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Abstract: This mini review discusses the roles of intensification process in biodiesel production. Due to
the Twelve Principles of Green Chemistry as a foundation for sustainability, the shorter time and efficient
energy consumption highlighted the use of microwave and ultrasound irradiation for increasing
conversion of biodiesel. The principles and some examples for the process are exhibited. It can be
summarized that the intensifications are important innovations, but some optimization and life cycle
analysis are required in applicable scales.
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Introduction

Renewable energy research is receiving increasing attention in the last decade. It is reported that
the consumption of petroleum is 105 times faster than what nature can provide and until now the world's
fossil fuel reserves will decrease until 2050 [1], [2]. Meanwhile, fuel consumption is expected to increase
by 60% or more over the next 25 years. To reduce dependence on fossil fuels, many countries have
committed to renewable energy production while anticipating an increase in greenhouse gas emissions at
national and international levels [3], [4]. Biodiesel is one of the selected renewable energies which
properly developed for Asian countries. The abundant potencies of plant oils are the main reason besides
the easy and fast production of biodiesel [5], [6].

As many chemical processes, some technical factors an important in the productivity of biodiesel.
Encouraged by this, in the last decade, the concept of green chemistry has become a central topic in the
development of all aspects of chemistry, including synthetic organic chemistry [7]-[9] With 12 principles
of green chemistry, the development of production technology that uses the mechanism of synthesis of
organic compounds is directed towards environmentally friendly processes. Some of these aspects are the
atomic economics of a reaction in which the principles of using as few chemicals as possible and
preventing waste are adhered to[10]-[12]. By these principles, the use of low-cost catalysts is chosen. In
this regard, catalysis using heterogeneous catalysts is the key to green conversion [12], [13]. In addition,
by the concept of less energy such as the electrical energy needed to transfer kinetic energy in each
molecule involved in the reaction and no less important is the reusability of components from a reaction
mechanism. The developments cover the intensification of transesterification in biodiesel production.
This mini review discusses the intensifications on biodiesel productions and the perspective for future
developments. The review focused on the use of microwave and ultrasound methods for intensifications.

Intensification in Biodiesel Production
Intensification of the biodiesel production process is carried out by several factors in the principles
of sustainability in chemical processes. Some intensification parameters include:
a. E-factor: the number (kg) of byproducts relative to the number (kg) of the main product
b. Atom economy: the ratio of the molecular weight of the main product relative to the reactant
c. Energy consumption is how much power is used in alternative processes compared to the
power needed from conventional processes.
d. Renewable resources: This is related to the use of renewable materials in the production
process[2], [14]-[18].
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The use of microwave radiation, ultrasound, and supercritical conditions is widely used. Based on
recent papers, microwave and ultrasound irradiation gave a shorter time in biodiesel production, which
is closely related to the efficiency of the product[19]-[23]. Meanwhile, the supercritical to accelerate the
kinetics and reaction mechanisms have also been developed. Not only for reactions but microwave
radiation has also been introduced for various procedures such as digestion and extraction of
materials/samples in analytical procedures[24].

For chemical reactions, microwaves are an alternative form of energy that significantly reduces
reaction time. In the case of biodiesel production using microwave irradiation, studies put forward the
energy conversion factor of a short reaction time, but the aspect of harmony with other aspects such as
waste reduction and concise stages has not been widely studied. For example, in the conversion of
biodiesel, NaOH catalysts are widely used in industry[25]-[29]. Its use in the system as a homogeneous
catalyst makes it a consumable material because it cannot be reused. Substitution of NaOH catalyst with
alkaline solids is more advantageous both in terms of minimizing material and reuse and easy
separation[30]—[34].

