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Abstract

Over the last decade, enabling technologies and sustainable catalysis have become appealing options for
biodiesel preparation because of their impressive process intensification and energy savings. The present
review will compare the most innovative protocols that have been developed and improved to use non-
conventional energy sources and catalysts, and that are performed, in particular, using continuous-flow
methods. Although this account cannot be comprehensive, it will, however, provide a good overview of the
reaction-rate improvements and catalyst activation that is provided by microwaves, ultrasound, hydrodynamic
cavitation, flow reactors and even hybrid techniques. Advantages and limitations are discussed together with
industrial scalability.

1.0 Introduction

Biodiesel has been popular since the early 1990s, but is nowadays raising ethical and sustainability issues
because of its use of edible feedstocks and high production costs [1]. Although biodiesel production processes
can be improved by replacing conventional homogeneous (basic) catalysts with heterogeneous catalysts, these
techniques have never been used industrially [2]. Biodiesel is mainly obtained via transesterification
(alcoholysis) or direct esterification, and both reactions proceed through an equilibrium. Transesterification
with basic catalysts is used when noble oils with low free fatty acid (FFA) contents are used as the substrate,
while acid catalysts is used when FFA content is higher than about 2 w.t.%; otherwise the saponification
reaction would slow down the process and create problematic foams. The alcohol is usually methanol or
ethanol. Methanol is cheaper and more prone to esterification, whereas ethanol is safer, greener and has better
solubility with vegetable oils, while also allowing higher reaction temperatures to be used [3]. Nowadays,
homogeneous catalysts are used for both processes in most cases; strong mineral bases and acids, such as KOH
and H,SO,4, although several sustainable alternatives have been reported [3-5]. Dramatic process
intensification can be achieved using enabling technologies, such as microwaves (MW), ultrasound (US) and
hydrodynamic cavitation (HC) [6,7]. This can lead to greener biodiesel syntheses that save time and energy.
In the present review, we will focus on recent advances in process intensification under enabling technologies
and sustainable catalysts.

2.0 Enabling technologies for biodiesel production
2.1 Microwave-assisted processes

MW are electromagnetic waves that range from 0.3 to 300 GHz in the spectrum. Most instruments work at
2.45 GHz, where water molecules interact with the field. Indeed, the main phenomena behind MW heating are
dipolar polarisation and ionic conduction; both dipoles and ions try to orient themselves with the oscillating



field and the energy loss of these re-arrangements generates heat. The efficiency of a material in transforming
MW irradiation to heat depends on its dielectric constants and is mainly defined by its loss tangent (tan 3).
Polar solvents and salts interact strongly with MW, whereas non-polar materials, such as PTFE, do not heat
up and are transparent to them. MW are primarily known for their ability to quickly heat absorbing materials,
to create inverse thermal gradients (where the samples heat from the inside) and to overheat solvents above
their boiling point. This cascades into a range of enhanced kinetics and selectivity. Metal-based polar catalysts
may generate hot-spots with high, localised temperatures that can dramatically improve reaction rates, despite
bulk temperatures being significantly below a solvent’s boiling point.

The use of this technology in biodiesel production was already investigated by Leadbeater et al. in 2007 [9],
in which batch and continuous flow reactors were heated by MW and were tested on the litre scale. In the batch
process, the energy consumption was 90.1 kJ/L, while the continuous-flow mode gave figures of 60.3 kJ/L and
26 kJ/L for 2.0 and 7.2 L/min production, respectively. From the results of this study, it is evident that the
energy consumption of the batch process is of the same order of magnitude as the conventional heating method,
while the continuous flow processes are more energy efficient [10].

Table 1. MW-assisted processes for biodiesel preparation.

System Substrate Catalyst* Methanol:oil Conversion
Batch and flow | Vegetable oil | KOH 1.0% 6:1 98.9 [9]
Flow Palm oil NaOH 1.0 % 12:1 99.4 [11]
Flow Palm oil NaOH 1.0 % 6:1 97.8 [12]
Flow Palm oil NaOH 9.1 99.8 [13]
Flow Sunflower oil | KOH 1.0 % 6:1 96.5 [14]

2w.t.% loading

Our own group have also proven the applicability of MW heating to biodiesel production, and reported the
parameters that mainly affected the yield [11]. The transesterification of palm oil was performed in a
pressurised, flow MW reactor (FlowSYNTH by Milestone s.r.l.), giving 99.4 % conversion at 70 °C, with 1
w.t.% NaOH loading, and a 12:1 methanol-to-oil ratio in just 1.75 min of residence time. A range of different
parameters were screened in the search for the optimal conditions for the reaction. Increasing the methanol-to-
oil ratio improved the results, not only because it pushed the equilibrium towards the products, but also because
the polarity of the medium increased, giving better heating efficiency under MW.
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Figure 1. Scheme of the MW equipment used [11].

Different power levels were tested and, interestingly, the best results were obtained at 400 W of power. Lower
power was not sufficient to provide satisfactory heating, while higher power created overheating. Moreover,
although the ability to run the reaction above the methanol boiling point improved the kinetics, the effect was
no longer significant above 70 °C. Under the optimised conditions, energy consumption of 0.1167 kWh/L was
observed, approximately half that of a conventional process. In a later study [12], palm oil was transesterified
to biodiesel in the same reactor using Response Surface Methodology (RSM) to optimise the reaction
conditions. It was found that MW power and irradiation time had the greatest influence on biodiesel yield.



With this method, an optimised yield of 97.82 % was reached in 3 min of irradiation at 780 W of MW, with a
methanol-to-oil ratio of 6:1 and 1 w.t.% catalyst loading. A pressure of 7 bar was used to operate above the
methanol boiling point. The energy consumption was also lower than that of conventional processes, at 0.88
MJ/L instead of 1.92 MJ/L.

