composition (42.23 %). Calcination increased the total surface area from 24.46
m?g ! to 45.99 m? g ! and the pore volume from 0.083 to 0.14 cm® g'!. The catalytic activity of
banana peduncle ash catalyst in transesterification was optimized by RSM-CCD, and the
optimum reaction conditions recorded as 2.68 wt. % catalyst loading, MTOR 11.46:1 at 65 °C

for 106 min, affording 98.73 % conversion from Ceiba pentandra oil [96]. The same research
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group investigated Musa spp. “Pisang Awak” peduncle-derived ash calcined at 700 °C.
Morphology studies using SEM imaging of uncalcined banana peduncle (UBP) are depicted in
Fig. 7 (a, b), with the calcined (CBP) variant in Fig. 7 (c, d). Data indicates the effect of
calcination temperature. UBP shows voids, cracks, and irregularly distorted rough surfaces, but
few perforations or pores. After calcination, these latter features are much more evident. This
porosity points to an increase in the surface area of the catalyst, which potentially enhances
activity. Also, on calcination, the K contribution was found to increase from 63.64 (UBP) to
68.37 wt. % (CBP). RSM-CCD software predicted a FAME yield from Ceiba pentandra oil of
99.36 %, with the optimal conditions of 1.978 wt. % catalyst, 60 min reaction time, and 9.20:1
MTOR. Experimentally, 98.69 +£0.18 % was observed. The requirement of a low catalyst

loading and a short reaction time suggested the feasibility of using calcined banana peduncle

specifically as a catalyst for biodiesel production [97].

EHT = 10.00kY Date 29.22017 e EHT = 10,00k Signal A= 5E2 Date 29 11 2017
WO = 95 mm Mag= 5.00 KX Time :17:09:35 WD = 9.5 mm Mag = 10.00 K X Time :17:1041

EHT = 1000 KV Signal A= SE2

Date 29 u1 2017 Signal A= SE2
Woi 0.5 mn Mag= 500 KX Time :1643:21 = Time :16:53:00

Fig. 7. SEM images of uncalcined (a, b) and calcined (c, d) banana peduncle revealing the

development of porosity in the latter. Reproduced from Ref. [97].

In another study the catalytic activity of Cupuacu (Theobroma grandiflorum) seed shell
ash was evaluated by ethanolysis of soybean oil and the process was optimized using RSM and
analysis of variance (ANOVA). The significance of the different process parameters and their
combined effects were established through CCD. At 10:1 MTOR, 10 wt. % catalyst loading at

80 °C for 8 h, the optimal conditions were less compelling than for several other systems.
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Nevertheless, using soybean oil as a feedstock gave 98.36 % oil conversion; in good agreement
with the predicted conversion of 97 %. Upon reusing the catalyst for two cycles, leaching of
active species was observed by Fourier transform infrared (FT-IR) spectroscopy. However, 98

% oil conversion to biodiesel was still achieved [98].

Another study has observed that calcination at the relatively modest temperature of 700
°C was optimal for producing catalyst from cocoa pod husk ash. Its efficacy was attributed
mainly to the high potassium content (59.2 %). Using statistical optimization RSM-CCD, the
best transesterification conditions for producing biodiesel from Azadirachta indica oil were
generated. In particular, an exceptionally low 0.65 wt. % catalyst loading was computed, which
nevertheless yielded an impressive 99.3 % biodiesel. However, recyclability of the catalyst was

not tested [99].

A cost-effective and eco-friendly heterogenous catalyst was prepared from Elephant
ear pod husk. It catalyzed a transesterification of blended rubber and neem oil under microwave
heating. While some husks were powdered without any further treatment, some were converted
to ash and calcined at 300-1100 °C. As expected, it was observed that the percentage of
potassium was highest in calcined biomass, and calcination at 700 °C once again produced the
highest percentage of potassium (K>CO3). Further alkalinity was provided magnesium, calcium
and iron. The K content of raw, burnt and calcined husk (700 °C) were 1.86, 17.55 and 50.01
wt. % respectively, showing a sequential increase in K content, and thereby basicity.
Interestingly, the transesterification of blended rubber and neem oil under microwave heating
at 150 W for only 5.88 min yielded 98.77 % biodiesel, which was close to the RSM-predicted
yield of 99.61 %. Though this opened up the possibility of short reaction times, after 4 cycles
the yield decreased to 74.68 % due to leaching of active sites [100].

In an attempt to boost the eco-friendly and cost-effective credentials of a new catalyst,
calcination of dried Musa paradisiaca peel, trunk and rhizome at 550 °C was attempted to
investigate the potential of using different parts of the plant. The percentage of potassium in
the calcined banana was highest in the trunk (36.31 wt. %), followed by rhizome (30.06 wt. %)
and peel (29.25 wt. %). However, basicity of catalyst increased in order 1.39 mmol g
(thizome) < 1.43 mmol g' (peel) < 1.59 mmol g ! (trunk). In line with potassium content,
calcined catalyst prepared from the trunk afforded the highest biodiesel yield (97.65 %) under
optimized transesterification conditions using Jatropha oil. The rate constant and E. for all three

catalysts were calculated using the Arrhenius equation. The slopes of peel, trunk, and rhizome
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catalysts were found to be —5.8553, —5.7208 and —5.8848, and E. was calculated as 48.68,
47.56, and 48.93 kJ mol! respectively (Fig. 8). Additionally, the burnt trunk (without
calcination) was also tested and found to yield less biodiesel under the conditions optimized
for calcined trunk. This was considered due to lower K content [101].
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Fig. 8. Arrhenius plot of In k versus 1/T (Reaction temperatures = 32, 45, 55, 65 and 75 °C).
Reproduced from Ref. [101]

Research by Gohain ef al. [102] showed that in a dried, ground and calcined (700 °C)
Carica Papaya stem. potassium (as KoCO3) constituted the major component of its active sites.
Though perhaps most importantly, the surface area was 78.681 m? g’! and the pore volume was
0.349 cm?® g'!. Such an open structure was considered vital to enhancing effective mass transfer
during transesterification, though in the event, oil extracted from microalgal species
Scenedesmus obliquus achieved a modest 93.33 % conversion. Moreover, after 6 cycles this
had dropped somewhat, to 85.4 %. A study conducted on the viability of using waste sugar
beet as the source of a heterogenous catalyst revealed 93 % conversion [103]. Calcination
temperature varied between 600-1000 °C. A temperature of 800 °C generated the most efficient
catalyst. Interestingly, the active metal oxide in the calcined sugar beet waste is CaO (90.1 wt.
%) while in most other biomass waste, K (as K.O, KCI, K>COs3) is found in large quantities.
With a moderately high total surface area of 27.9 m? g’!, this Ca catalyst converted sunflower
oil, yielding 93 % biodiesel using a low 1 wt. % loading. Problematically, the catalyst showed
poor recyclability due to leaching of CaO into the glycerol by-product, leading to the formation
of calcium diglyceroxide [104]. This leaching was also commented on for many waste shell-
derived CaO systems in the above section. In another study, ash catalyst was derived from dried

and ground Tucuma peel calcined at 800 °C. On the positive side, the catalyst showed high K,
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P, Ca, and Mg content as well as thermal stability up to 800 °C. However, its surface area was
just 1.0 m? g’ and, while it promoted the transesterification of soybean oil, it gave just a 97 %

yield [105].

In other interesting work, 100 % conversion of pre-treated WCO to biodiesel was
achieved at room temperature using an ash catalyst prepared from calcined Tectona grandis
leaves (CTGL). This material offered a high surface area of 116.83 m* g’!, and XRD analysis
revealed the presence of metal oxides and carbonates in abundance, with strong peaks observed
for K>O and K»COs3, as well as for CaO and CaCOs. The quantitative activity of CTGL was
attributed to this combination of elemental composition and the high surface area, with the
latter argued to provide better interaction between the reactants and the active sites [106].
Another investigation, by Onoji et al. [88], showed the impact of calcination on the production
of catalyst. Rubber seed shell was dried in an oven at 110 °C, powdered and calcined at the
relatively low temperatures of 40-800 °C. In line with other work, thermogravimetric analysis
revealed that the highest temperature tested was optimal. That done, it was then established
that calcination above 800 °C did not have any significant effect on the nature of the catalyst.
Lower temperature calcination did enhance the total surface area from 21.83 m? g! (uncalcined)
to 352.51 m? g”! (calcined at 800 °C). The latter had a pore volume of 0.1208 cm® g!. However,
in spite of the impressive surface area, transesterification of rubber seed oil yielded just 83.06
% biodiesel. After 4 cycles, the yield had only reduced to 80 %. Nevertheless, it was clear that
in this case raising surface area had failed to guarantee good performance. The low yield may

have been due to the low density of K (9.38 wt. %) and Ca (10.43 wt. %) in the calcined catalyst
3.1.2 Blended catalyst sources

The previous section has highlighted the creation of bio-based catalysts from different parts of
a range of plants, and this has led to research on mixing different types of lignocellulosic
biomass. Recently, and for the first time, Falowa et al. [107] reported the application of blended
agrowaste ash containing an equal mixture of cocoa pod husk, plantain peel and kola nut pod
husk ashes (CPK). This was obtained by open combustion of each biomass in air followed by
calcination at 500 °C for 4 h. The major constituents of calcined CPK proved to be potassium
(47.67 %), calcium (5.56 %) and magnesium (4.21 %). A 98.45 % biodiesel yield was achieved
with a low catalyst loading of 1.158 wt. % in only 6 min under microwave irradiation. In

addition, a respectable biodiesel yield of 89.46 % was recorded on the 4™ cycle, which
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suggested decent stability for the catalyst as compared to most biomass ash catalyst in pure

form (not blended).

Similarly, Olatundun et al. [108] prepared ash catalyst by blending and calcining cocoa
pod husk and plantain peel (CCPA). The biomasses were dried, then calcined at 300-1100 °C.
As elsewhere in the review, calcination temperature significantly influenced the elemental
constitution of the catalyst. In this work, calcination at 700 °C produced a catalyst with the
highest percentage of potassium (51.94 %, as K2CO3-1.5H20, K2CO3, KCI) but no calcium. In
contrast, calcination at 500 °C resulted in 50.95 % potassium and 2.30 % calcium (CaO) and
this was therefore chosen as the optimal calcination temperature based on economics. The
surface area and pore volume were 18.86 m? g'! and 0.04297 cm® g, respectively, and the
catalyst yielded 99.03 % biodiesel from pre-treated Honne seed oil. The Taguchi method was
used to derive optimal transesterification conditions. Impressively, reusing the catalyst for 3
cycles maintained a very stable biodiesel yield (98.98 %). Meanwhile, though stability was not
probed, another study saw banana peel and cocoa pod husk blended and calcined at 700 °C to
give a catalyst capable of promoting the transesterification of Palm kernel oil to yield ~99 %
biodiesel [109]. In general, though, it can be concluded that blended ash catalysts show the
potential for higher stability and reusability as compared to unblended biomass waste ash

catalyst.
3.1.3 Magnetized biomass

Recent interest in the environmental and economic benefits of catalyst recovery has led to
integrating magnetic compounds with the catalyst for the efficient reclamation and repeated
reuse of the latter [110][111][112]. Magnetic catalysts offer the potential for easy and
quantitative isolation and recovery using an external magnet, thereby reducing the time
required for catalyst recovery (and reuse) compared to isolation by filtration or centrifugation.
While the introduction of a magnetic component adds some synthetic complexity and deviates
from pure biomass utilization, it is worth noting that one way in which the environmental
credentials of this approach can be maintained is by fabricating nano-oxides from highly
polluting fine-grained iron ore tailings [113] that result (as waste) from the excavation of iron

ores.

In 2016, a magnetic catalyst, Na;SiO3@Ni/C was prepared and used for the production
of biodiesel from soybean oil. [114] The catalyst was made by blending Ni(NO3)2-6H>0, solid

urea and bamboo powders at 135 °C to generate Ni(OH),. The composite was then dried and
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calcined at 700 °C to form a carbonaceous solid loaded with Ni nanoparticles. A second step
was then required, in which the Ni/C composite was mixed with aqueous Na>Si03 and calcined
at 400 °C for 2 h to afford Na,SiO3;@Ni/C. The total surface area and pore volume of the Ni/C
after the first stage were 76.1 m?> g'! and 0.101 cm® g'!, respectively. After blending with
Na»Si0s, these were reduced to 8.24 m? g! and 0.047 cm® g'!. Using a 9:1 MTOR and a 7 wt.
% catalyst loading, soybean oil could be used to generate a respectable biodiesel yield of 98.1
%. In spite of the need for relatively high MTOR and catalyst loading and the good but
unexceptional yield, the catalyst was easily recovered using a magnet. However, after 5 cycles
the yield had dropped to the region of 80 %. The catalyst deactivation might, it was suggested,
be attributed to leaching of the Na;SiO3 component in methanol [115]. Though efficacy had
dropped, it was argued that simple and fast recoverability of the catalyst significantly enhanced

the green credentials of the work.