The use of MW irradiation in biodiesel production processes is closely related to energy
consumption whereby using MW the reaction can take place in a short time and is linear with the overall
amount of energy needed in the process[35][36][10],[37],[38]. The publications related to the use of MW
in biodiesel production increased from year to year as presented in Figure 1.
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Figure 1. Number of publications on the use of MW in biodiesel production (Source: Scopus Database)

Microwaves (MW) are electromagnetic waves with frequencies between 0.3 GHz and 300 GHz

and are forms of energy that are quite high in the electromagnetic spectrum. Because of its relatively short
wavelength of MW radiation contributes great energy by the Max Planck equation (eq.1):

E =h§ (1)

The MW spectrum is between infrared waves and radio waves between 0.01 and 1 m [39],[40]. In
general, commercial MW ovens operate with a frequency of 2.45 GHz set to anticipate interference with
telecommunication waves and cellular phone frequencies, while for industrial applications there are two
frequencies namely 915 and 2450 MHz although the frequency of 2450 MHz (corresponding to the
wavelength of 12.24 cm) is more widely used. In these waves, the absorption of microwaves by fluids is
considered optimal.
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When MW irradiation hits the material /reactant, there will be interactions between molecules
including:

a. Dipoles interaction: The dipoles of the molecule will drain the electron charge as the
oscillation field causes collisions between molecules and generates heat. The heat of each
collision between these molecules is effectively used as energy in reactions.

b. Ionic conduction: Ionic conduction can occur if in the system there are free ions or ionic
species. The electronic charge of the movement of the ions leads to more effective heating and
interaction of the reaction process.

The schematic representation of the difference in conduction with regular heating and MW irradiation

can be seen in Figure 2.
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Figure 2. Differences in heat flow patterns in regular heating and MW

The MW irradiation is related to lower energy compared to the Brown's motion energy so it's not
strong enough to break chemical bonds. The effect of MW irradiation on energy on chemical or
biochemical reactions occurs both thermally and non-thermally. The frequency of microwaves (300 MHz
- 300 GHz) corresponds to an energy of 1.24 X 10-6-1.24 x 10-3 eV, respectively. This energy is much
lower than the ionization energy of biological compounds (13.6 eV), covalent bond energy such as OH-
(5 eV), hydrogen bond (2 eV), van der Waals intermolecular interaction (lower than 2 eV), and even
lower than the energy associated with Brown motion at 37 °C (2.7 10-3eV)[22],[41],[42]. Microwaves, as
an energy source, generate heat by their interaction with matter at the molecular level without changing
the molecular structure. Microwave heating offers several advantages over conventional heating such as
heating without direct contact to reduce the risk of overheating on the surface of the material, energy
transfer does not involve heat transfer or radiation penetrative, heating is fast.

The use of MW energy in biodiesel production is carried out in two main objectives: oil extraction,
and chemical transformation of oil into methyl ester through transesterification reactions.

a. Microwave-assisted oil extraction

In-plant seeds such as soybean seeds and corn kernels' energy sources are stored in the form of oil
in the embryo. For example, most soybean seeds are made up of cotyledons, which are mainly composed
of lipids, proteins, and carbohydrates (cell wall polysaccharides and sugars). Previous studies on the
microchemical structure of soybean seeds have shown that lipids, carbohydrates, and proteins occur in
the cotyledon unevenly but are in cluster form[35],[43],[44].

Lipids are biological tissues in parts of plants. Various interactions and forces between molecules
such as van der Waals force, electrostatic force, hydrogen bonding, and covalent bonds exist between
molecules so that sufficient energy is needed to separate oil/lipids from other materials or
molecules[19],[23],[45]. For this purpose, several methods have long been developed including solvent
extraction methods, Soxhlet extraction, super-critical extraction, ultrasonic wave assisted extraction
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(US), physical pressure extraction, etc. Each extraction method provides advantages and disadvantages
among others in the method of extraction socket required solvents in large quantities and required the re-
separation of the oil with the solvent used. On the other hand, mechanical pressing methods are more
suitable for seeds with high oil content (above 20%). For oilseed raw materials with a relatively low oil
content (18-20%), solvent extraction is more suitable for use. In the extraction process, there will be

contact between the oilseed and the solvent, so the solvent diffuses through the night, and the extraction
occurs due to the breakdown of the hydrophobic and hydrophilic phases[46]-[48].