Biodiesel synthesis occurs in a biphasic system, and thus suffers from inefficient mass transfer because of the
only partial miscibility of alcohol and oil. Mechanical stirring of the reagents is usually performed before the
reaction takes place, but entails huge energy expenditure. Choedkiatsakul et al. [13], have assembled a new
flow system, which is made up of a multi-rotor high-shear mixer (HSM) connected to a multimode MW
reactor, to improve this homogenisation step. The premixed reagents (catalyst, methanol and oil) are fed first
to the HSM and then are continually passed through the glass coil reactor, which is subjected to MW. The
outlet stream, which includes products and residual reagents, is circulated to the HSM and fed again to the
reactor for a predetermined number of cycles. The system also includes a cooling system to disperse the heat
generated by the rotors and operating unit.
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Figure 2. Integrated flow reactor that combines high shear mixing and MW irradiation for biodiesel production
[13].

The performance of this system has been compared with that of a second system, which includes a turbo mixer
(conventional stirring), and it was that a biodiesel yield of 99.80 % was obtained after only 5 min of reaction
time (corresponding to 5 circulation cycles). The energy consumption of this new flow system is another
important aspect of this study. Indeed, A total energy consumption of 1200 kJ/L is around half that of the
conventional stirring system.

In a recent work [14], another continuous flow system for the process intensification of FAME production
using MW was investigated.
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Figure 3. Ultrasonic, hydrodynamic and MW-assisted biodiesel synthesis — A comparative study for
continuous processes [14].

In this study, a mono-mode device — a Miniflow - was used. The reactants enter the reactor, where they are
mixed, and the reaction products exit through the outlet at the top. The heat input is automatically and
continuously adjusted to keep the temperature at 40°C, whereas the residence time is changed with the flow
rate. The results show that the enhancing effect of MW is particularly strong when the catalyst concentration
is about 0.25%, but a stationary time of 180 sec is needed.

2.2 Ultrasound- and hydrodynamic-assisted processes

US consists of sonic waves above 20 kHz and can dramatically improve mass transfer and activate a catalyst,
boosting reaction rates. Rapid bubble growth and collapse generate hotspots within which high pressures and
temperatures are reached, although the solution bulk remains at around the starting temperature.
Heterogeneous catalysts can also act as nucleating agents for bubbles, assuring that the reaction occurs at their
surface.

Most US equipment operates at 20 kHz and can either convey US directly (immersion horns and cup-horns)
or indirectly (ultrasonic baths). Frequency, intensity, power output and working temperature are the relevant
parameters that influence the reaction. US can be applied either in continuous or pulsed mode.

Table 2. US- and HC-assisted processes for biodiesel preparation.

System Substrate Catalyst® Alcohol:oil  Conversion
Bath 40 kHz, titanium horn 20 kHz WCO* KOH 1.0 % 9:1° 90.6 [15]
Titanium horn 20 kHz uvo NaOH 0.5 % 9:1° 98.0 [16]
Titanium horn 26 kHz Canola oil CH3ONa 0.5 % 4:1° 80.0 [17]
Horn 20 kHz Rapeseed oil KOH 1:7° 90.0 [18]
Ultrasonic homogeniser WCO NaOH 0.5 % 8:6° 90.0 [19]
Horn 18 kHz Palm oil H>S04, KOH 925 [21]
Ultrasonic tubular reactor with 16 Refined Palm oil KOH 12 g/L 4.4:1 98.9 [22]
clamps 20 kHz
Rotor-stator reactor Palm oil, WCO NaOH 3.6 g/L, 4:1b 99.0 [23]
NaOH 5.6 g/L
Rotor-stator reactor WCO KOH 1.0 % 6:1° 98.0 [24]
Rotor-stator reactor Rubber seed oil KOH 4.0 % 6:1° 92.5 [25]

aw.t.% loading; ® Methanol; ¢ Ethanol; *Waste cooking oil

The differences between direct and indirect US applications have been investigated by Hussain et al..
Cavitation phenomena in batch experiments were studied by measuring the Root Main Square (RMS) voltage



of the US sources, which is directly linked to the acoustic pressure in the reaction medium [15]. The tested US
bath, working at 40 kHz, displayed a low RMS voltage value, indicating weak and inhomogeneous cavitation,
which is not suitable for transesterification. On the other hand, the titanium horn that worked at 20 kHz gave
intense and uniform cavitation, which was also due to acoustic streaming in the fluid (the turbulent flow of
liquid moving away from the tip of the horn). This was the most efficient set up for the experiments. A
combination of both gave results that fell in between those of the two separate techniques.

Martinez-Guerrera et al. have investigated how pulsed and continuous US irradiation can promote biodiesel
production [16]. In their study, US was applied to a simple mixture of “used vegetable oil” (UVO), with a FFA
content of 1.7%, using NaOH as the catalyst for esterification. Pulsed US was 5 sec on and 1 sec silent. Both
pulsed and continuous irradiation were performed with titanium horns in direct contact with the reaction
mixture. Pulsed US always performed better than continuous US in the experiments. The main difference lies
in the temperature profiles; under continuous US, the temperature reached 60 °C in 1 min, whereas pulsed US
stopped at 35 °C. High temperatures led to MeOH loss via evaporation and also to the equilibrium, and the
inverse reaction, being reached earlier. Overall, biodiesel yields were 5-10% higher with shorter reaction times
and smaller heat loss with pulsed US. At 150 W, the energy converted to heat was 3.52 % with the pulsed
mode, whereas it was 8.81 % with continuous mode, and this can lead to important energy savings. Pulsed US
gave a maximum yield of 98 % when applied to a 50 mL reaction, while continuous US was optimal at a larger
volume of 250 mL. This indicated that high energy densities are created in continuous mode and that, without
proper reactor design, these may lead to poor final results, whereas pulsed US may be easier to handle.