In another study, magnetic solid base Na>SiO3;@Ni/JRC catalyst (JRC = Jatropha
curcas residue) was reported to afford a respectable biodiesel yield of 96.7 % from Jatropha
oil. While the magnetic catalyst was easily recovered, after 5 cycles its effectiveness still
dropped off (yield 75.3 %), meaning that the same problems of retaining activity seen above
still remained [116]. Very recently, work looked at palm kernel shell (PKS)-supported KOH,
denoted as Fe-KOH-PKS, but containing 23.0 wt% potassium as K>O and in which the Fe
phase existed as magnetite. The catalyst yielded 99.4 % biodiesel initially. However,
recovering the catalyst by magnet led to just 70.1 % biodiesel after 4 cycles. This decline was
attributed to active site loss (dissolution of K;O under methanolic conditions is well
documented in [82][92][95], though the authors also speculated about difficulties with
magnetic recovery of the catalyst [117].

Finally, in this section therefore, lignocellulosic biomass derived from Citrus sinensis
peel ash was straightforwardly magnetized using nano-Fe3O4 at 65 °C for 30 mins. The total
specific surface area (SSA) of the thus derived catalyst was 15.55 m? g! and, while a low
MTOR could be used, a 6 wt. % catalyst loading was needed to produce a respectable 98 %
biodiesel yield from WCO. Importantly, the E. of the transesterification reaction was found to
be 34. 41 kJ mol™!, which is well within the E, required for transesterification. An external
magnet was used to easily recover the catalyst, which showed excellent stability and was reused
for several catalytic cycles, affording a high yield of 91 % even in the 9" cycle [118]. It may
be worth noting that non-magnetic orange peel (Citrus sinensis) ash hardly afford 85 %

biodiesel yield in 5 cycle of catalyst reuse [83]. In conclusion, magnetic catalysts are already
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establishing themselves as having great potential to replace many conventional catalysts used
in biodiesel synthesis, largely due to their straightforward recycling, and often nearly
quantitative recovery (easily monitored but also inferred from performance retention). They
are therefore potentially very economical and can be environmentally benign. In the long-run
however, bringing down the cost involved in their more complex synthesis and reliably

preventing separation of magnetic and catalytic species represent major challenges.



Table 3. Different basic plant-derived ash catalysts used in biodiesel production. NR = not reported. CRC (Y) = catalyst reusability cycles (yield %). RT =

room temperature.

No. Catalyst source Catalyst preparation Catalyst Feedstock Conditions” Yield (%) CRC (Y) Ref.
surface area
(m* g
1. M. acuminata peel Burn in the open air 1.45 Soybean 6:1, 0.7, RT, 240 98.95 4 (52.16) [82]
2. M. acuminata trunk Burn in the open air 39.07 Soybean oil 6:1, 14, RT, 360 98.39° 5(61) [87]
3. Orange peel Burn in the open air 605.60 Soybean oil 6:1,7,RT, 420 98" 5(85) [83]
4. Musa balbisiana Colla Burn in the open air. 14.036 WCO 6:1, 2, 60, 180 100° 5(50) [89]
peel Calcine at 700 °C, 4 h
5. Musa‘Gross Michel” Burn in the open air. 4.44 Napoleon’s 7.6:1,2.75,65,69.02 98.5 NR [86]
banana peel Calcine at 700 °C, 4 h plume seed oil
(Bauhinia
monandra)
6. Ripe Plantain peel Burn in open air. 18.80 Neem oil 0.2:19, 2.2, 65, 57 99.2 NR [91]
Calcine at 700 °C, 4 h
7. Walnut shell Burn in  open air. 8.80 Soybean oil 12:1, 5, 60, 10 98 2(33.4) [92]
Calcine at 800 °C, 2 h
8. Kola nut pod husk Burn in  open air. 5.21 Kariya seed oil 6:1, 3, 65, 75 98.67+0.01 4 (96.28) [85]
Calcine at 300-1000 °C, (KSO)

4h
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1.

12.
13.

14.

15.

16.

17.

18.

Kola nut pod husk

Brassica nigra plant
Sesamum indicum
plant

Cupuacu seeds shell
Musa spp  “Pisang

Awak” peduncle

Musa acuminata
peduncle

Cocoa pod husk
Elephant ear pod husk
Musa paradisiaca
trunk, peel, and
rhizome

Carica papaya stem

Burn in  open air.
Calcine at 300-1000 °C,
4h

Burn in

Calcine at 550 °C, 2 h

open  air.

Burn in  open air.

Calcine at 550 °C, 2 h
Calcine at 800 °C, 4 h
Calcine at 700 °C, 4 h
Calcine at 700 °C, 4 h
Calcine at 700 °C, 4 h

Calcine at 700 °C, 4 h

Calcine at 550 °C, 2 h

Calcine at 700 °C, 4 h

NR

3.66

NR
NR

45.99

2.76

1.29

6.4,4.1,7.0

78.68

Hevea

brasiliensis oil

(HBO)

Soybean oil

Sunflower oil

Soybean oil
Ceiba
pentandra oil
Ceiba
pentandra oil
Azadirachta

indica oil

Blend of rubber

and neem oils

Jatropha oil

Scenedesmus

obliquus

6:1,3.5,65,75

12:1,7, 65, 25

12:1,7, 65,40

10:1, 10, 80, 480

9.20:1, 1.978, 65, 60

11.46:1, 2.68, 65, 106

0.73:1¢,0.65, 65, 57

11.44:1,
W, 5.88,
9:1,5,65,9

2.96,

9:1, 2, 60, 180

150

96.97

98.79

98.87

98.36"
98.69 +0.18

98.73+0.50"

99.3

98.77

97.65

93.33%

NR

3 (96)

3(94.2)

2 (98)
NR

3 (>90)

NR

4 (74.68)

3(91.23)

6 (85.4)

[93]

[84]

[95]

[98]
[97]

[96]

[99]

[100]

[101]

[102]



19.
20.
21.

22.

23.

24.

25.

26.

27.

Sugar beet waste
Tucuma peels

Tectona grandis leaves
Rubber seed shell
husk,

plantain peel and kola

Cocoa  pod

nut pod husk blend
Cocoa pod  husk-
plantain peel blend

Banana peel/ cocoa

pod husk

Bamboo powder
(NazSiO3;@Ni/C),
magnetic

Jatropha residue (hulls)
(NazSiO3@Ni/JRC),

magnetic

Calcine at 800 °C, 2 h
Calcine at 800 °C, 4 h
Calcine at 700 °C, 4 h
Calcine at 800 °C, 3 h
Burn in air. Calcine at

500°C,4h

Calcine at 500°C, 4 h

Calcine at 700 °C, 4 h

Ni(NOs3)2-6H20, urea,
bamboo powders (700
°C, 2 h). Mix with
NaySiO3  and
(400 °C, 2 h)
Ni(NO3)2:6H>O, urea,
Jatropha residue (700
°C, 2 h). Mix with
NazSi03-9H20 (400 °C,
2 h)

calcine

27.9

1.00

116.83

352.51

16.871

18.86

NR

8.24

12.2

Sunflower oil
Soybean oil
WCO

Rubber seed oil
Honne, rubber
seed and

neem oils

Honne seed oil

Palm kernel oil

Soybean oil

Jatropha oil

4.5:1,1,75, 60
15:1, 1, 80, 240
6:1,2.5, RT, 180
0.20:1¢, 2.2, 60, 60
12:1,1.158, 150 W, 6
15:1,4.5,65,2.5

0.80:1¢, 4, 65, 65

9:1,7, 65, 100

9:1,7, 65, 120

93°
97.3°
100°
83.06
98.45
99.03

99.5/99.3

98.1

96.7

5 (NR)
4 (80.75)
5 (NR)

4 (80)

4 (89.46)
3 (98.98)

NR

5(80.9)

5(75.3)

[103]
[105]
[106]
[88]

[107]
[108]

[109]

[114]

[116]



28. Palm kernel shell. Fe-
KOH-PKS, magnetic

29. Citrus sinensis peel@

Fe304, magnetic

Palm kernel shells, 5.323 Palm oil
FeCl; (800 °C, 2 h).

Immerse in 2 M KOH,

dry at 120 °C

CSPA, FeSO4+7H20, 15.5 WCO
FeCls; in  deionized

water, 65 °C. Stir 3 h

and concentrate

9:1,7.5, 65,120

6:1, 6, 65, 180

99.43

98

4(70.1)

9 (91)

[117]

[118]

“MTOR, catalyst loading (wt. %), temperature (°C unless otherwise stated), reaction time (min).

bConversion

‘viv
MWatts

754



755

756

757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777

778
779
780
781
782
783
784
785
786

3.2 Sulfonated biomass-based catalyst
3.2.1 Sulfonated carbonaceous material

Diverse reports exist of the use of abundant biomass for the synthesis of heterogeneous acid-
functionalized catalysts for the simultaneous esterification-transesterification activity that
produces biodiesel from low cost biodiesel feedstocks with high FFA. These catalysts have
usually been synthesized by a two steps method: 1) biomass was converted to carbonaceous
materials (CAMs) by pyrolysis or hydrothermal treatment at elevated temperature, 2) CAMs
were heat-treated in the presence of sulfonating agents such as fuming H>SO4 [119],
concentrated H>SO4 [120], p-toluenesulfonic acid (PTSA) [121] or 4-benzenediazonium
sulfonate (4-BDS) [122] to increase surface acidity [123]. The resultant sulfonic acid-
functionalized CAMs (SAFCAMSs) contain polycyclic aromatic carbon sheets decorated with
—SOsH, COOH, and —OH functional groups that work cooperatively to increase catalytic
activity [124]. Problematically, however, high temperature is typically needed for stable CAM
formation while a lower sulfonation temperature favors improved attachment of the acidic
groups —COOH and —OH. The presence of these groups is well documented as increasing
catalyst hydrophilicity and enhancing access to active sites for hydrophilic reactants like
methanol. These types of catalyst also exhibit efficient absorption of long-chain organic
molecules (e.g. fatty acids), eliminate water (the by-product of esterification), and demonstrate
good adjustability of microstructure of the carbon material on which they are based [125]. In
recent years, with the aim of making their preparation more economical, the one-pot synthesis
of SAFCAMs at an intermediate temperature has been explored [126][127]. Recently
developed SAFCAMs used in biodiesel production from inedible oils with high FFA are listed
in Table 4.

Generally, pure cellulosic biomass such as xylose [128], sucrose [129] and glucose
[130] are the precursor of choice for the synthesis of SAFCAMs. This is on account of the
known resistance of lignocellulosic biomass to hydrothermal thermal carbonization (HTC, this
involves the hydrothermal decomposition of carbohydrates in aqueous solution at elevated
temperature) to form the CAM. Moreover, they remain unaffected by sulfonation conditions
[131][132]. Recently, Tran et al. [128] used xylose as a precursor to develop pseudospherical
SAFCAMs with high surface area (86 m? g'!') by sequential hydrothermal carbonization and
sulfonation using H>SO4. The second step led to a slight decrease in surface area from the CAM

(95 m?g!), with particle size increasing. Sulfonation was confirmed by FT-IR and XPS

39
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measurements and an increase in acid density from 0.05 to 1.38 mmol g'. However,
transesterification of untreated WCO yielded only 89.6 % biodiesel, due to the presence of
oligomers of triglyceride and other impurities in the oil. This decreased to 70.2 % after reusing
the catalyst for 3 cycles, mainly due to the leaching of sulfonic groups (—SOsH), as detected by
NH3-TPD analysis. The leaching was attributed to a combination of active site solubility in
polar solvents [133][134] and the formation of sulfonate esters [133]. In addition, the decrease
in acidity (activity) of the recycled catalyst may be attributed to the esterification of the -COOH
and —OH groups with methanol and FFA respectively [132][11].

In order to minimize steps involved, time, energy consumed, complexity and capital
cost required for preparation of catalyst, simultaneous sulfonation and carbonization in ‘one-
pot’ has been carried out using glucose as a substrate to obtain an irregularly-shaped SAFCAM
[11]. The sulfur content was recorded as 4.14 wt. % using ICP-OES analysis and the total acid
content of the catalyst determined by titration was 5.31 mmol g!. The performance of this
catalyst was tested in the esterification of oleic acid (a free fatty acid whose esterification can
be employed as a model for biodiesel production) with methanol. Esterification under the
optimal conditions yielded 97.7 % conversion to biodiesel. The catalyst proved to remain
moderately stable; still affording 80.1 % conversion in the 5 cycle. The decrease in catalytic
activity was investigated using ss-NMR (solid-state nuclear magnetic resonance) spectroscopy,
with data displaying a major difference between fresh and recovered catalysts in the 10-60 as
well as 30-55 ppm regions. These were considered to be due to methoxy group formation by
methanol-induced reversible decomposition of active sulfonic acid groups to sulfonate esters
[133] and also esterification of carboxyl groups [132]. Interestingly, the acidity, and thereby
catalytic activity, of the recovered catalyst could be regenerated by H2SO4 treatment. Thus-
treated (used) catalyst showed an impressive 97.4 % oleic acid conversion. Another research
group used ‘one-pot’ synthesized irregularly-shaped SAFCAMs to yield 93.04 % biodiesel
under optimal conditions. The catalyst proved to remain stable after 3 cycles of

transesterification [129].