—
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(b) Microwave Oven

Kinetic extraction can be explained through the Arrhenius equation. In general, solvent extraction
occurs based on the principle of like dissolve like, namely compounds with the same
hydrophobicity /equivalent will mix, and vice versa. The solubility of a compound or component is
determined by Gibbs's free energy dissolution process and its value depends on the equilibrium between
the two phases that insoluble refers to Eq.2:

AG = RTIn K Q)

With AG is Gibb’s energy (Joule), R is gas constant (Joule/K.mol), T is the temperature (K), and
K is equilibrium constant. When more analytes (oils) are dissolved in the solvent phase, the equilibrium
is greater, or Gibb’s energy is getting negative which means the process is easier to take place. On the
other hand, the function of Gibb’s depends on changes in mixing enthalpy (AHmix) and changes in
mixing entropy (ASmix). The more negative the change in mixing enthalpy and the more positive the
change in mixing entropy the easier the extraction process is carried out[10][13],[49],[50].

The overall amount of energy that contributes relative to the intermolecular force that occurs
between analyte molecules and solvents includes electrostatic force, London force, hydrogen bond, and
hydrophobic bond. As a result, the development of a solvent-based extraction process should consist of a
choice (mixture or co-solvent) of solvents that results in a series of chemical interactions between analytes
and solvent molecules that are more beneficial than the chemical interaction between (i) the solvent with
the solvent molecule itself (i.e., the associate force), and (ii) the analyte. with solvents[51]. This is the
basis of the like-dissolve-like principle. The microwave-assisted microwave-assisted microwave
extraction coefficient improvement process, called the Microwave Integrated Soxhlet (MIS) is tested for
oil and fat extraction from different food matrices such as oleaginous seeds, meat, and bread products.
The results showed that the MIS parameters did not affect the composition of the extract. For
generalizations of studies with multiple food matrices, the results of MIS extraction obtained were then
compared to conventional Soxhlet extraction in terms of coarse extract and fatty acid composition and
showed that the oil was extracted with a quantitative and qualitative MIS like that obtained by
conventional Soxhlet extraction. MIS lab station can be considered a new and common alternative to
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lipid extraction using microwave energy. Table 1 presents the use of MW on biodiesel conversion. The
energy coordinate in the MW assisted process can be seen in Figure 3.

Table 1. Convert some oil with MW

QOil Specific conditions Reference
Used cooking oil Transesterification using alcohol/oil ratio= 6:1 and KOH [30]
catalyst 1% in a very short period (1-3 minutes)

Used cooking oil The use of MW and BaO and KOH catalysts provides [52]

effectiveness with energy consumption of less than 10% with
the same result.

Corn oil Biodiesel from corn oil transesterification using a methanol [53]
ratio of 10:1 oil and a 1.5% NaOH catalyst produces a methyl
ester yield of more than 98% within 5 minutes.

Castor oil The yield of methyl esters comparable to reflux/conventional [39]
methods is obtained in a shorter time (2 minutes). The
reaction takes place with a KOH catalyst

Castor Oil The maximum yield obtained 80.1% with methanol ratio: oil [54]
=10:1 using KOH catalyst for 10 minutes of irradiation
Sunflower seed oil Yield is achieved in a much shorter time compared to [55]