Shinde et al. have investigated the influence of reaction parameters on the production of biodiesel from Canola
oil in a continuous flow reactor [17]. In their study, about 80 % conversion was achieved after 2 min at 35 °C,
with a 4:1 methanol-to-oil ratio and using 0.5 w.t.% of CH3;ONa as the catalyst. The Kinetics were clearly faster
than those of a conventional process. US was generated by an US horn working at 26 kHz. Interestingly, the
authors noted that, while the amount of catalyst had a great impact, the residence time did not influence
conversion. This is linked to the fact that the reaction occurs in the small volume of liquid near the horn tip,
which is not influenced by overall reactor volume, meaning that flow reactors can be miniaturised without
influencing the conversion rate. Moreover, raising the temperature from 35 to 55 °C did not greatly influence
the results. It is hypothesised that the reaction temperature is that of the hotspot that is generated by the
cavitation, so a high bulk temperature is not needed in a US-assisted process.

Boffito et al. [18], have examined process intensification with US in both batch and continuous flow reactors.
The authors compared three different experiments: a conventional mechanically stirred experiment, a US-
assisted batch experiment, both stirred vessel and Rosette cell, and a US-assisted continuous experiment. In
the conventional, mechanically stirred vessel, the yield was 40% after 30 min, while, in the same time, the US
batch experiment gave a yield of over 90%. The Rosette cell reactor displayed a higher yield, about 96.5 %,
than the traditional vessel. This is due to the combined effect of acoustic cavitation and the turbulence caused
by the specifically designed loops. The authors investigated the influence of temperature and the use of pulsed
US in batch experiments. While high temperatures are usually adopted in conventional mechanical processes
to advance the kinetics and the solubility of oil and methanol, they also decrease the viscosity of the reaction
medium and lower cavitation efficiency. The study confirmed that high temperatures are not required under
US. Continuous flow experiments were performed using a 0.7 L and 0.07 L tubular reactor. In the smaller
reactor, the experiments were performed using both continuous and pulsed US. The reaction rate was very
high in the continuous reactor. After only 18 seconds, the yield was higher than 90% using pulsed US, because
the lower temperature avoided MeOH evaporation.

Several reactors have been tested for US-assisted transesterification. Delavari et al. [19], have studied US
combined with a helicoidal reactor for continuous biodiesel production. This system is composed of a 1500 W
ultrasonic homogeniser and a glass helicoidal reactor, both submerged in a hot water bath. This design made
for a very compact flow reactor; a length of 20 m was chosen because of the results of a previous study [20].
However, the total reactor size is only 48 cm. One helix was placed inside the empty space of a larger helix,
and this configuration reduced the space required. The optimised yield, of up to 90%, was achieved in 150 sec,
at a 1 L/min flow rate, 0.5% NaOH and an 8:6 methanol/oil molar ratio.



A two-step continuous process to produce methyl ester from FFA mixed crude palm oil has been investigated
by Somnuk et al. [21]. The system is equipped with a static mixer coupled with high-intensity US. In the first
step, esterified oil is produced by acid-catalysed transesterification, the reactants are pre-mixed with a static
mixer and US is used to accelerate the reaction. In the second step, crude biodiesel is obtained from base-
catalysed transesterification, the reactants (esterified oil and CH3;OK) are pre-mixed and US is used to
accelerate the second step.
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Figure 4. Two-stage continuous process to produce methyl esters from high FFA mixed crude palm oil using
a static mixer coupled with high-intensity US [21].

This system gives an optimised yield of 92.5 % after the purification process in a total of 6.5 hours. The
residence time in the US reactor was less than 20 sec for both the acid-catalysed and base-catalysed reactions.

In a recent work, Somnuk et al. [22], have compared the methyl ester purities provided by four different
continuous reactors with short reaction times: plug flow reactor, static mixer reactor, US clamp on tubular
reactor and static mixer combined with US. The results showed that higher methyl ester purity was given by
the US reactor. The highest ester purity was 98.98 wt.% after a 30 sec residence time, with 12 g/L KOH and
20 vol.% methanol. The average energy consumption in continuous biodiesel production, at 20 L/h in the US
reactor, was 0.035 kWh/L with a US power input of 2400 W.

Cavitation always occurs when a liquid is subjected to a rapid drop in pressure. This can be achieved using US
applications, but also with HC. The new generation of hydrodynamic reactors makes use of a rotor-stator
design in which a fast-rotating module creates the low-pressure zone as the liquid is pushed through its orifices,
and thus initiates cavitation. This, of course, also creates great turbulence in the liquid, and can be used to
enhance mass transfer and disperse solid particles, making it a game changer for biodiesel production as
reagents do not always have optimal solubility in each other.

Our research group investigated this technology in 2016 [23], using a commercial rotor-stator reactor equipped
with a 7.5 kW electric engine that was used for the transesterification of refined and bleached palm oil in
methanol with NaOH as the catalyst. The process was divided into two steps. First, the oil was mixed with
75% of the needed methoxide solution at reaction temperature, and it then underwent a first reaction cycle.
After the first step, glycerol was allowed to separate and the biodiesel layer, together with the unreacted FFA
and triglycerides, was mixed with the remaining 25% of the basic solution and it all underwent a second
cavitation step. The optimal conditions were 50 °C, 15 min of cavitation and a flow rate of 390 L/h, equivalent
to a 10-sec residence time in the reactor, leading to a 99% conversion yield. The energy consumption was
0.030 kW/h per L of biodiesel, which is significantly lower than the approximate 0.222 kW/h of a conventional
process. This technology also proved itself to be viable for scale-up, in view of the good results obtained at



such a fast flow rate. Chuah et al. confirmed these findings when an HC 50 L reactor was compared to a
mechanical-stirrer-based reactor for biodiesel production from WCO [24]. Under the optimal conditions, of
1% KOH, a 6:1 MeOH/oil ratio, and 60 °C in 15 min, a 98 % methyl ester yield was found. The HC system,
which worked at 600 rpm, was much more efficient than mechanical stirring, which only gave 19% conversion
in the same time period. Overall, HC technology was found to be six-times faster for the complete conversion
and to give eight times the yield of a conventional system in 15 min. These advantages are linked to the ability
of HC to efficiently mix the reagents and overcome their resistance to mass transfer, thus leading to shorter
processing times and energy savings.