Nata et al. [130] successfully converted glucose to pseudospherical SAFCAMs by
using aqueous hydroxyethylsulfonic acid and citric acid in a ‘one-pot’ HTC. It was observed
that, apart from increasing the acidity, hydroxyethylsulfonic acid played a highly significant
role in stabilizing the size of the particles such that the SAFCAMs could be gradually grown
to give 50-100 um carbon spheres late in the process [135]. Compared to CAMs (11.28 m? g’
1 synthesized in the absence of hydroxyethylsulfonic acid, the surface area of these SAFCAMs
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(25.72 m? g'') was rather higher. The catalyst had a total acidity of 1.99 mmol g (by EDX,
sulfur content amounted to 1.18 mmol g assuming only —SOsH). It achieved a ~95 %
conversion of FFA to ester using WCO as a feedstock and acid-pretreated WCO was also
converted to biodiesel in a modest 87 % yield using NaOH catalyst. Although it was hoped that
citric acid would impart the catalyst with additional —-COOH groups and so boost its activity,
it largely failed to do this. Indeed, many SAFCAMSs produced without using citric acid have

total acidities higher than the one observed in this report.

In spite of the resistance of lignin to HTC, attempts to reduce the cost of biodiesel
production have encompassed the use of lignocellulosic biomass waste as a cheap and abundant
catalyst precursor. Biochar was therefore made from lignocellulosic biomass (oat hull) by
partial carbonization (600 °C for 3 h). Sulfonation using concentrated H>SOj4 at two somewhat
lower temperatures (100 and 140 °C) showed that a sulfonation temperature of 140 °C (for 30
mins) under microwave irradiation resulted in the highest level of sulfur (S) attachment (7.55
wt. %) in the form of —SOs;H groups. At the same time, the SSA of the biochar was reduced
from 49.32 m? g'! to 5.43 m? g’!, and this was attributed to the breakdown of biochar pores
because of oxidation, condensation and/or carbonization of its structure during sulfonation. The
most sulfonated form of this catalyst yielded ~90 % biodiesel in only 15 mins at 140 °C. The
reusability of the catalyst was tested with and without a hexane wash before subsequent cycles
of transesterification. Unwashed catalyst only yielded ~14 % biodiesel after three cycles while
hexane-washed catalyst maintained a more respectable, yet clearly still rather depleted, 60 %
biodiesel even after 6 cycles. The difference in the performance after 3 cycles of
transesterification implied that pores on the surface of the catalyst were becoming blocked with
biodiesel and/or glycerol after the initial transesterification and that washing with hexane

effectively prevented clogging of these pores [51].

Waste Jatropha curcas seed cake has been used as a SAFCAM catalyst precursor, with
carbonization at 350 °C for 4 h followed by sulfonation with H>SO4 at 90 °C for 5 h [136]. A
biodiesel yield of 99.13 % was achieved which, for a SAFCAM, is notably high. However,
after 4 cycles of transesterification, this was reduced to 81.03 % and the acidity was also
reduced. However, a leaching test using barium chloride showed a negative result, indicating
that any lost sulfur sites were not present in the reaction mixture in the form of sulfuric acid.
As recently as 2020, Behera et al. [137] applied SAFCAMs to the production of biodiesel using
algal feedstock. CAMs (or biochar) were prepared from peanut shell, sugarcane bagasse,

corncob, and coconut shell, and were sulfonated with concentrated H>SO4. Out of the three
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biomasses tested the highest sulfonic acid density (of 0.837 mmol g, having a 6.616 m* g’!
surface area) was observed for peanut shell. Using this catalyst, algal oil was transesterified
and a yield of 94.91 % was obtained, albeit with a high MTOR of 20:1. That notwithstanding,
a more normal 5 wt. % catalyst loading was used at 65 °C after 240 min. The reusability of the
catalyst was tested and over 5 cycles, after which the biodiesel yield was observed to be 79.85
%, with the decline due to the leaching of sulfonic acid sites. Endut ef al. [138] used coconut
shell as a catalyst precursor in work that saw it carbonized and sulfonated at different
temperatures and for different durations. The effect of catalyst preparation was analyzed using
RSM. Optimization revealed that carbonization at 422 °C for 4 h, and sulfonation at 100 °C for
15 h should result in the highest yield of biodiesel. However, this was only 88.03 % and, even
then, needed an MTOR of 30:1 MTOR. Using 6 wt. % catalyst loading at 60 °C for 6 h, palm

oil was converted.

Again, in an attempt to minimize steps involved, time, and energy consumed on catalyst
preparation, ‘one-pot’ simultaneous sulfonation and carbonization of coconut meal residue
(CMR) was carried out using H>SOj4 at a mild temperature for a very short time (100 °C for 1
h). Nevertheless, the sulfur content of the resulting catalyst was found to be relatively high;
3.89 wt. % (elemental analysis) corresponded to 1.215 mmol g! acid density. In the meantime,
the total acid content of the catalyst was recorded as 3.8 mmol g !. This was much higher than
was explicable by its sulfonic acid content and was attributed to the presence of -COOH and
phenolic groups. The catalyst had a low surface area of 1.33 m? g”!' and a biodiesel yield of 93.7
% was achieved from waste palm oil (WPO) [139]. In other work, sugarcane bagasse-derived
SAFCAM was reported to afford 85.1 % conversion from oleic acid. A 17 % decrease in
catalytic activity after the first cycle was observed as sulfur content decreased from 0.59 to
0.56 mmol g'. Though the decrease in sulfur content was small, these findings still offered
some insight into the catalyst’s stability throughout the course of a 24-hour reaction. Further,
reusability tests revealed that the catalyst retained only 76.5 % of its original efficiency and 86

% of its initial acid density after 5 esterification cycles [140].

Other work focused on corncob as a catalyst precursor. It was sulfonated with either
H>SO40r PTSA at 110 °C for 5 h [141]. PTSA proved more effective in removing cellulose
and hemicellulose from the substrate biomass. This was of interest as the removal of cellulose
and decomposition of hemicellulose while maintaining the lignin composition of the biomass
was considered a route to increasing the thermal stability of the subsequently formed catalyst.

The high thermal stability of PTSA-sulfonated catalyst can be seen in thermal gravimetric

42



886
887
888
889
890
891
892
893
894
895

896
897
898
899
900
901
902
903
904
905

906
907
908
909
910
911
912
913
914

analysis (TGA) where it decomposed at above 400 °C, whereas HoSOs-sulfonated catalyst
started to decompose at 200 °C. Also, sulfonation with PTSA represented a less hazardous and
greener option than using volatile, concentrated H»SO4. Higher SSA (297.5 m? g'!) and pore
volume (0.28 cm® g'!) were observed in PTSA-sulfonated catalyst. In contrast, the acidity (1.93
mmol g!) and levels of FAME production were higher in H2SO4-sulfonated catalyst. Although
these comparisons were interesting, at 86.5 % the yield of FAME using sulfuric acid was
modest while that obtained using PTSA was just 80.4 %. This work showed how FAME
production not only depends on total surface area and pore volume but also on the acidity of
the catalyst. Overall, taking these data together and, of significant practical importance,

considering biosafety, PTSA was argued to be a preferred sulfonating agent.

Wang et al. [142] prepared a sulfonated catalyst by heating chitosan powder with
chlorosulfonic acid. Reaction proved possible under remarkably facile conditions (25 °C for 6
h), making the preparation of the catalyst extraordinarily simple and eco-friendly. A drop in
the total specific area from 2.18 to 1.21 m? g"! post-sulfonation was attributed to the presence
of surface sulfonic groups and acidity was observed as 3.81 mmol g™!. This was on a par with
other studies, but benefitted from rather more straightforward catalyst production conditions.
Oleic acid esterification using a 15:1 MTOR, 3 wt. % catalyst loading at 75 °C for 3 h resulted
in 95.7 % conversion. Meanwhile, after 4 cycles of esterification this had dropped to 85.7 %.
Overall, while the spent catalyst showed respectable stability, this drop was significant, leaving

the facile mode of catalyst production as the main interesting facet of this work.

A generalized method for the preparation of biomass-derived acid-functionalized
CAMs is depicted in Fig. 9. In brief, the biomass is first converted to biochar (Fig. 9a) by
hydrothermal or pyrolytic processes, before undergoing chemical activation using KOH
[143][144], H3PO4 [145][146], ZnCl> [147] etc. to produce activated carbon (AC) with high
SSA (Fig. 9b). In order to increase the acidity of a catalyst, the AC finally is sulfonated using
H>SO4 [119], PTSA [121] or 4-BDS [122] to yield sulfonic acid-functionalized CAMs (Fig.
9¢). Nonetheless, the biochar produced by carbonization also can be directly sulfonated to

afford sulfonic acid-functionalized CAMs, although with a relatively lower SSA (Fig. 9¢) [134]
[11].
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Fig. 9. General flowchart for the synthesis of biomass-

derived sulfonic acid-functionalized carbonaceous

materials (SAFCAMs)

3.2.2 Sulfonated, pre-activated carbonaceous material

The promising scope of sulfonated carbonaceous biomass in renewables catalysis has
highlighted the need for further research to enhance catalyst efficiency and, more particularly,
stability. Typical carbon-based materials have low surface areas and pore volumes and the

potential of pre-activation has been recognized for addressing these issues.

In this domain, waste orange peel was activated using KOH at 180 °C for 6 h, after
which sulfonation was carried out using HoSO4 at 200 °C for 24 h [143]. During the
hydrothermal carbonization, KOH acted as an activation agent and template for formation of a
mesoporous structure [148]. The activated catalyst had a 44 m* g'! surface area, which is higher
than most SAFCAMSs. Conditions of transesterification were optimized using the statistical tool
Box-Behnken Design (BBD), yielding 91.68 % biodiesel from corn acid oil feedstock at 20:1
MTOR and 5 wt. % catalyst loading at 65 °C for 275 min. Disappointingly though, after 4
cycles of transesterification the yield was reduced drastically to 16.43 %. This sudden decline

could be attributed mainly to the severe leaching of S content from 3.68 wt. % (fresh) to 1.58
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wt. % (4" recycling) [143]. Similarly, through a ‘one-pot’ carbonization-sulfonation process
[149], orange peel (OP) was employed to create carbon-based solid acid catalysts. Model
reagent oleic acid was then converted to methyl oleate, giving 96.51+0.4 % yield in the first
cycle. Further catalytic cycles were then investigated, returning a conversion of 83.29+0.5 %
in the 5" cycle. The authors reported that leaching of sulfur from 1.96 mmol g™! in fresh catalyst

to 0.99 mmol g on 5" use was mainly responsible for the drop in yield.

The study of an activated bamboo sulfonated with benzylsulfonic acid at 30-80 °C for
2-60 min showed that maximum acid density and catalytic efficiency (90 %) could be achieved
under the fairly undemanding conditions of 50 °C for 10 min. After sulfonation, the surface
area of the catalyst was reduced. But having dropped from 919.04 to 225.71 m? g}, it was still
significant. The optimized catalyst yielded 96 % biodiesel using oleic acid as a feedstock in a
7:1 ethanol/oleic acid mixture at 85 °C for 180 min. However, a high 12 wt. % catalyst loading
was needed. Moreover, establishing something of a theme for sulfonated activated carbons,
after 5 cycles of transesterification, the yield dropped catastrophically to 28 % [125]. In a
similar study that aimed to diversify the source of sulfur, palm seed cake was activated using
orthophosphoric acid (H3POs) followed by calcination (400 °C for 2 h) and sulfonation (H2SO4
at 150 °C under nitrogen for 12 h). The SSA of the emerging catalyst was significantly
increased by orthophosphoric acid treatment (from 107 to 658 m? g'!), consistent with the view
that H3POg assists in the creation of porosity. At the same time, the pore volume increased from
0.15 to 1.18 cm® g'!. Activation meant that when, after sulfonation, the SSA and the pore
volume were both reduced (to 483.07 m? g”! and 0.84 cm® g}, respectively), the catalyst still
had a somewhat open and accessible structure. The acid density of palm seed cake, activated
palm seed cake and sulfonated activated palm seed cake were 5.44, 8.35 and 12.08 mmol g’
respectively. Transesterification of palm fatty acid distillate feedstock using the catalyst
produced biodiesel in an impressive 97.8 % yield. Apart from the requirement of low catalyst
loading (2.5 wt. %), the catalyst showed a modest improvement in stability on repeated reuse,
given its use of a pre-activated CAM. It produced a biodiesel yield after 8 cycles of 68.2 %
[145].

Tang and Niu [146] tested different temperatures and durations for the carbonization
and H>SO4 sulfonation of bamboo-derived carbon catalysts with a surface area of 1208 m? g\,
Carbonization temperatures of 220-550 °C and durations of 0.5-4 h were interrogated, as were
sulfonation temperatures of 75-135 °C over 0.5-8 h. Carbonization at 350 °C for 2 h generated

the largest SSA, which enabled the attachment of more sulfonic acid groups. Meanwhile,
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sulfonation at 105 °C for 4 h gave the highest acid density (1.28 mmol g'). The catalyst was
activated by increasing the pore size with phosphoric acid. Free fatty acid conversion gave
product in 97.3 % yield using a 10:1 methanol-to-oleic acid ratio but, again, needed a high (10
wt. %) catalyst loading. The reaction was conducted at 65 °C for 2 h and, as in line with the
previous report, after 6 cycles of esterification the yield stood at a more modest 57.2 %. That
said, the same research group had earlier synthesized a bamboo-derived carbon catalyst
(without activation) that showed low recyclability on repeated use (27.84 % yield after 5
cycles) [134]. Hence, activation by phosphoric acid plainly helped.