Samuel et al. [25], have studied the influence of EtOH on biodiesel production under HC. A yield of 92.5 %
was obtained with a 6:1 ethanol/oil molar ratio and 4 wt.% of catalyst in 40 min. In this case, ethanol was less
miscible with the rubber seed oil used, and this resulted in a slower reaction rate compared to that of methanol.

2.3 Combined technologies

Special attention should be paid to combinations of US and MW as they have positive effects on reaction time
and give high product yields [26]. MW dielectric heating can selectively act on a reaction mixture (heating of
MeOH and catalyst), while US increases mass and heat transfer, meaning that they lead to higher process
efficiency when combined.

There are two approaches to efficiently combining these two different technologies. The first makes use of
separate reactors, one with US and another with MW, and a pump that circulates the reaction mixture. The
second set up involves simultaneous US and MW irradiation in the same hybrid reactor and the use of a non-
metallic horn (Pyrex, quartz, ceramic horns and specific polymers like PEEK) [27], that, however, cannot
operate at high vibrational amplitudes [28].

Table 3. Combined techniques for biodiesel preparation.

System Substrate  Catalyst® Methanol:oil Conversion
MW, Pyrex US horn 20 kHz Palm oil KOH 1.0 % 6:1 97.5 [29]
MW, US horn WCO NaOH 0.7 % 6:1 97.6 [30]
MW, US horn WCO BaO 0.7 % 6:1 96.0 [31]
Titanium US horn, rotor-stator reactor WCO NaOH 1.0 % 6:1 90.4 [32]

2w.t.% loading

The MW/US combination was investigated by our group in 2015 [29], in a multimode MW apparatus (900 W)
with a Pyrex horn that was placed in contact with the reaction medium, and that worked at 20 kHz and 100 W
input power. The apparatus was used to study the transesterification of palm oil and the influence of different
parameters on the final yield, using the RSM method. The methanol/oil ratio was the most important factor;
up to 6:1, biodiesel yield was improved, while, at higher ratios, glycerol started to solubilise and reverse the
reaction. KOH was used as the basic catalyst, 1 w.t.% loading was found to be optimal and avoided
saponification. Finally, MW and US irradiation times were investigated and the optimal durations were 129
sec for MW and 136 sec for US. Under these optimal conditions, the experimental biodiesel yield was 97.5 %.
A remarkably high yield was achieved in only 2 min, which is significantly faster than the reaction times of
conventional methods (usually over 1 hour) and of MW and US each used alone in our previous experiments.
Energy consumption was of 0.36 MJ/L, which compares favourably to the 1.92 MJ/L of a conventional
process.

Another example has been published by Martinez-Guerra et al. who tested a system with a MW unit combined
with a US horn and a reflux condenser [30]. Waste vegetable oil (about 20 mL) was added to the mixture of
methanol and NaOH and was irradiated with MW/US (100/100 W). A 97.6% biodiesel yield was obtained in
2 min with a 6:1 methanol/oil ratio, and 0.75 wt.% NaOH. The biodiesel yield achieved with the combined
MWI/US irradiation was higher than both single MW and single US irradiation (87.1% and 89.8%
respectively). The energy consumption of these hybrid conditions was 0.3 kJ/g for 18 g of oil and 1.3 kJ/g for
72 g of oil, which are both lower than the energy used in conventional heating and mixing.
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Figure 5. Synergistic effect of simultaneous MW and US irradiation on the transesterification of waste
vegetable oil [30].

The same authors have also published a work on the combined effect of MW and US irradiation on the
transesterification reaction of waste vegetable oil, as catalysed by barium oxide (BaO) [31]. The catalyst is
poorly soluble in methanol and was easily removed by filtration with a simple work up. A biodiesel yield of
96% was obtained in 2 min with 0.75% catalyst loading, a methanol/oil ratio of 6:1 and 100/100 W MW/US
power input.

US can also be coupled with HC to maximise the activation of a catalyst and the contact between all the
reagents. Farvardin et al. have used a combined flow US and HC system for the production of biodiesel from
WCO (MeOH and NaOH) [32]. RSM was used to optimise the reaction parameters: catalyst loading, MeOH/oil
ratio and reaction time,1 w.t.%, 6:1 ratio and 60 sec, respectively. Sonication (250 W) mixed the reaction
components and a peristaltic pump then transferred the liquid to the HC reactor (3200 rpm at 750 W). A methyl
ester yield of 90.45 % was obtained in 1 min, while an equivalent yield required over 90 min under
conventional mechanical stirring.

3.0 Innovative catalysts for biodiesel production

The most obvious modification to improve the sustainability of this reaction would be to switch from
homogeneous to heterogeneous catalysis, as heterogeneous catalysts can be easily recovered via filtration or
centrifugation. Unlike homogenous catalysts, recovered solid catalysts can usually be reused for several cycles,
sometimes even without a regeneration step [33].

Table 4. Innovative catalysts for biodiesel preparation.