In a study conducted by Hussein et al. [147] potato peel was activated using ZnCl, then
subjected to sulfonation using H>SO4 at 180 °C for 8 h. The SSA and total pore volume of
potato peel were found to be 15.7 m? g and 0.016 cm?> g'!, respectively, which were drastically
increased to 1027 m? g!' and 1.34 cm® g'! after activation. It was posited that ZnCl, achieved
this by eroding the carbon microstructure of the biomass. Though reduced in the next step, the
total SSA after sulfonation was still very high, at 827 m? g’!. The catalyst was then used for the
esterification of oleic acid and methanol at a 12:1 MTOR using a 5 wt. % catalyst loading at
80 °C for 2.5 h. The first-time yield of 97.2 % fell to just over 70 % after five catalytic runs,
again demonstrating a good direction of travel for this research even if stability was still

modest.

Sulfonation using aryl diazoniumsulfonates has enabled the demonstration of similar
efficiencies as those seen when e.g. HoSO4 was used. This being so, they clearly represent
potentially interesting sulfonating agents. Moreover, they offer benefits including nonoxidative
sulfonation conditions, the requirement for only low concentrations of sulfonating agent,
retention of catalyst precursor structure and texture and high chemical and thermal stability.
Efficient sulfonation with aryl diazoniumsulfonates can be achieved after carbonization [150].
Konwar et al. [122] activated pogamia seed cake using phosphoric acid (500 °C for 1 h),
sulfonated the biochar using 4-benzenediazoniumsulfonate and used it as a catalyst for
conversion of Mesua Ferrea Linn oil with high FFA content to biodiesel. The composition the
feedstock was found to heavily influence optimal MTOR. The highest biodiesel yield (91 %)
was obtained from oil when transesterification was optimized at 20:1 MTOR and 5 wt. %

catalyst loading at 120 °C for 24 h.

Another catalyst precursor, corncob, was activated using phosphoric acid at 500 °C for

1 h and sulfonated using 4-benzenediazoniumsulfonate at 3-5 °C for 1 h. Sulfonation now
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decreased SSA to a relatively lesser extent; from 793.4 m? g! to 730 m? g'!. The presumed
attachment of sulfonic groups was confirmed by the increase in acidity between activated
catalyst (0.843 mmol g'!) and activated sulfonated catalyst (0.890 mmol g!). Biodiesel yield
was estimated as 88.7 % from soybean oil using a 6:1 MTOR and 20 wt. % catalyst loading.
Though the latter was somewhat high, it was noteworthy that reaction proceeded at 75 °C in a
mere 2 mins using microwaves. Moreover, this diazoniumsulfonate-based system performed

well upon reuse, maintaining 80 % efficiency after 5 cycles [52].
3.2.3 Magnetic sulfonated material

As mentioned earlier, the use of magnetic compounds in catalyst preparation can introduce
some significant advantages [111][151]. In the context of SAFCAMSs, a mesoporous, double-
shelled magnetic catalyst was prepared by mixing chitosan and Fe3O4 in the presence of CTAB,
tetracthyl orthosilicate and KOH. The double-shell of the resulting Fe;O4@chitosan@hollow-
chitosan (FCHC) nanoparticles was observed to both prevent the core from being etched and
increase the SSA of the catalyst. The double-shelled FCHC system was sulfonated with p-
toluenesulfonic acid monohydrate at 25 °C overnight (giving FCHC-SOsH), as shown in Fig.
10, where upon it was found that the SSA (54.3 m? g!) was higher than that of chitosan
magnetic sulfonated catalyst (41.4 m? g'!). This suggested the successful loading of sulfonic
acid groups. A maximum biodiesel yield of 96.7 % was observed for FCHC-SOsH at an albeit
high MTOR of 15:1 using 4 wt. % catalyst dosage at 80 °C for 3 h and with oleic acid as a
feedstock. This was still 84.3 % after 5 cycles of esterification. The decline in yield was
attributed to a reduction in the number of active sites (stability) rather than loss of catalyst
material through ineffective recovery. In addition, kinetic studies on the esterification showed

that with FCHC-SO3H the reaction benefitted from a relatively low E, of 37.5 kJ mol™! [151].

FeCl;'6H,0 NH,.OH @ Chitosan TEOS
+ ———
FeSO, -7H,0 s

Chitosan
CTAB

EtOH/Refulx
————

KOH
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Fig. 10. Synthesis of the magnetic mesoporous chitosan-based catalyst FCHC-SO3zH.
Reproduced from Ref. [151].

In another study, a magnetic cellulose catalyst was prepared by precipitation of
cellulose microspheres with Fe3Os4. Heteropolyacid H3PW1204 was immobilized thereon to
produce a magnetic heterogeneous acid catalyst. Out of different transesterification parameters
tested, the highest biodiesel yield of 93.1 % was achieved at an MTOR of 10:1 but requiring a
15 wt. % catalyst loading at 60 °C for 80 min. Recovery of catalyst was simple and proved
highly efficient and the catalyst was reused in 4 cycles of biodiesel production, albeit with yield
depleting to 80.7 % [152]. Another study focused on the effective recovery of magnetic
sulfonated catalyst wherein jatropha hull was hydrothermally precipitated under optimal
condition of 180 °C for 12 h, before being carbonized at 600 °C for 1.5 h, magnetized with
Fe304, and finally sulfonated with HoSO4 at 180 °C for 12 h. The surface area of the catalyst
decreased from an already low 2.37 to 1.92 m? g! after this last step, and the pore volume and
pore diameter were also lowered. The best conditions for esterification required a slightly
elevated MTOR of 18:1, 7.5 wt. % catalyst loading, 180 °C, and 7.5 h to afford a good biodiesel
yield (95.9 %). Impressively, a drop of only 1 % in yield (94.3 %) was observed upon 5 cycles
of reuse, highlighting the potential of efficient catalyst recovery [153].

Waste palm kernel shell has been used as a magnetic catalyst precursor. It was
magnetized with Fe3;O4 and sulfonated with HoSO4, whereupon a drastic decrease in Fe content
from 64.00 wt. % to 19.31 wt. % (EDX analysis) after sulfonation was observed. This was
accompanied by a drastic fall in magnetic properties as seen in the magnetization hysteresis
loop. Interestingly however, the resulting magnetic sulfonated catalyst was observed to be very
thermally stable. A biodiesel yield of 90.2 % was observed, which reduced to 73.6 %, after 4
cycles [154]. Meanwhile, a highly efficient heterogenous magnetic sulfonated catalyst was
prepared from acai seed and red mud. A maximum biodiesel yield of 88 % was obtained under
optimal reaction conditions [155]. Ibrahim et al. [156] used empty fruit bunch (EFB) as a
catalyst precursor that was magnetized using FeCls; and sulfonated with chlorosulfonic acid
(HSO3Cl) to obtain the desired magnetic catalyst. Palm fatty acid distillate was then used as a
feedstock, resulting in 98.6 % free fatty acid conversion efficiency. The catalyst was easily
recovered, but after 6 cycles of esterification the conversion was reduced to ~79 %. The authors
speculated that this was due to loss of iron species and acid active sites into the reaction medium

as detected by elemental analysis and ICP-OES results.
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Pyrolyzed cassava peel biochar, sulfonated and impregnated with Fe3Os, has been
reported as a magnetic catalyst for the production of biodiesel using Millettia pinnata seed oil
as a feedstock. The catalyst demonstrated a high surface area of 423.89 m? g and a 0.21 cm®
g! pore volume. It also showed three functional acidic sites (-OH, -COOH and —SOsH). The
S 2p spectrum in XPS analysis revealed peaks at 168.1, 168.9 and 169.9 eV that were attributed
to S—C, S—0, and S=0 bonds respectively. These data were taken as confirmation that sulfur
was mainly present as —SOs;H groups bonded to the aromatic carbon structure.
Transesterification yielded 98.7 % biodiesel under optimum reaction conditions. The magnetic
nature of the catalyst contributed to easy recovery, though reuse up to 5 times only allowed a
75 % yield [157]. Lastly, a palm oil EFB-derived magnetic catalyst with acid density of 0.28

mmol g™ was reported to convert oleic acid to biodiesel in 97.6 % yield [158].
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Table 4. Biomass derived sulfonated acid catalysts used for biodiesel production. NR = Not reported. CRC (Y) = catalyst reusability cycles

(yield %).
No. Sulfonated Preparation Catalyst Feedstock  Conditions” Yield (%) CRC(Y) Ref.
catalyst surface area
(m*g™)
1. Xylose HTC at 190 °C, 24 h 86 WCO 10:1, 10,110,240 89.6 3 (70.78) [128]
sulfonation with H2SO4 at 150
°C,15h
2. Sucrose Sulfonate with H>SO4 at 250 NR Oleic acid 10:1, 1.5, 67, 120 93.04 6 (~84) [129]
°C,2h
3. Glucose Sulfonate with aq. CoHsO3S at  25.72 WCO 20:1, 10, 60, 180 95 5 (not [130]
180 °C,4 h affected)
4, Glucose Sulfonate with H,SO4 at 80 7.364 Oleic acid  20:1, 5, 80, 120 97.7 5(80.1) [11]
°C, 18 h
5. Lignocellulosic  Pyrolyze at 600 °C, 3 h, then 5.43 WCO 10:1, 10, 140, 15 90 6 (60) [51]
biomass sulfonate with HoSO4 at 140
°C, 30 min
6. Bamboo Carbonize at 350 °C, 2 h, then 0.25 Oleic acid  7:1¢, 2, 90, 360 98.4 5(27.84) [134]

sulfonate with HoSO4 at 105
°C,2h
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CMR-DS-SOsH

Pyrolyze at 300 °C, 1 h, then 6.616
400 °C, 1h, then 600 °C, 30

min, sulfonate with HoSOj at

100 °C, 1h, agitate at 50 °C,

24 h

Carbonize at 422 °C, 4 h, 24.17
sulfonate with H>SO4 100 °C,

I5h

Carbonize at 350 °C, 4h, 1.92
sulfonate using H>SO4 at 90
°C,5h

Pyrolyze at 600 °C, 4 h, 3.3
sulfonate with H>SO4 at 90
°C,1h

Simultaneous carbonization NR
and sulfonation using H>SO4

at 150°C, 8 h

Sulfonate with HSO4 at 100 1.33
°C,1h

Algal oil

Palm oil

JCO

Pongamia
pinnatta
oil

Oleic acid

Waste

palm oil

20:1, 5, 65, 240

30:1, 6, 60, 360

12:1, 7.5, 60, 60

9:1, 2, 85, 120

20:1, 10, 65, 360

12:1, 5, 65,72

94.91

88.03

99.13%

95.6

85.1

92.7

5 (79.85)

NR

4 (81.03)

4 (85.7)

5(76.5)

5 (>80)
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Corncob

Chitosan
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Bamboo
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Dry and pretreate with 2 wt. %
H>SO4 for 120 °C, 5 min,
sulfonate with H>SO4 and
TsOH for 110 °C, 5 h
Sulfonate with chlorosulfonic
acidat 25 °C, 6 h

Activate using KOH at 180
°C, 6 h, sulfonate with H2SO4
at 200 °C, 24 h

Sulfonate with H>SO4 at 100
°C,18h

Activate at 105 °C, overnight,
sulfonate with sulfanilic acid
at80°C, 1 h

Pyrolyze at 400 °C, 2 h,
activate
acid, calcine at 400 °C, 2 h
and sulfonate with H>SOg4 at
150 °C, 12 h

using phosphoric

14.1

1.21

44

3.617

225.71

483

Oleic acid 15:1, 5, 60, 480
Oleic acid  15:1, 3, 75, 180
Corn acid 20:1,5, 65,275
oil

Oleic acid  15:1, 7, 60, 80
Oleic acid  7:1¢, 12, 180, 85

Palm fatty 9:1,2.5, 60, 120
acid

distillate

>80

94.4

91.68

96.51+0.4

96"

97.8

3 (28.76)

4 (85.7)

4 (82)

5(83.29)

5(28)

8 (68.2)

[141]

[142]

[143]

[149]

[125]

[145]



19.

20.

21.

22.

23.

24.

Pongamia
cake

Corncob

Bamboo

Potato peel

Chitosan,

magnetic

Cellulose

(cotton)

seed Activate using phosphoric

acid at 500 °C, 1 h, sulfonate
using BDS at 3-5 °C

Activate with phosphoric acid
at 500 °C, 1 h, sulfonate with
BDS at3-5°C, 1h

Carbonize at 350 °C, 2 h,
phosphoric acid activation,
sulfonation with H>SO4 at 105
°C,4h

Activate using ZnCly,
sulfonate with HoSO4 at 180
°C,8h

Magnetize using Fe3Os at
80 °C, 1.5 h, sulfonate with p-
toluenesulfonic acid at 25 °C,
overnight

Precipitate with Fe3SO4 and
sulfonate with H;PW 12040

483

730.8

1208

827.7

41.4

NR

Mesua
Ferrea
Linn oil
Soybean

oil

Oleic acid

Oleic acid

Oleic acid

P.
chinensis

seed oil

40:1, 5, 120, 1440 97.79

6:1, 20, 75, 20

10:1, 10, 65, 120

12:1, 5, 80, 150

15:1, 4, 80, 180

10:1, 15, 60, 80

4 (62)

5 (88)

6(57.2)

5 (68 %)

5(84.3)

4 (80.7)

[122]

[52]

[146]

[147]

[151]

[152]



25.

26.

27.

28.

29.

Jatropha

magnetic

Palm

hulls,

kernel

shell, magnetic

Acai seeds and

red

magnetic

mud,

EFB, magnetic

Cassava
biochar,

magnetic

peel

Precipitation at 180 °C, 12 h,
carbonize at 600 °C, 1.5 h,
magnetize  with  Fe3Os,
sulfonate using H>SO4 at 180
°C,12h

Magnetize using Fe3SOs at
room temperature, 4 h,
sulfonate with HoSO4 at 120
°C,12h

Carbonize at 400 °C, 3 h,
sulfonate using H2SO4 at 80
°C, 3, h magnetized using red
mud

Carbonate at 700 °C, 2 h,
sulfonate using H2SO4 at 150
°C, 2 h, magnetize using
FeCls

Pyrolyze at 400 °C, 1 h,
magnetize using nano-Fe3O4

at room temp, 8 h)

46.7 Jatropha

oil

59.8 Used

cooking oil

60 Oleic acid
20.425 PFAD
424 Millettia

pinnata oil

18:1, 7.5, 180, 95.9 5(94.3)
450

13:1, 3.66, 65, 90.2 4 (73.63)
102

12:1, 5, 100, 60 88 4 (55.4)

16:1, 4, 199, 180

11:1, 3, 65,45

98.6” 6 (79)

98.7 5(75)

[153]

[154]

[155]

[156]

[157]
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30. Oil palm EFB, Magnetize with FeCls atroom 38.51 Oleic acid
magnetic temperature, 5 h, sulfonate
with H>SO4 at 150 °C, 10 h,
carbonize at 500 °C, 1 h

8:1, 5, 150, 90

97.6

NR

[158]

“MTOR, catalyst loading (wt. %), temperature (°C), reaction time (min)
bConversion

“Ethanol:oil molar ratio
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3.3 Biomass-based bifunctional catalysts

As explained in Section 1, the cost and ethical implications of deploying edible oil as a
biodiesel precursor has meant that inedible oils with their high FFA content have come to the
fore in biodiesel production [160][161]. The unsuitability (on account of saponification
reactions) of the basic catalysts that dominate TRIG transesterification for treating FFA-rich
systems [162], has previously necessitated two-step processing whereby acid-promoted FFA
esterification was followed by base-promoted TRIG reaction. The commercially unappealing
prospect of conducting more complex, multistage synthesis has recently led to the advent of
bifunctional catalysts that offer one-pot reactions and limit product extraction and separation
steps [163]. These catalysts contain both acid and base active sites. Additionally, Brensted
acids help esterify the FFAs while Lewis acids can contribute to transesterification, introducing
further potential control through the synthesis of catalysts with tunable Breonsted/Lewis acid
ratios. Most recently, these catalysts have been combined with heterogeneous catalysis [164]

through the development of solid-state bifunctional systems [163].

Maintaining the theme of developing more sustainable catalysts, researchers have
started using biomass in bifunctional biodiesel production catalysis. Neem oil was used in an
attempt to overcome the persistent need for high MTOR as well as elevated temperature and
reaction duration. In so doing, researchers acknowledged the high FFA content of their starting
material (4.43 %). To treat this, they generated a composite from corncobs modified using
phosphoric and sulfuric acids (SCC) and KOH-loaded poultry droppings (KPD) [144].
Analysis verified the inclusion of acidic (P2Os), amphoteric (Al>O3) and basic (CaO) oxides.
Whilst a high biodiesel yield of 92.89 % was subsequently achieved from NSO with respectable
temperature and reaction time, a high MTOR ratio of ~15:1 was still required. Moreover,
catalyst recycling revealed problems like those that have more widely bedeviled biodiesel
catalysis. A drop in performance to 76 % after 4 cycles was speculated to be due to a
combination of sulfate leaching and poisoning. In spite of these problems, more robust
protection of catalyst integrity is emerging, albeit by diluting the bio-based content of the

bifunctional catalyst.

In one report, CaO was combined with a tungsten molybdenum support by wet
impregnation [165]. The CaO was derived from egg shell, though its wet impregnation into a
support created by calcining H3PO4-12WO3-xH>0 and (NH4)sMo07024:4H>0 added complexity

and lowered sustainability. Nevertheless, the power to vary the W/Mo intermetallic ratio
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provided options. Transesterification was improved as W:Mo molar weight ratio was increased,
with CaO-WosMoo.4 giving the highest biodiesel yield (96.2 %). Interestingly, a high surface
area was not required for effective reaction. However, a high 15:1 MTOR was needed.
Reusability was strong by the standards of biomass-derived bifunctional catalysts; a 90 %
biodiesel yield after 5 cycles was attributed to catalyst stability (reduced leaching) on account
of Ca*" replacing W(III) and/or Mo(V]) in the support [166]. However, the inorganic nature of

this support makes accurate comparison with other biomass-derived catalysts difficult.

A similar approach to that outlined in [ 144] generated a simple system in which corncob
alone was KOH-activated. The substrate was treated with sulfuric acid under various
conditions, enabling a systematic assessment of SSA [167]. Unlike thermal treatment alone,
pyrolysis in the presence of sulfuric acid increased this significantly. Hence, an SSA of 211 m?
g1 (600 °C for 4 h) rose to 877 m?> g”! (including 5:1 H2SO4:biomass). From an economic
perspective, 600 °C for 1 h was used (SSA 627 m? g™!) for subsequent KOH loading. While this
catalyst returned a 97.8 % yield of biodiesel from WCO at an impressively low 45 °C, a high
(18:1) MTOR was required. Reusability tests also revealed a complex but ultimately
problematic picture. Though FFA esterification was maintained over 5 cycles, a dramatic loss
of transesterification performance (to 35 %, proposed to be due to K' loss) offset the benefits
of single-stage biodiesel production. Similar work by Brar et al. [168], intended to evaluate the
technological viability of in situ transesterification using a bifunctional KOH/rice bran-derived
activated heterogeneous carbon catalyst to produce microalgae-based biodiesel. Under
optimized conditions, the direct transesterification approach resulted in a modest 80.9 %
conversion to biodiesel after a reaction period of 1.5 h, with a biomass to S+CS (solvent and
co-solvent) molar ratio of 1:10, a catalyst loading of 5 wt. %, and a temperature of 70 °C. GC-
MS was used to analyze the biodiesel that was produced, and it was found to contain high
unsaturated fatty acids (53.82 %) which reduce viscosity, allowing better functionality in
adverse weather conditions. Here a co-solvent (hexane) helped in the miscibility and formation
of a single phase between methanol (solvent) and the biodiesel feedstock (micro-algae), thereby

improving the biodiesel yield [169][170].

The modification of CaO has been explored via a two-step process; the high
temperature thermolytic generation of CaO in angel wing shell (AWS) was followed by
sulfonation using sulfuric acid (3-11 M) under facile conditions [171]. The resulting catalysts
(CAWS-3.11)SO4) revealed CaSO4 with diminishing levels of hydration as a function of sulfuric
acid molarity. As evidenced by biodiesel yield (97.8 % from PFAD), CAWS-7)SO4 optimally
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balanced acid and base sites, albeit none of the composites prepared showed high SSAs and
relatively high (5 wt. %) catalyst loadings were needed. In common with most other
bifunctional catalysts reported, problems of stability remained, with only 46 % yield obtained
from the 4™ cycle. In other work, a bifunctional catalyst of crab shell-plantain peel-Al>O3, was
used for a ‘one-pot’ simultaneous esterification and transesterification to produce biodiesel
[172]. The catalyst’s large surface area (260.35 m? g'!) and pore volume (0.65 cm® g!) helped
produce the a biodiesel yield of 93 % at a reaction temperature of 60 °C which, while not very
high, was appreciably better than comparable catalysts [173][174]. In this case, crab shell-
derived CaO, and metal oxides such as MgO and K,O from the plantain contributed to the
basicity, while Al,O; offered acidic sites. After six cycles, a yields of still >80 % was
maintained, demonstrating reasonable reusability of catalyst. It was argued that unreacted

TRIGs poisoning the catalyst surface could be to blame for the decrease in biodiesel yield.

Moving completely away from CaO, which has dominated attempts to fabricate basic
transesterification catalysts from biomass (i.e. from CaCOs3 [31]), K2O-doped composites
continue to be a source of interest. Waste palm kernel (WPK), with or without H3PO4
activation, was hydrothermally converted to the char PKSHAC . Wet impregnation with KoCOs
and Cu(NO3), gave catalysts described as PKSHAC-K,CO3-CuO, which showed acceptable
biodiesel production but significantly lacked robustness [175][176]. In contrast, other advances
have been underpinned by the second metal introducing more distinct ancillary functionality
than was offered by Cu. Hence, VSM established the superparamagnetism of RHC-K>O(20
%)-Fe203(5 %), prepared by drying rice husk to give the corresponding char (RHC) and then
introducing K>O and hematite (optimally 20 and 5 wt. %, respectively). This catalyst returned
a biodiesel yield of 98.6 % from WCO with a slightly improved MTOR of 12:1. However, not
only SSA (modest in even fresh catalyst) but also, crucially, magnetic susceptibility both
dropped dramatically over 5 subsequent cycles. This led to a last-cycle biodiesel yield of 44.1
%, reflecting a need for further work on recyclability measures [177]. In this vein, similar work
with nickel recently afforded RHC-K,0 (20 %)-Ni(X %) (X =1, 5, 10). Increasing Ni content
raised magnetic susceptibility but decreased catalyst basicity, with X = 5 proving a decent
compromise, yet still affording just a modest 80.8 % biodiesel yield. Moreover, catalyst
deactivation properties were essentially as for the earlier hematite work (45.9 % yield after 6
cycles) [178]. These data reinforce the urgency of addressing the protection of both

catalytically and magnetically active sites.
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Remaining with magnetically recoverable composites, refined bamboo charcoal (BC)
particles have been wet impregnated with Fe salts to incorporate y-hematite. After drying, the
magnetic carrier was exposed to K2O-source KNO3 (10-40 wt. %) prior to calcination at 300-
700 °C (Fig. 11) [179]. BC-Fe20s characterization, ostensibly by TGA/DSC, revealed that O-
containing functions at the composite surface facilitated KNO3; decomposition, promoting the
low temperature formation of intermediate potassiated surface functions. These then rearranged
at higher temperature to give K20 active sites in a sequence the authors described as low
temperature radial activation followed by high temperature transverse activation. Optimized
preparation conditions (30 wt. % KNOs3, 500 °C, 3 h) enabled a biodiesel yield from soybean
0il (SO) of 98 % using an impressively low 8:1 MTOR. Additionally, the catalyst proved robust
by the standards of the other biomass-derived bifunctional catalysts, with only the substantially
more engineered inorganic composite CaO-WxMoy [165] showing similar resilience. K2O-BC-
Fe;0;s still achieved a respectable ~85 % biodiesel yield after the catalyst had been magnetically
reclaimed in 9 experiments, hinting that simply modified sustainable resources may yet offer

chemically resilient catalytic solutions in biodiesel production.

Similarly a ‘one-pot’ transesterification/esterification was used to synthesize biodiesel
from a low-quality oil (WCO) with a high FFA level using bifunctional CaO-Fe;O3/AC catalyst
from EFB (empty fruit bunch) [180]. Using the impregnation approach with FeCl; solution,
the acid-base bifunctionality and magnetization were introduced into the powder. Calcination
was done at 900 °C to obtain the catalyst. A significant C=0O absorption band at 1774 cm™ and
a singlet methoxy proton signal at 3.7 ppm were observed confirming the presence of biodiesel
using FT-IR and 'H NMR spectroscopy, respectively. A biodiesel yield of 98.3 % was achieved
and reusability tests showed that the catalyst was relatively stable for at least six successive
cycles (FAME yield > 80%). The authors suggested that an abundance of basic (2.65 mmol g
1 and acidic (1.85 mmol g!) active sites on the catalyst surface explain the good activity i.e,
with just 3 wt. % a high biodiesel yield was obtained. Recently, Wang et al. [181] impregnated
blast furnace dust (BFD) using either Na;COs (to give Na-BFDr after 300-900 °C (= T)
calcination) or CaCOs (giving Ca-BFDr after similar calcination), with these catalysts both
used for the efficient generation of biodiesel. Both systems performed well, with the sodium
analogue slightly more impressive in terms of yield and showing notable stability. Hence,
though Ca-BFDsoo achieved a good yield of 98.30 & 0.75 wt. % initially and maintained a 94.12
+ 0.66 wt. % yield on cycle 7, performance was lost catastrophically in the 8" cycle.