System Substrate Catalyst Loading  Alcohol:0il* Conversion
Conventional Soybean oil K2COs/Al-Ca 2,0 w.t.% 13:1 95.0 [34]
hydrotalcite
Conventional Mesua ferrea oil Co@znO 2.5 w.t.% 9:1 98.0 [35]
Conventional Rapeseed oil Na,CO3 5.0 w.t.% 11:1 96.0 [36]
Conventional Sunflower oil Kr@MgO 3.0w.t.% 10:3 98.0 [38]
MW WCO CaO 1.3 w.t% 9.6:1 90.4 [39]
MW Waste lard CaOlzeolite 3.0 w.t./vol % 30:1 97.1 [40]
Conventional Sunflower oil CaOl/zeolite 6.0 w.t.% 6:1 97.5 [41]
Conventional Sunflower oil K2COs/y-Al203 5.0 w.t.% 12:1° 99.3 [42]
Conventional Sunflower oil S-ZrO/MCM-41 5.0 w.t.% 9:1 96.9 [43]
MW Yellow horn seed oil Novozym 435 8.0 w.t.% 6:1 95.0 [45]
MW WCO Novozym 435 10.0 w.t.% 6:1° 94.0 [46]
us Soybean oil, WCO Combi-lipases 25.0 w.t.% 5:1° 90.0, 70.0 [47]
us Lauric acid CALB 10000 2.0 w.t.% 2:1° 96.8 [48]
MW Nannochloropsis sp. [EMIM]MeSO4 - - 36.7 [49]
MW Calophyllum in. [BMIM]HSO4 0.5 w.t% 9:1 92.8 [50]




Conventional Jatropha seed oil [5-CD-6-Im- 3.0w.t.% 10:1 94.7 [51]
(CHy)s-
HSO;3][HSO4]-
FesO4
MW WCO SO4/Fe-Al-TiO, 3.0w.t.% 10:1 96.0 [52]
a Methanol ° Ethanol ¢ Dimethyl carbonate

Many examples of heterogeneous catalysts have been reported in the literature. Sun et al. have reported the
use of K,COs-loaded Al-Ca hydrotalcite, which gave 95% conversion in 2 h at 65 °C with 2 w.t.% catalyst
loading and could be reused up to four times with conversions above 87% [34]. Borah et al. have synthesised
cobalt doped ZnO for use as a heterogeneous catalyst and achieved 98.03 % conversion at 60 °C with a catalyst
loading of 2.5 w.t.%. The catalyst could only be reused twice due to the leaching of active Co species [35].
Malins has presented an in-depth study of the applicability of different anhydrous alkali salts for the reaction:
K3PO4, K2COs, NasPO., Na,COs. Activity, recovery, reusability, and air stability were all considered when
selecting the best candidates for industrial applications. Potassium salts were the most active but were also less
stable and harder to recover from reactions. Sodium salts had similar activity and recovery rates above 80%.
However, Na,COz showed the highest stability and was used five times without regeneration, giving
conversions above 96% [36].

Metal oxides can be exploited for the reaction, and an example of this is K*-doped MgO, derived from MgCOs,
for the transesterification of sunflower oil [37]. MgO was obtained via the calcination of the original carbonate
at 800 °C. MgCO; did not show any catalytic activity and MgO 3.0% loading only gave 45% conversion after
15 h at 65 °C. Interestingly, when a 50% KOH solution was added to the carbonate before calcination, a
crystalline structure that incorporated both cations was obtained. This K*-doped material displayed 98%
conversion after 30 min and could be recovered and reused, although with lower conversions (50%) after 2 h
[38].

Calcium oxide is a cheap, basic catalyst for the transesterification of vegetal oils with low FFA contents.
Sharma et al. have compared its activity to that of KOH for biodiesel production from WCO under MW
irradiation [39].
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Figure 6. MW-assisted biodiesel production process with either CaO or KOH as the catalyst [39].

An RSM-based design-of-experiments (DOE) approach was used to optimise the reaction conditions:
methanol/oil ratio, catalyst loading and reaction time. Furthermore, the activation energies of the different
catalysts were estimated by running the reaction at different temperatures: 45, 50 and 55 °C. As expected,
KOH is more active, with an activation energy of 13.05 KJ/mol versus 28.93 KJ/mol for CaO. However, it
was noted that both materials were efficiently activated by MW and that their activation energies were much
higher than in the comparative conventional experiments, 34.5 and 50.4 KJ/mol respectively. It was found that
catalyst loading, and reaction time had the most important impact. The optimal CaO conditions, leading to a
90.4% yield, were a 9.6:1 alcohol /oil ratio, 1.33 w.t.% of catalyst and 9.7 min. The heterogeneous catalyst
was recovered and reused for four cycles with yields of above 90% being maintained, as confirmed in scale-



up tests. With CaO, the energy-efficiency factor for a 50 mL scale reaction was 0.21 with MW, and 0.010 with
conventional heating.

Lawan et al. [40], have studied the optimisation and modelling of a biodiesel-production process using CaO
on silica zeolite under MW. Seven samples of CaO-loaded zeolite, which corresponded to different
concentrations of agueous calcium acetate in the impregnation, were produced and tested. The sample with the
best yield was the 35 w.t.% CaO/Zeolite. The authors carried out thirty sets of experiments to check the optimal
reaction conditions for biodiesel production, and a 97.13% yield was achieved (8% catalyst, 30:1 methanol/oil
ratio in 1.25 h, 595 W power input). The synergy between MW and the 35% CaO/Zeolite catalyst reduced the
reaction residence time and energy consumption, thus improving efficiency, costs and sustainability. Although
the heterogeneous catalyst was recovered and reused, the biodiesel yield decreased when the catalyst was
reused for several runs. This is due to the presence of some reacting species that remain on the surface of the
catalyst after regeneration.

Pavlovich et al. have recently reported an interesting catalyst [41]. CaO is obtained from eggshells and
supported on a zeolite-like material from fly ash (which is a by-product of domestic and industrial combustion
machines). The ability to obtain an effective catalyst from inexpensive and renewable substrates is very
tempting for realistic industrial approaches. However, catalyst preparation is still quite harsh. Fly ash (FA) is
firstly calcinated at 850 °C for 2 h, then acidified with 6 M HCI at 60 °C. To obtain the zeolite-like support,
the samples were subsequently hydrothermally crystallised in 6.25 M NaOH at 260 °C for 4 h. The material
still requires neutralisation, washing and drying before being ready for use. The transformation of eggshells to
active CaO is easier and has already been reported in the literature; being composed primarily of CaCQOs, it
only takes a single 900 °C 2 h step in a furnace to obtain the desired material (named ES-900) from eggshells.
Lastly, the two materials are put together in an aqueous solution at 60 °C for 6 h, then filtered and dried and
calcinated at 650 °C for 4 additional hours to obtain the supported catalyst CaO/FA-ZM. Although far from a
green procedure, the catalyst’s use is of interest. Catalytic tests were performed on 500 mL sunflower oil at
different temperatures, methanol-to-oil ratios, and catalyst loadings. The optimal conditions were found to be
60 °C, a 6:1 methanol/oil ratio and catalyst loading of 6 w.t.% to give a 97.8 % yield in fatty acid methy| esters
(FAME) in 30 min. The catalyst was recovered and reused five times without regeneration and with negligible
yield loss. Catalyst performance and stability are remarkable, and its inexpensive raw materials make it an
ideal candidate for further tests that may be able to develop a more sustainable synthesis for the material.