Conversely, the transformation of Na,COs to nanocrystals of NaFeO> (29.9 nm) in Na-BFDs0o
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enabled quantitative biodiesel yields in cycles 1-3 (also achieved for Na-BFDeoo in cycles 1-2)
and maintaining an excellent 98.23 + 0.53 wt. % in cycle 15, before dropping to <80 wt. % in
cycle 17. These data served to highlight the effectiveness of simple magnetic recovery, though
the catalyst was calcined at 500 °C between cycles. Biowaste-derived bifunctional catalyst

performance is summarized in Table 5.



Table 5. Different biomass-derived solid bifunctional catalysts for biodiesel production. NR = not reported. CRC (Y) = catalyst reusability cycles

(yield %). RT = room temperature. DI = de-ionized.

No

Catalyst

Preparation

Catalyst

surface area

(m*g™)

Feedstock Conditions?®

(%)

Yield

CRC (Y) Ref.

2.

3.

SCC-KPD

KOH-ACC

KOH/Rice bran/AC

Treat CC with H3PO.a, calcined
at 450 °C, 6 h. Adding H2SO4
(150 °C, 2 h). Carbonize PD at
280 °C, 72 h, treat with KOH,
heat at 900 °C, 6 h. Combine
SCC and KPD in water at 100
°C,4h.

Treat refined CC with mineral
acid. After water, KOH and
calcine at 500-800 °C, 1-4 h.
KOH treatment, calcine at 450
°C,2h.

Mix RB and KOH. Treat RBP
with H2SOys, 1 h. Calcine at 700
°C, 4 h. Subject AC to KOH, 4
h.

NR

627

NSO

WCO

Algal

biomass

15:1,2.6,73,62 92.9

18:1,1,60,45 97.8

10:1,5,90,70  81.8

3(89.3)  [144]
5 (<76)

2 (35) [167]

; [168]



CaO'WxMOy

Crab shell-plantain

peel-Al,Os3

CAWS-7)SO4

RHC-K20(20%)-

Fe203(5%)

RHC-K20(20%)-

Ni(5%)

PKSHAC-
K2CO3(30%)-
CuO(5%)

Obtain CaO at 900 °C, 4 h. Add
to WxMo, aq., calcine at 650 °C,
4 h.

Calcine CS at 900 °C.
Carbonize PP at 500 °C, 3 h.
Mix CCS, CPP, Al>Os3 at 80 °C,
2 h. Calcine at 900 °C.

Calcine AWS at 900 °C, 2 h.
Immerse in HoSO4, 2 h. Dry at
150 °C.

Calcine RH at 450 °C, 3 h. Wet
impregnation with K,CO; and
FeCl3-6H0. Calcine at 700 °C,
3h

Calcine RH at 450 °C, 3 h. Wet
impregnation with K,CO; and
Ni(NO3)2-6H>0. Calcine at 600
°C,3 h.

Treat PKS with H3POs then
carbonize at 700 °C, 3 h. Treat
with NaOH, K>COs, Cu(NO3)

94

260.35

6.53

57.89

32.40

438.08

WCO

WCO

PFAD

WCO

WCO

WCO

15:1, 2, 120, 70

13.03:1, 5,
149.9, 60

15:1, 5, 180, 80

12:1, 4, 240, 75

12:1, 4, 120, 65

12:1, 5, 240, 80

96.2

93.0

97.4

98.6

98.2

95.0

3(93)
5(90)

5 (>80)

4 (46)

3 (88.7)
6 (44.1)

4 (81.8)
6 (45.9)

3(93.3)
6(55.3)

[165]

[172]

[171]

[177]

[178]

[118]
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10.

11.

12.

13.

PKSHAC-
K2CO3(20%)-
CuO(5%)

K>O-BC-Fe;03

CaO-Fe03/AC

Na-BFDs00

at RT, 6 h. Carbonize at 700 °C,
3h

Activate PKS with NaOH,
neutralize with HCI, add Ko2COs
and Cu(NOs3), by  wet
impregnation. Heat at 105 °C,
24 h.

Treat BC with FeCly-4H>0,
FeCl3-6H2O. Add NH;. Wet
impregnate  using  KNOs.
Calcine at 300-700 °C.

Add EFB powder to FeCls and
Ca(NOs3)2-6H>0. Calcine at 900
°C,4h.

Mix Na-BFD and sodium
carbonate in DI water at 75 °C,

2 h). Calcine at 500 °C.

3368.60

28.7

106.2

3.19

WCO

SO

WCO

SO

12:1, 4, 120, 70

8:1,2.5, 60, 60

18:1, 3, 180, 65

15:1,7, 120, 65

95.4

98.0

98.3

100

3 (>90)
6 (<60)

5 (>94)
10 (~85)

6 (>80)

16 (95.8)

[176]

[179]

[180]

[181]

“MTOR, catalyst loading (wt. %), time (min), temperature (°C)
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Fig. 11. Left: Proposed K>O-BC-Fe>O3 formation mechanism, with surface functions (—OH, —
COOH, etc.) promoting the lower temperature decomposition of KNO3 followed by higher
temperature rearrangement of metalated surface groups to give K>O.

Right: Despite good retention of catalyst properties, magnetic saturation drops after use.

Reproduced from Ref. [179].

4 Challenges of using biomass-derived catalysts

As discussed above, biomass-derived catalysts can effectively, sustainably, and efficiently replace
chemical catalysts. However, biomass-derived catalysts suffer multiple drawbacks that currently
compromise their commercial application in biodiesel production. The main downsides of these
catalysts are discussed here. They include active site leaching, low surface area, sensitivity to
moisture, solvents and heat, and saponification. To identify the elements that influence the end-
product quality requires investigation of catalyst synthesis and operation. Challenges and probable

solutions are highlighted in Table 6.
4.1 Active site leaching

As discussed in Section 2.1, a range of animal biowaste has been used to source basic metal oxide
(mainly CaO) catalysts for biodiesel production. Although several examples have proved highly
active, they have generally suffered sometimes profuse leaching of active metal sites. One of the
major reasons for this on repeated reuse is the partial solubility of CaO in methanol [47][104]. This
recognition has driven attempts to minimize reaction times [47]. However, this is intrinsically
difficult for multi-use catalysts such as one reported by Tshizanga et al. [46]. They noted that the
decrease in biodiesel yield after 18 successive cycles was due to leaching of Ca?* (as CaO or

calcium diglyceroxide) [47][48]. Kouzu and Hidaka's research also indicated that wet reaction
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media promoted Ca®" leaching [48], with the consequent need to remove Ca*' ions from the
biodiesel product. Taken together, these observations led to studies involving the deliberate
leaching of Ca®", with CaO forming calcium diglyceroxide upon washing. This calcium
diglyceroxide is not only more soluble than CaO itself [47], but it has been shown to inhibit
reactant access to the CaO catalyst [49]. In other work, Etim et al. [91] used AAS (Atomic
Adsorption Spectroscopy) to investigate possible leaching, and observed that washed biodiesel
product had Na" + K" and Ca*" + Mg*" concentrations of 1.8 and 0.42 ppm respectively, while
unwashed biodiesel product had corresponding concentrations of 115.6 and 0.96 ppm,
respectively, confirming leaching. In order to try and limit leaching of Ca?*, doping of CaO with
metal ions such as Na" [38] and K" [37] has been attempted. For example, CaO has been
impregnated with Na-ZSM-5. [70] Alternatively, supporting CaO on scaffolds such as SiO> [40],
Fe304 [117], and Al,O3 [172], have given impressive results.

As discussed in Section 3, the high basicity of catalysts based on calcined plant biomass is
attributed to the presence mainly of potassium in various forms; K>O, K2Ca(CO3)2 and K2COs.
Again though, leaching of metal ions on repeated reuse has been reported in several plant biomass
studies [82][83] to decrease catalytic activity and contaminate the biodiesel product. The
potentially dramatic extent of this was shown using SEM-EDX analysis, with Pathak et al. [82]
observing a sharp decline in K concentration in the catalyst from 65.11 % (fresh) to 27.99 % (used
four times). Concomitantly, soybean oil conversion decreased from 98.95 % to just 52.16 % in the
fourth cycle, with SEM-EDX and XRD data showing a dramatic reduction in the potassium oxide
intensity, the primary basic site. More recently, waste Brassica nigra was calcined at the relatively
low temperature of 550 °C [84]. The prepared catalyst had a potassium level of 56.13 % (in the
form of K»O, K2CO; and KCl, the first two representing the primary active ingredients), and
showed a high yield of biodiesel (98.79 %). However, leaching of K content was recorded. The
AAS analysis of the catalyst after being recycled 3 times showed a decrease in K-content from
343.89 ppm (fresh) to 320.93 ppm. XPS analysis of the recycled catalyst confirmed the decrease
of potassium content from 15.13 % in fresh catalyst to 10.19 %. Changmai et al. [118] magnetized
Citrus sinensis peel ash (CSPA) using nano-Fe3;Os. EDX analysis was used to study the changes
in the elemental composition of core@shell Fe;O4@CSPA for the fresh as well as reused catalyst
(9 cycles). The resulting data showed a decline in K concentration to be the key reason for a

concurrently observed decrease in biodiesel yield (from 98.7 to 91.0 %). Work by Abdelhady et
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al. [103] involved calcining sugar beet waste. In this, the active metal oxide was CaO (90.1 wt.
%); this contrasts with most other reported cases of plant biomass waste, where potassium is
dominant. With just a 1 % catalyst loading, conversion of sunflower oil to biodiesel reported was
93.0 %. Subsequently, a steep decline in conversion of oil to biodiesel was reported due to a

combination of leaching and formation of calcium diglyceroxide.

Moving away from the persistently problematic leaching of Ca** and K* from biomass-
derived catalysts, that of sulfonic groups was also reported in several plant biomass derived
SAFCAMs [118][133]. This leaching of —SOsH is attributed to solubility in polar solvents
[134][182]. Although obtaining acidic carbocatalysts with a high level of —SOzH functionalization
through simultaneous carbonization and sulfonation with H>SO4 has recently been developed as
an effective and straightforward synthetic method, the materials produced by this process have low
porosity, a high density of oxygen functional sites (1.0-7.3 mmol g!), and poor thermal stability,
which limits their effectiveness in hydrophobic media and/or at high temperatures [183]. Besides
these points, the carbon frameworks have a soft (less rigid) graphitic structure due to
polycondensation, and high-pressure treatments in the presence of water, or upon repeated reuse
can cause mechanical exfoliation, inducing the detachment of aryl fragments. The consequence of
this is that loosely held polycyclic aromatic carbon networks containing —SOsH groups cleave
from the bulk during liquid-phase reactions, desulfonating it (Fig. 12) [150][182][183]. Such loss
of —SOsH groups was proved by Mo et al. [182] using 'H NMR analysis of liquid reaction mixtures
after reaction. They observed weak signals characteristic of polycyclic aromatics at ca. 7.4-7.8
ppm in the corresponding spectra [184][185]. Correspondingly, the activity of the catalyst
decreased drastically on repeated use [182]. Seeking to address one of the problems associated
with SAFCAM stability, thermally and chemically stable polycyclic aromatic carbon networks
have been produced by high temperature pyrolysis (823 K). This approach has afforded more rigid
graphite-like carbon materials [186]. Subsequent sulfonation has then been used to produce
SAFCAMs. In one report, due to the presence of a chemically stable graphite-like sulfonated
structure, rigid carbon materials functionalized by strong sulfonating reagents like CISOs;H and by
the chemical reduction of 4-benzenediazoniumsulfonate did not exhibit any detectable leaching of

SOs3H-containing polyaromatic moieties [150].
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Fig. 12. Examples of leaching of S-containing fragments from a SAFACAM

Leaching of sulfonated species in fact only plays a limited part in SAFCAM deactivation.
Instead, primary deactivation is produced by direct alcohol treatment [150]. The effectiveness of
this depends greatly on the type of alcohol used, with methanol being the most effective. Solid
state NMR shows the presence of chemically bound alkyl groups coming from the alcohol,
emphasizing the difference from strongly physisorbed species obtained by pretreatment at room
temperature [133]. The strongly deactivating effect of alcohol lies in the formation of sulfonate
esters, which results from the reaction of the sulfonic groups in the solid with the alcohol at high
temperature. Due to the lack of mobility of the surface species, the spectrum of the sample that
was processed under heating to reflux only exhibited very broad signals. Very narrow signals,
including those of the hydroxyl group, clearly demonstrated the existence of highly mobile liquid
propanol in the sample that was processed at ambient temperature. The NMR study, together with
the deactivation results, pointed to a general picture at room temperature of the formation of
hydrogen bonds between the alcohol and the different protic groups of the material (sulfonic and
carboxylic acids, hydroxyls of alcohols and phenols), whereas under heating those species evolved
into alkyl esters (sulfonic and carboxylic) or alkyl ethers. Fraile et al. [133] confirmed this thesis
by reaction of the sulfonic groups in the solid with alcohol at high temperature (Fig. 13a). The
solid pretreated with methanol, as well as the catalyst recovered after esterification, presented a

prominent signal at 52 ppm, showing the formation of sulfonate esters. Rokhum et al. [11] recently



1304  confirmed the same through *C-CP NMR spectroscopy (Fig. 13b), establishing that the formation
1305  of aliphatic signals in the 30-55 ppm region of a spent SAFCAM (5 cycles of oleic acid
1306  esterification) is the result of a mixture of methanol-induced breakdown of active sulfonic acid
1307  groups into sulfonate esters [133][181] and the esterification of carboxyl groups. However, the
1308 production of sulfonate ester (as well as carboxyl ester/ether) is a completely reversible
1309  deactivation process, and the acid sites have been shown to be readily regenerable through the
1310  hydrolysis of ester bonds with water [ 133] or through treatment of sulfonate esters with weak acids
1311 (Fig. 14) [150]. Resulfonating the catalyst by the same preparation method after five esterification
1312  cycles using conc. HoSO4 (1:10 recovered catalyst:sulfuric acid (wt./vol.), 80 °C, 18 h) has been
1313  done to essentially recover leached —SO3H groups, as shown in Fig. 13b (green line) [150][187].
1314  The solvent is another key factor that can significantly affect the nature and extent of active site
1315  leaching. Polar solvents are usually more aggressive in their dissolution [188]. Therefore, one of
1316  the simplest methods that has emerged to prevent leaching is to use less polar solvents, such as
1317  hexane or dimethylether (DME) in approximately 25 % volume [170][189].
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Fig. 13. a) ss-NMR analysis showing the formation of sulfonate esters in a SAFCAM. Reproduced
from Ref. [133]. b) 3C-CP NMR spectra of a fresh SAFCAM (red), and the same recovered after 5

oleic acid esterification cycles (blue) and after re-sulfonation (green). Reproduced from Ref. [11]
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Fig. 14. Reaction scheme for the regeneration of surface acid sites of sulfonated carbons deactivated
in alcoholic media.