A recent work by Junior et al. has investigated the role of the shape of a heterogeneous catalyst, which is a
crucial topic for industrial applicability [42]. For this reason, the authors tested three shapes for a boehmite
support that was impregnated with K,COs, which gave the catalytic activity to the material. Catalysts
containing 35 w.t.% K,COs; were tested in powder, hollow-cylinder and solid-cylinder form for the
transesterification of sunflower oil with ethanol, working at 80 °C, 5 w.t.% of catalyst loading and a 12:1
alcohol-to-oil ratio for 4 h. The best result, 99.3% conversion, was achieved with the hollow cylinder; the
powder agglomerated over time, reducing its activity in the long run, while the solid cylinder showed
insufficient macroporosity. As the authors point out, although highly active, powders can agglomerate and are
difficult to separate from a viscous medium, meaning that the hollow cylinder-shaped catalyst may be a viable
solution for industrial development.

Solid acidic catalysts have also proven themselves to be good candidates for the esterification reaction for
biodiesel. Metal oxides modified with sulphate ions, in particular, are characterised by high strength, toughness
and good corrosion resistance. Dehghani et al. have investigated the influence of US irradiation on the catalytic
properties and performance of sulphate mesoporous zirconium-doped MCM-41 (Zr/Si molar ration=0,2) [43].
The catalyst is prepared via the US-assisted impregnation/hydrothermal hybrid method.
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Figure 7. Sono-sulphated zirconia nanocatalyst supported on MCM-41 for biodiesel production from
sunflower oil: Influence of US-irradiation power on catalytic properties and performance [43].

Three samples were prepared at different irradiation power levels, 30, 60 and 90 W, the latter of which gave
the highest yield (96.9%). This sample is characterised by a smaller particle size and highly dispersed particles.
The catalyst was reused for several cycles with only a partial loss of activity. After five cycles, the biodiesel
yield dropped to 26%, probably due to acid-site blockage by the adsorption of intermediates. The conversion
loss with the sonicated catalyst is, nevertheless, less than the conversion loss of the non-sonicated catalyst.
This demonstrates the beneficial effect of sonication on catalyst performance.

Heterogeneous catalysis also comprises enzymes, which are biocatalysts that show remarkable selectivity,
activity and are, of course, derived from renewable feedstocks (namely, microorganisms) [44]. Innovative and
green as they are, the main barriers to their industrial application is their lack of stability and high cost. A great
deal of effort has therefore been invested in overcoming these troubles. An interesting work by Zhang et al.
[45], has approached the matter with many innovative tools. A supported enzyme, Novozym 435, was used to
produce biodiesel from yellow horn seed oil under MW irradiation, using a green deep eutectic solvent that is
based on glycerol and chlorine choline. During the reaction, biodiesel separates from the DES, while glycerol
is dissolved in it, so that methanol remains available for transesterification. As transesterification proceeds
through an equilibrium, the removal of the products is important to achieving high conversion. The chosen
DES (choline chloride and glycerol in 1:2 ratio) performed better than t-BuOH and an imidazolium salt-based
[BMIN]BF; ionic liquid (IL). Catalyst loading was fixed at 8 w.t.% to achieve satisfactory conversion, while
higher content favoured agglomeration. As stated by the authors themselves, the enzyme is costly and this
content is fairly high, however, they proved that it could be recovered via centrifugation and reused up to 5
times with yields above 80 % being maintained. The enzyme proved itself to be unexpectedly robust, even
under MW radiation, but careful handling is still needed as it has been noted that over 400 W of MW power
can damage it. Overall, the optimal conditions for the reaction were found to be 8 w.t.% of catalyst, a 6:1
methanol/oil ratio at 50 °C for 2 h, which gave 95 % conversion.

A paper by Pandare et al. has also enhanced the enzymatic activity of Novozym 435 for biodiesel production
from WCO with MW irradiation [46]. What is more, the authors used dimethyl carbonate (DMC) in a 6:1 ratio,
to the oil, instead of MeOH for the formation of the target methyl esters. DMC is an organic carbonate that is
regarded to be a green solvent and that can be synthesised by consuming CO,. The different reaction parameters
were studied and optimised. Catalyst loading of 10 w.t. % was chosen, as superior quantities led to worse
results, mainly because of the increase in viscosity. It was observed that, as viscosity increased, temperature
inhomogeneities were created that can deactivate the catalyst, meaning that stronger mixing is needed, which



can also damage the enzyme. The reaction temperature was set to 60 °C, meaning that the optimised parameters
were then a 6:1 DMC-to-oil ratio, 10 w.t. % catalyst, 60 °C and a duration of 4 h, after which 94 % conversion
was achieved. The catalyst was recovered and reused for 6 cycles with only a 12 % decrease in conversion
being observed, which shows the applicability of MW to enzymatic catalysts. Experiments that made
comparisons with conventional heating showed that 23 h were required under the same conditions to achieve
a comparable conversion.

Trials have also been carried out to combine enzymatic catalysis with US. One example is a work by Poppe et
al., who recently used combi-lipases for the transesterification of WCO: a mixture of supported Candida
antartica, Thermomyces lanuginosus and Rhizomucor miehei was created after a design of the experiment
process to obtain the best results on the specific substrate [47]. Combinations of different biocatalysts can
sometimes indeed lead to better results. Lipases are widely used as catalysts in biotechnology and can show
different selectivity towards some fatty acids or groups of fatty acids. It is then possible to mix them to properly
catalyse the transesterification of complex matrixes in what are called “combi-lipases”. In this work, reaction
conditions were optimised for US (40 kHz, 220 W) to shorten the reaction time; enzymatic processes tend to
be very costly, meaning that short durations can make them more viable. However, the reaction still required
18 h to achieve a yield above 90 %, despite the conversion of WCO being two-times faster than that of
mechanical stirring in the first 2 h. The catalyst was recovered and reused, but a drop in conversion was already
observed after the second cycle, possibly because of the leaching of the catalyst from its support. US can
indeed damage the enzymes if power input and reaction time are too elevated, so the process must be carefully
designed. Gawas et al. have conducted an in-depth study of the applicability of US to enzymatic catalysis. A
25 kHz US plate was used to enhance the activity of CALB 10000 for the esterification of lauric acid with
EtOH [48]. In their study, EtOH was added stage-wise to the reaction in order not to deactivate the enzyme,
maintaining an approximate alcohol-to-acid ratio of 2:1. This proved to be beneficial to increasing the yield,
compared to a single EtOH addition.
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Figure 8. Dependence of % conversion on the EtOH-addition procedure [48].

Moreover, US power was tested for its optimum value. Up to 100 W, the use of US was beneficial for the
reaction, while higher power created high cavitation, which damaged the catalyst and impeded proper solid-
liquid mass transfer. With this carefully chosen set-up, the authors achieved 96.87 % conversion in 40 min,
which is almost 6-times faster than the mechanical stirring reaction, with a catalyst loading of only 2 w.t.% at
50 °C. Furthermore, under these conditions, it was possible to reuse the catalyst up to 5 times with conversions
above 80 %. This work is interesting and promising, but it is based on a simplified system and trials on WCO
are needed to prove its applicability to real case scenarios.

Another protocol that uses ILs as solvent and basic catalyst has been proposed by Wahidin et al. [49]. The ILs
were recovered and reused. Three different ILs and two organic solvents (hexane and chloroform) were



compared in the parallel extraction and conversion of triglycerides from Nannochloripsis sp. microalgae, for
which the kinetics were boosted with MW irradiation. Methanol was used as the co-solvent and reagent for
the transesterification step. Microalgae are a convenient source of triglycerides that do not compete with the
food industry, and a parallel extraction/conversion setup is industrially attractive. The temperature was kept at
65 °C for a range of reaction times (MW power 800 W) and different solvents were compared. Cell disruption
was monitored via microscopic imaging (FESEM) as an indicator of extraction yield, while biodiesel yield
was used for the second step. ILs performed better than hexane and chloroform in both steps, with the best
result being achieved by 1-ethyl-3-methyl imidazolium methylsulphate [EMIM]MeSQ,, with a final biodiesel
yield of 36.79 % after 15 min. ILs showed better extraction kinetics than the organic solvents
(methanol/chloroform gave only 28.82 % yield). Their highly ionic nature makes them an ideal synergic
partner for MW heating.

Handayani et al. [50], have also investigated transesterification in the presence of a ILs (1-butyl-3-methyl
imidazolium hydrogen sulphate) under MW. The highest yield (93. 99%) was obtained in 6 min by adding
NaOH 1w.t. % at 60 °C with a methanol/oil molar ratio of 9:1.

Magnetic ILs have been developed by Chang et al. [51]. The authors encapsulated magnetite nanoparticles in
the cavity of B-cyclodextrin that had been grafted with an imidazolium residue. Sulfuric acid was used to create
the sulphate salt which was mixed with choline chloride at 80 °C. The synthesised IL showed remarkable
acidity, with 3.2 mmol/g of Lewis acid sites, and was used to produce biodiesel from Jathropa carcas L. oil.
94.70 % conversion was achieved at 130 °C, using 3 w.t.% catalyst and a 10:1 methanol/oil ratio in 3 h. The
relatively high temperature and reaction time may suggest that this catalyst is less active than its homogeneous
counterparts. However, this catalyst was quantitatively recovered post-reaction with an external magnetic field
and reused 5 times without significant loss in conversion. This is potentially a huge advantage for greener
processes, in the long run.

Gardy et al. have also worked on the synthesis of a magnetic solid catalyst, but this time with inorganic
components only [52]. A SO4/Fe-Al-TiO, catalyst was prepared via the stepwise deposition of alumina and
iron oxides on commercial titania nanoparticles. This process gave the catalyst its paramagnetic properties, in
addition to an improved surface area and thermal stability, compared to titania alone. Sulphate groups were
added via the addition of chlorosulphonic acid at 60 °C and subsequent calcination. The catalyst then showed
a Bronsted acidity of 1.18 mmol/g. The catalyst was used for biodiesel production from WCO and from corn
oil with 20 w.t.% of FFA under the following conditions: 10:1 MeOH-to-oil ratio, 3 w.t.% catalyst loading,
2.5 h at 90 °C. Over 95 % conversion to biodiesel was achieved in both cases, showing the robustness of the
catalyst. The sulphated catalyst was then recovered, washed and calcinated at 250 °C for 2 h to be reactivated
for another reaction cycle, and a yield of above 90 % was still possible after 10 recycling runs.
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Figure 9. Paramagnetic SO4/Fe-Al-TiO; synthesis [52].
4.0 Flow processes

Green catalysts can work in tandem with enabling technologies to improve the results and energy efficiencies
of flow-mode processes. Continuous flow processes are more suitable for industrial application because of the
intrinsic limitations of MW and US penetration depth (a few centimetres). Flow reactors allow fast, continuous
processes to be carried out without the use of large and bulky reaction chambers, so that MW and US
applications can be safe and precisely monitored.

Table 5. Flow processes for biodiesel preparation.