1319
1320 4.2 Fouling/coking

1321  Reactants’ ability to interact with the active sites of a catalyst directly or indirectly is inhibited by
1322 fouling. In biodiesel production, inhibition can be caused by the blockage of mesopores [190] as
1323 well as active sites themselves [191]. When transesterification is being conducted using acid
1324  catalysts, the danger of organic molecules fouling or poisoning the acid sites is significant. Indeed,
1325 the deposition of coke produced by methanol and glycerin has been seen in acid catalyzed biodiesel
1326  synthesis [48]. Many metal oxides also suffer deactivation due to cloaking by adsorbed
1327  intermediates or byproducts, such as monoglyceride, diglyceride, and glycerol [47][48], or
1328 renewable feedstock contaminants, as noted by Malaguti et al. [192]. Copeland et al. [193]
1329  confirmed the strong interaction of the 2° alcohol of glycerol with metal oxide surfaces (B

1330 interaction in Fig. 15) through strong hydrogen bonding, following the trend
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ADLO3>Ti02>ZrO,>CeO>MgO. The same work also identified a Lewis acid/base interaction
through the remaining 1° alcohol group of the chemisorbed glycerol (y interaction). Carbonaceous
species can also block access to the catalyst active sites by pore plugging, encapsulation of the
active phase, and binding on or near the active phase via chemisorption or physisorption [194].
ICP-OES and SEM-EDX mapping results reported by Zhu et al. [195] showed the external coating
of the catalyst pellets on the top of their reactor by inorganic contaminant deposition. Meanwhile,
carbonaceous species deactivated the catalyst by mainly binding near the sulfide active phase. This
blocked access to the active edge sites, explaining a significant loss of desulfurization activity
together with a minor loss of hydrogenation activity by the catalyst. Pore blocking was also
observed on spent catalysts after co-processing raw biocrude, owing to the formation of a large
amount of carbonaceous species [195]. One way to solve this is by using hexane, which can
effectively prevent clogging of pores by forming a single phase between solvent and feedstock

(oil). Reactivating the catalyst by heating can also open up the pores [178].

¢ = Hydrogen MgO &*
® = Carbon Pure _:j_ __/_'.____ {1 .
@ = Chygen Glycerol 2° |
@ = Wetal Ao 1200 y/cm 1000

Fig. 15. Selected FT-IR data, explaining the surface interaction of
chemisorbed glycerol with a metal oxide via three different O-centres;

deprotonated (o) and 2° () and 1° (y) alcoholic. Reproduced from Ref. [193]

4.3 Wastewater treatment

Wastewater from biodiesel washing is the major residue created by the biodiesel industry. It has a

high organic content and cannot be disposed of directly into the sewage system [196]. The source
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of this waste is post-synthetic washing, which is vital for removing soap, catalyst, free glycerol,
residual alcohol, water, and FFAs from the product [196][197]. The large amounts of wastewater
generated by washing (often 4-5 cycles thereof) has drawn researchers to look for more
straightforward and affordable remedies to the issue of biodiesel purification. The use of
membrane extraction has proved advantageous in reducing the amount of water used by effectively
avoiding the occurrence of emulsification during the washing step. This results in a reduction of
methyl ester loss during refining [198]. Dry washing is another method that has been looked at to
solve water management problems. This uses an ion exchange resin to remove impurities [199].
The benefits of this treatment are an absence of wastewater production and a reduction of the wash
tank’s overall surface area coverage [200]. The membrane extraction method is another
advantageous technique in reducing the amount of water utilized. This avoids the occurrence of
emulsification during the washing stage, resulting in a decrease in methyl ester loss during the
refining process [201]. Tubular a-Al,O3/Ti0, membranes with average pore diameters of 0.2, 0.1,
and 0.05 um and 20 kDa were used by Gomes et al. [202]. In their investigation, acidified water
with a mass concentration of 10 % had glycerol separated from it effectively. Hence, the permeate

achieved a free glycerol content of below 0.02 %.
4.4 Biomass residue treatment

The intensive production of biodiesel results in the generation of residues or by-products that
cannot be utilized [203]. The most significant are glycerol, wastewater, methanol, and solid
residues [204]. The by-product that sparks the most attention is crude glycerol, since it has
commercial potential. Produced glycerol is regarded as a residue because it is combined with
ethanol or methanol, fatty acid ethyl (or methyl) esters, and residual fatty acids. Their removal
suggests a raw material for the food and pharmaceutical sectors or a precursor to solketal and
glycerol carbonate, which are used as fuel additives, surfactants and lubricants [205][206].
Additionally, failure to treat biodiesel washes before their release into the environment can reduce
the biological activity of sewage treatment plants as this wastewater contains grease and oil (G&O)
and exhibits high COD (Chemical Oxygen Demand) [196][207]. Chemical pretreatment involves
using strong acids such as H>SO4, HNO3 and HCl to extract residual FAME/FFA from wastewater
by protonation. Generally, adding acid directly to biodiesel wastewater induces separation into two

phases, in the upper of which oil and soap coalesce [208]. Verification of the composition of this
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upper layer has come from FT-IR and 'H NMR spectroscopic analysis [196]. As an alternative
strategy, electrocoagulation involves wastewater being put into a reactor. This is used to create an
electric field that generates flocculating agents (associated with cationic aluminum, iron and
magnesium species). These are capable of removing G&O or COD particles [196]. Lastly,
methanol, which is used in excess, is another residue of biodiesel production. It is typically

recovered by flash or vacuum distillation [204][208].
4.5 Lower reaction rates and diffusion limitations

Heterogeneous catalysts contribute to three phase systems (reactant, solvent, catalyst), resulting in
decreased mass transfer rates [55][102]. The immiscibility of hydrophobic triglycerides with
alcohol (methanol) and the intraparticle diffusion resistances of oil molecules also represent
significant causes of lower catalytic activity linked to reduced mass transfer [102]. A boost in
reaction temperature can increase solubility, although this requires energy and only results in a 2-
3 wt. % increase in solubility with a temperature rise of 10 °C [209]. A possible approach to
improve heterogeneous catalysis is the addition of a co-solvent such as hexane, acetone,
tetrahydrofuran (THF), or dimethylether (DME). Under certain circumstances, this can yield a
one-phase system, which lowers reaction E.. The joint solubility of methanol and oil can be
enhanced at lower reaction temperatures by using co-solvents, and it is also anticipated that using

a co-solvent will increase the rate of a heterogeneously catalyzed transesterification.

To solve mass transfer constraints in biodiesel synthesis, techniques for the use of
triglycerides and methanol, careful catalyst functionalization and, in some cases, pore size
customization are required [3][170]. Several studies have shown that a co-solvent can significantly
increase reaction rate by the polar and non-polar sites in the co-solvent lowering the surface tension
between the methanol and oil phases [210][211], so encouraging formation of a single phase
[169][170]. However, while it can reduce mass transfer limitations, the introduction of a co-solvent
is not risk-free. Polar solvents such as THF and acetone have a tendency to promote the leaching
of active sites [188]. Moreover, water solubility of each solvent varies and must be taken into
account. When co-solvent that is miscible with both methanol and triglyceride is used, it can
overcome initial phase separation. However, it has been reported that while the polarity and boiling
point of THF are adequate to speed up the dissolution of methanol, the presence of feedstocks

(oils) can lead to a decrease in biodiesel production on account of the co-solvent polarity. These
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findings were reported by Roschat et al. [66], who used THF as a co-solvent in the NaOH-catalyzed
transesterification of Jatropha curcas seed oil. Overall, methanol-miscible solvents such as toluene,
benzene, chloroform, and dichloromethane are preferred for transesterification. In an alternative
approach, using higher reaction temperature and pressure (above 130 °C and 90 bar) and a
stoichiometric ratio of methanol with respect to feedstocks, it has proved possible to enhance the

transesterification activities of sulfonated carbons for large triglycerides [55].
4.6 Sensitivity towards moisture and air

It is well documented that many shell-derived highly basic CaO systems can potentially catalyze
conversion of vegetable oil and animal fats to biodiesel. Yet, shell-derived CaO is highly sensitive
to moisture and air. On contact with moisture (water), it rapidly hydrates to Ca(OH), and becomes
inactivate. Further, it is easily carbonated (CaCOs3) by contact with CO» present in air [32]. Owing
to these effects of moisture and CO,, CaO catalysts lose their activity on repeated reaction cycles,
thereby increasing the overall cost of biodiesel production. Hence, to reactivate the spent CaO
catalyst, outgassing at elevated temperatures of 550-700 °C is used to reverse the CO> poisoning
and effects of hydration. However, this introduces extra expense and complexity to the biodiesel

production process [73][74].

Moving to plant biomass-derived acid-functionalized catalysts, affinity towards moisture
can permit easy accessibility to hydrophilic solvents, enabling their interaction with active acidic
sites and resulting in high catalytic performance [186]. However, several drawbacks exist. It is
well known that a CAM catalyst prepared at low pyrolysis temperature (<400 °C) bears significant
numbers of -OH and —COOH functional groups. These allow more water by-product from
catalyzed esterification to be adsorbed at the catalyst surface. In one sense, this drives the reaction.
However, it also gives a water layer that prevents hydrophobic long-chain FFAs from accessing
active sites, thereby deactivating the catalyst [212]. The effects of these surface functions are non-
trivial though; seminal reports have detailed how the same —COOH and —OH groups promote
adsorption of reactants to sulfonated catalysts through the formation of hydrogen bonds and
enhance access to active sites for hydrophilic reactants like methanol [213]. Hence, balancing the

catalyst’s hydrophilicity/hydrophobicity is critical for their successful application.

In general CAMs prepared at a lower pyrolysis temperature exhibit relatively less rigid

(lowly carbonized) and thermally unstable structures. The framework of these catalysts can be
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easily hydrolyzed (by water produced during esterification). The result is emulsification
(dissolution) and active site leaching [125]. This has been detected by 'H NMR spectroscopy by
Mo et al. [182]. To retain the activity of functionalized CAMs, increasing the hydrophobicity has
therefore emerged as a strategy for retaining activity [214][215][216]. Two main potential routes
have been suggested; 1) High temperature pyrolysis to produce highly rigid graphitic CAMs, and
2) surface functionalization with water repellant groups such as —CF3;, —CH3 [217] and —Ph [215].
This last strategy gives rise to a wettability-selective adsorbent that can capture organic molecules

whilst completely resisting water [217].

The two strategies outlined above can be considered in more detail. In the washing process,
soap, catalyst, free glycerol, leftover alcohol, water, and FFAs are among the unwanted materials
eliminated. Contaminants that aren’t eliminated will lower the quality of biodiesel and have an
impact on engine performance. Low carbonization temperatures (<400 °C) only provide complex
polymers containing aromatic compounds. Thus, sulfonation results in soluble sulfonated species.
In contrast, high carbonization temperatures (> 400 °C) yield hydrophobic, thermally stable, rigid
graphitic CAMs due to growth of the polyaromatic carbon network by sequential dehydration,
decarboxylation, decarbonylation and aromatization reactions [218]. However, highly
hydrophobic CAMs produced at very elevated temperatures (> 550 °C) are difficult to sulfonate
due to their excessively rigid, planer structure [123]. Hence, producing highly carbonized
hydrophobic CAMs with high surface area from biomass remains a significant challenge. A
potential solution to this problem could be sequential production of highly carbonized CAMs, then
using chemical or physical activation of the produced CAMs to increase their surface area, and

finally sulfonation to obtain SAFCAMs [219].
4.7 Low surface area

The low surface area of biomass-derived catalysts is a perennial issue that effects biodiesel
production [220][221] on account of the corresponding reduction in numbers of active sites [222].
In response, hydration-dehydration treatment has been reported to increase surface area and with
it activity [28][223]. In pioneering work, Niju et al. [41] observed a remarkable difference in the
transesterification yields of commercial eggshell (67.57 %), eggshell-derived CaO (79.62 %) and
eggshell-derived CaOc.u-p (94.52 %; C-H-D = calcination-hydration-dehydration), showing the

benefit of this post-synthetic modification [59]. More recently, the two-step calcination and



1469
1470
1471
1472
1473
1474
1475
1476
1477
1478

1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499

hydrothermal treatment of beef-bone biomass underpinned an improvement in biodiesel yield [80].
In similar work, the hydrothermal treatment of CaO led to the formation of a layered Ca-HAP
structure that was claimed to induce an increase in catalyst surface area from 1.7 to 100 m? g
[81] The synthesized catalyst showed improved activity when compared to the parent species (cf.
conversions of 90.4 % and 71.7 %, respectively) [81]. Krishnamurthy et al. [71] also synthesized
CaO at 900 °C. The resultant mass was then subjected to hydration-dehydration to form nano-
CaOc.u-p. Under optimized conditions of MTOR (12.4:1), catalyst loading (0.892 wt. %),
temperature (61.6 °C) and time (145.154 min), a high yield of 98.3 % was obtained. Reddy et al.
[42] reported a nano-CaOc.n.-p catalyst obtained from Polymedosa erosa seashells, which gave a

surface area of 90.61 m? g'! and showed excellent activity (98.5 % yield).