System Substrate Catalyst Methanol:oil Conversion
Conventional WCO hydrotalcite-type - - [53]
MW WCO Sro 6:1 93.0 [54]
MW WCO SrO/SiO; 12:1 99.0 [55]
us WCO Novozym 435 6:1 95.0 [32]

Dimian et al. have made use of industrial knowledge develop a modular, laboratory size flow reactor for the
transesterification of WCO or vegetable oil over solid catalysts [53]. Batch experiments were initially used to
determine how the starting feedstock, which varies in composition in the ratio of saturated and unsaturated
FFA and triglycerides, influences the kinetics. The tests were run over a hydrotalcite-type catalyst and showed
how saturated triglycerides have faster conversion rates, as the absence of rigid double bonds facilitates
diffusion into the pores of the catalysts. However, saturated chains longer than C20 become slower than shorter
unsaturated chains. This led to the development of a modular set up that includes different packed columns
containing the catalyst and a switch to bypass or include them in the flow. This enables the transesterification
to be performed in one, or more stages if needed, with the intermediate removal of glycerol with a membrane
filtration unit. This also led to energy savings. Residence time could also be controlled and adapted to the
feedstock that was being processed.

A study by Lee et al. has performed a parametric study of the conversion of soybean oil and waste cooking oil
(WCO) over SrO , which was used as the catalyst with MW irradiation, followed by a scale-up to a flow MW
system [54]. SrO is a known heterogeneous base catalyst that interacts well with MW radiation. Its main
drawback is that it usually has a low active surface area. However, the authors state that it is more active than
other oxides and less prone to forming saponification reactions. A screening of the optimal parameters was
performed on soybean oil in a batch system and it was found that a methanol/oil ratio of 6:1, 3 w.t.% of catalyst
and 500 W power were the best conditions for the reaction, giving 97 % conversion. Higher amounts of
methanol or higher MW power lowered the yield, possibly because of an increase in secondary reactions.
Although the first cycle gave a satisfactory yield and quantitative recovery of the catalyst was possible, SrO
recycling led to a considerable drop in conversion from 97 % to 36 %. This is due to the agglomeration of the
nanoparticles under excessive MW heating, and to char being deposited over the catalyst surface, meaning that
re-activation may be needed.



(a) Isolated oil experimental design about batch system

Hot water out

0il, methanoland | &~ T T TTTTT7 A
strontium oxide :
2 . I
Cold water in "4

' py O

—
A¥I<EIE]

a @) ) 0

(b) Isolated oil experimental design about batch system continuous fluid-flowing system

- ) (6)
(4) — n / n / 1
@) I
El:;] ' ®) ©)
3 — | I
I
[P SR SR S | e v
T
M —- - +— @ (10)
0a
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Moreover, the authors did proceed to scale-up to a flow system, processing 2 L of WCO with a flow rate of
170 mL/min with a peristaltic pump. Under these conditions, the temperature was 65-66 °C and conversion to
biodiesel was up to 93%, which may be due to the more complex composition of WCO compared to that of
soybean oil. However, even with the small decline in conversion, the processing speed of a unit volume of
WCO was approximately 45-times quicker than that of the batch system, which already only needed 4 min of
reaction time. This proves the scalability of the reaction.

A similar study has been performed by Tangy et al. using the commercial flow MW reactor FlowSYNTH to
convert WCO to biodiesel over a SrO-based catalyst [55]. However, to overcome the drawbacks of SrO
nanoparticles (short lifetime, low surface area and possible flow impediments), the authors prepared a
supported catalyst where SrO was deposited over millimetric silica beads to be packed inside a fixed-bed
reactor, for a hydrothermal MW-assisted synthesis. After a preliminary study of the optimal parameters over
the commercial SrO, it was found that neither flow nor temperature, in the range of 60-70 °C, had a huge
impact on conversion. A flow of 100 mL/min at 65 °C was therefore chosen to obtain the homogeneous shifting
of the liquid without violent pressure drops. The reaction time was 10 min with a 12:1 methanol/oil ratio.
Higher values did not improve the conversion. Finally, a SrO content of 1.25 w.t.% was found to be optimal.
The reaction was then run over the prepared SrO/SiO; (41.3 w.t.%) catalyst, and the biodiesel yield ranged
from 93-99 % for the first 25.6 min of flow, with 2.46 L of material being processed without loss in activity.
Only when 4.92 L were processed, did the yield drop to an unsatisfactory 77.6 %. This proved that the
supported catalyst is robust under MW irradiation and that it is suitable for a flow process, without clogging
the tubes. The activity loss is mainly due to the leaching of the metal oxide into the reaction medium. The
authors found that nearly 16.4 w.t.% of SrO was lost after 49.2 min of the run. While this is not economically



nor environmentally desirable, the scalability of the process is clear and, with enough research to stabilise the
heterogeneous SrO, it may very well substitute homogeneous bases in the future.

A continuous process under US for soybean FFA enzymatic esterification with Novozym 435 has been
performed by Zenevicz et al. [56]. Their set up consisted of a tubular packed-bed glass reactor immersed in a
US bath working at 40 kHz (132 W input power). Preliminary tests were carried out at 65 °C, 2.5 mL/min of
flow rate and a 6:1 EtOH-to-FFA ratio. Novozym 435 activity for the transesterification was estimated by
measuring the consumption of lauric acid in fixed experimental conditions. The result was 47 U/g, where one
Unit is considered to be “the amount of enzyme leading to the consumption of 1 mmol of lauric acid per min”.
Under these conditions, 95 % conversion was obtained after 6 min and this remained stable for the total 60
min of the experiment, which displays the stability of the system under US irradiation. The use of US improved
the result by about 10 %, compared to a silent test.

5.0 Conclusions

This survey of green processes, sustainable catalysts and enabling technologies highlights the great advances
achieved in the last few years in an unequivocal direction: the conversion of batch reactions to continuous flow
processes.
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