Chemical activation can also be used to increase the surface area of biomass-based systems
[128][143]. Activation may see a metal salt (ZnCl) being used to cleave glycosidic linkages in the
biomass, leading to accelerated decomposition [224]. This induces the creation of micro- and
mesopores, yielding a high surface area support for plentiful active sites [225]. In this vein, Tang
and Niu [146] tested bamboo-derived biomass for carbonization and H>SO4 sulfonation, resulting
in a catalyst with a surface area of 1208 m? g'!. This was activated by increasing the pore size (to
0.68 m? g'') with phosphoric acid. Free fatty acid conversion using the activated material initially
stood at 97.3 %. However, after 6 cycles of esterification, the yield was a modest 57.2 %. This
contrasted with the earlier synthesis of a bamboo-derived carbon catalyst (without activation)
having a surface area and pore size of 71 m? g™ and 0.25 cm?® g! that showed low recyclability on
repeated use (27.84 % yield after 5 cycles) [134]. Decrease in sulfur content (6.069 % to 4.217 %)
largely accounted for deactivation through leaching of —SO3H sites by breakdown of the polycyclic
support, possibly also accompanied by formation of sulfonate esters. Hence, activation by
phosphoric acid plainly helped recyclability. Recently, waste orange peel activated by KOH
through hydrothermal carbonization and then sulfonated using H>SO4 at 200 °C for 24 h achieved
a surface area of 44 m* g'!, which is higher than for most reported SAFCAM catalysts [143]. This
was attributed to KOH acting both as an activation agent and template for the formation of a
mesoporous structure during the hydrothermal carbonization step. Similarly, using KOH as
activating agent, Naeem et al. [167] pyrolytically (600 °C for 4 h) activated corncob in the presence
of sulfuric acid, increasing the SSA from 211 m?g™! to 877 m?g’!. The composite catalyst promoted

esterification and transesterification simultaneously and returned a 97.8 % yield of biodiesel from
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WCO at an impressively low 45 °C, albeit a high (18:1) MTOR was required. Hussein et al. [147]
studied potato peel activation using ZnCl,. The resulting material was subjected to sulfonation
using HxoSO4at 180 °C for 8 h. This dual process of activation and sulfonation raised the SSA and
total pore volume from 15.7 m? g and 0.016 cm® g™!, respectively, to 1027 m* g and 1.34 cm? g~
I It was posited that ZnCl, erodes the biomass microstructure. The catalyst maintained over 70 %
of its initial catalytic activity after five consecutive catalytic runs. Lastly, in other work by
Chellappan et al. [157], modulation of surface area has been combined with the introduction of
magnetic properties. Pyrolyzed cassava peel biochar was sulfonated and impregnated with Fe3Oa.
The resulting magnetic catalyst produced biodiesel using Millettia pinnata seed oil as a feedstock.
The catalyst demonstrated a surface area 0of 423.89 m?g™! and a 0.21 cm® g”! pore volume, and gave

a 98.7 % biodiesel yield.



Table 6. Major limitations, reasons and potential solutions associated with using biomass-derived catalysts for biodiesel

production. G&O = grease and oil. COD = chemical oxygen demand.

No. Challenges Reasons Potential solutions
l. Leaching of active sites 1. Partial solubility of metals/CAMs 1. Prevent adsorption of organic reactants
[47][104] 2. Partially carbonized material is sulfonated using catalysts with high hydrophobic
with conc. H2SO4 surface areas. Metal doping or provision
3. Sulfonate ester and carboxylic acid ester of a catalyst support helps prevent
formation leaching [37][38]
2. Hydrolyze ester linkages. Resulfonate
to partially recover lost —SOs;H
[150][187]
3. Use less polar solvents [3][170].
2. Fouling/coking Accumulation of triglyceride, by-product, or 1. Wash with hexane to prevent pore
[115][178] side-product in catalyst pores/on active sites by clogging and form a single phase
adsorption of alcohol or oxygenated molecules between solvent and the feedstock [51].
upon repeated reuse 2. Reactivate the catalyst before reuse
[73][74]
3. Wastewater formation Water needed to remove residual catalyst, 1. Dry washing with ion-exchange resins
[200][226] glycerol, soap, oil, and alcohol requires disposal and silica powder [200]
2. Membrane extraction [198]



Biomass residue

disposal [196]

Side-product formation

[227][228]

Low reaction rates

[229][230]

Diffusion
[55][102]

limitations

Sensitivity to moisture

[231][232] and air [32]

By-product of oil extraction from plants

includes large  hydrocarbons  requiring
treatment and removal

High water and FFA levels in raw materials
cause the production of soaps, lowering ester

yield

1. Poor mass transfer

2. Low temperature reactions

Three phase systems show poor mass transfer

Water adsorbs on hydrophilic solid acids,
causing partial deactivation and framework

hydrolysis

Electrocoagulation pretreatment can
remove G&O or COD particles [196]
Strong acid pretreatment [141][208]
Separation and neutralization to remove

high FFA content [228]

. Use acid catalysts to prevent the

formation of soap [227]

Increase pore diameter and tailor
surfaces (e.g. for hydrophobicity,
exterior catalytic sites, etc.) [3][170]

. Raise reaction temperature and pressure

. Use of co-solvents [169][170]

Careful surface functionalization and

pore size customization [125][170]

. Use of co-solvents [66]

High temperature carbonization [186]
Surface functionalization with water-

repellant groups [215]
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Low  surface

[51][142]

area Breakdown of biochar pores because of

oxidation, condensation and/or carbonization

1.

Chemical activation by H3POs4, KOH,
NaOH to increase surface area and
porosity [128][143]

Hydrothermal treatment and

impregnation [80][81]
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5 Biodiesel production from biomass as a renewable energy carrier

Biomass was the first fuel used by humans and served as the foundation of the global fuel economy
until the mid-eighteenth century. The annual global generation of electricity from biomass was
about 750 TWh (about 2.5 % of total demand) in 2021 and is estimated to reach about 1,350 TWh
(about 3.5% of total demand) in 2030. Of this, solid biomass (agricultural and animal waste)
accounts for nearly three-quarters, biogas (CH4) 14 %, and municipal solid waste 12 %. Fuelwood
(firewood, charcoal, sawdust) and other forms of ‘traditional biomass’, that is, renewable biomass,
generated up to 12.5 % of produced energy in 2021 [233], and is estimated as having contributed
around 64 % of the total world supply of combustible renewables to date. More than two thirds of
the renewable energy mix is currently made up of energy from biomass, making it the leading
renewable energy resource globally [234]. It is a resource that can be found in a wide range of
materials, including timber, sawdust, straw, paper, seeds and manure, municipal waste, and
effluent. In addition, there is massive annual agricultural production, the by-products of which can
be used as a source of energy. This has led to the development of so-called energy crops which, in
turn, has allowed biomass resources to develop significance on account of their intrinsic economic
potential for the energy sector. The international trade in biomass fuels has grown recently as a
result of the rising use of biomass; the major fuels traded globally being wood pellets, biodiesel,
and ethanol. The database in Fig. 16. shows the rising trend in usage of biomass as a feedstock for
biodiesel production over the years. The authors have collected data in the month of April 2023
from Scopus Database using the keywords “Biodiesel production from biomass” and also from
google scholar within the custom range of “2010-2022”. From a merger of 208 publications in the

year 2010 it has exponentially increased to 715 publications to its peak in the year 2022.
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Fig. 16. Increasing trends of research publication during the period

2010 to 2022 (data collected from Scopus database).

Of the range of biomass-derived fuels available, such as biodiesel, bioethanol, and
biomethane, the first represents the non-fossil fuel that is most frequently used today in place of
traditional motor fuel. As the primary source of energy and chemicals in the world, oil is currently
consumed at a rate of roughly 12 million tonnes per day (84 million barrels per day), with
expectations that this rate will rise to 16 million tonnes per day (116 million barrels per day) by
2030 [235]. Importantly, when compared to petroleum diesel, biodiesel has less of an influence on
the environment in terms of emission characteristics. Biodiesel emits less CO (4-16 %),
hydrocarbons (45-67 %), and particulate matter (53-69 %) as compared to petroleum fuel.
Moreover, the use of a huge range of different feedstocks (waste or specifically generated biomass)
has already been developed and utilized in the manufacturing of biodiesel in order to achieve
economically feasible sustainability, and to make energy access easier and more reliable/secure.
Resource management is important here, producing feedstocks more locally, taking control of
resource exploitation, reducing dependence on energy produced elsewhere, and using less water
for cultivation [21][236]. In order to cut greenhouse gas emissions, many nations have embraced

biodiesel-based policies and this trend will necessarily continue as fossil fuel reserves are further
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depleted and the environmental consequences of their use become increasingly clear. One
unambiguous manifestation of this appetite for change, is the growth in government subsidies
aimed at advancing the sustainable generation of biofuels and associated feedstocks [237]. These
incentives are often given for the planting of crops on fallow and abandoned agricultural lands, for

better water management, and for practicing conservation.

6 Conclusions and outlook

The exploration of biomass-derived catalysts for biodiesel production represents a promising move
towards sustainable and eco-friendly fuel generation. This review has sought to bring up-to-date
our understanding of the potential of using biomass-derived catalysts for the production and post-
synthetic treatment of biodiesel. Research on repurposing of animal and plant bio-waste has been
critically analyzed with a focus on source sustainability and ease, reliability and resilience of
catalyst preparation and catalyst reusability. In particular, efforts at more efficient catalyst
recovery and the avoidance of deactivation by active site leaching, blockage or corruption have
been discussed with the help of various analyses. For example in sulfonated systems, the leaching
of —SOsH is attributed to graphitic structure polycondensation, and the fact that high-pressure
treatments in the presence of water, or else repeated reuse can cause mechanical exfoliation,
inducing the detachment of aryl fragments. Meanwhile, '*C-CP NMR spectroscopy has established
the formation of aliphatic signals in spent SAFCAMSs are the result of a mixture of methanol-
induced breakdown of active sulfonic acid groups into sulfonate esters [133][181] and the
esterification of carboxyl groups [11]. Magnetic catalysts have also begun to establish themselves
as having great potential to replace many conventional catalysts used in biodiesel synthesis, largely
due to their straightforward recycling, which is often nearly quantitative (easily monitored but also
inferred from performance retention). They are therefore potentially very economical and can be
environmentally benign. In the long-run however, bringing down the cost involved in their more
complex synthesis and reliably preventing separation of magnetic and catalytic species represent
major challenges. The review has sought to address these technical hurdles, offering an outlook on
potential solutions, thereby paving the way for the pragmatic utilization of biomass-derived

catalysts in commercial applications.

Looking to the future, continued investigation of the potential of widely available yet

underutilized animal and plant biomass waste will continue. However, the role of biomass-based
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catalyst modification as a basis for overcoming existing limitations to reported catalysts will
necessarily focus on the robustness and stability upon repeated reuse of catalysts and composites.
The ability to recycle active sites either by harnessing support properties (e.g. magnetic recovery)
or ensuring site retention (e.g. inhibiting desulfonation) represent current research vectors where
advances would potentially significantly reshape the field. The latter line of research feeds into
improving the effectiveness with which active sites are supported through the development of
reliable, high surface area supports, and in particular the creation of simpler (more economical,
atom-efficient) routes to multifunctional activated carbons. Additionally, and remaining with the
theme of multifunctional catalysts, their robust catalytic activity in biodiesel production from
inedible waste oils makes bifunctional biomass-derived catalysts economically very appealing.
Not only do these catalysts, containing as they do both acid and base active sites, offer the
possibility of utilizing inexpensive feedstocks (typically high in FFAs), but they exhibit enhanced
efficiencies such as one-pot reactivity and easier product extraction and separation steps. The
insights provided herein serve as a guiding beacon for identifying the most promising routes to
propel these groundbreaking technologies toward widespread adoption, thereby fostering a more

sustainable future in fuel synthesis and energy utilization.
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