conventional conversions.
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Figure 3 Catalysis scheme by MW
Table 1 Conversion of some oil with MW on various catalysts
Catalyst Ratio
0Oil Catalyst dose Reactant  of oil: Reaction conditions Yield Reference
(% w) alcohol
Castor Na}fg?“'H 75  Methanol 18 120 min 74 [56]
AlClL; 1.5 Methanol 1:8 120 min 73 [56]
Na,COs3 0.75 Methanol 1:8 120 min 90 [56]
power of 560 W with a
Sovbean Nano- methanol-to-oil molar
}(I)ﬂ Fe.O 2 Methanol 1:6 ratio of 6:1 usinga 1.0% 93 [57]
e NaOH-methanol
solution
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Catalyst Ratio
0il Catalyst dose Reactant  of oil: Reaction conditions Yield Reference
(% w) alcohol
Millettia magnetic
pinnata se & Methanol ~ 1:6 98.7 [58]
. F€304
ed oil
Waste CH;0Na 97.9 (yield)
cooking 0.75 Methanol 1:6 65 °C, 600 rpm, 3 min . [46]
oil NaOH 96.2 (yield)
Soybean C“EGZ?‘*OKN 10 Methanol  1:14  65°C, 30 min, 1000 rpm  94.75 (yield) 57]
2
Pongamia KOH 1 97 (yield)
pinnatase NaOH 05 Methanol 1:6 60 °C, 5 min 96 (yield) [59]
ed oil
FFA >90
stearic D418 9 Ethanol 1:11 80°C,7h (conversion) [60]
acid
Waste 9887
cooking CH;0ONa 1 Methanol 1:6 60 °C, 5 min (convérsion) [47]
oil
CaO
Palmoil derived 15 Methanol  1:18 122 °C, 4 min 96.7 (yield) [61]
rom waste
eggshells
97
510 18 (conversion)
Soybean KOH 1 60°C,40s (convgelrsion)
St (OH), 2.1 Methanol  1:6 (Comzjrsion) [62]
93.2
Cooked S10 1.8 60°C,20's (conversion)
oil 99.4
(conversion)
$i02/50% o . 95
Castoroil H,SO, 10 Methanol 16 60 °C, 30 min (conversion) 48
astoro ALO,/50% ethano : 60°C.5 min 95 [48]
KOH ’ (conversion)
H,SO,
S 87.5 (FFA
i terificat 3.73 1:.94 300 , 190 .
Ka(r)?lma (es f)?l)lca ! Methanol fpm, H7S reduction) [41]
KOH 1.33 1:9.3 300 rpm, 150s 89.9 (yield)
H,SO,
. (esterificati 15 16 500 rpm, 5 min, 60 °C ffaigfr‘g
Ceiba on) Methanol [63]
pentandra 500 rpm, 3.29 min 89.9
KOH 215 1:9.85 57.09 °C (conversion)
Soybean KF- . o
oil Halloysite 3 methanol 1:12 78 °C, 30s 85 [64]
Veggitlable BaO 1 Methanol  1:6 67-78 °C,30 s 97 [65]

In general, conversion using MW irradiation provides a shorter time, while the type of catalyst
used will also affect the yield and characteristics of the product. Figure 5 presents the magnitude of the
methyl ester yield resulting from the conversion of sunflower seed oil into microwave irradiated biodiesel.
The physical characteristics of the catalyst affect the conversion yield[66][19][41],[48],[62]. This is by the
rule that in catalysis various factors determine the transport of reactants to the catalyst and the mechanism
of surface reaction in the catalyst. The conversion rate of each component is different from each other,
and this is reflected in the difference in the composition of the methyl ester produced. Differences in
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energy consumption at varied catalysts (Figure 4) suggests that there are about 3-4 times higher energy
consumed by the conventional method with respect to the MW assisted process.

Aluminium

ydrogen sulphate

I conventional
sodium carbonate - MW
T 1 - T T
0 20 40 60 80 100

Energy consumption (kJ)

Figure 4. Consumed energy at varied catalyst and method

Besides the reduced energy, the catalyst also influences the conversion of biodiesel. Figure 5 depicts the
effect of catalyst types on the methyl ester yield of sunflower seed oil.
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Figure 5. Effect of catalyst types on the methyl ester yield of sunflower seed oil (Reaction conditions of
methanol: oil ratio = 16:1; Catalyst 10 wt.%; reaction time 2 hours, temperature 70 °C)

Intensification of the biodiesel production process using ultrasonic irradiation (US)

The ultrasound (US) is a voice with a tone over the human hearing. The use of U.S. reactions in
some reactions is considered a 'green' technology because of its high efficiency, short time, and more
economic efficiency in terms of its energy results and consumption. The frequency of the U.S. is classified
into regions:
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1. High-frequency and low-power (2-10 MHz) US, also called U.S. diagnostics, are used in medical
imaging and chemical analysis.

2. U.S. low frequency and high power (20-100 kHz) ultrasound, used for cleaning and welding and
also for sonochemistry[51],[67].

The interaction between U.S. and reactants in the sonochemistry system does not occur directly
but through the phenomenon of cavitation: the formation, growth, and collapse of implosive cavities in
a fluid that releases large amounts of energy at the location of a particular molecule. Cavitation can be
classified into four types based on its formation: acoustic, hydrodynamic, optical, and particle. Of the
four types, only acoustic and hydrodynamic cavitation can produce the intensity necessary to induce
chemical or physical changes in a system. The US produces acoustic cavitation with very high spot
temperatures (over 5000 K), high pressure (500 atm), and heating/cooling rates from solutions greater
than 109 K/s. During acoustic cavitation, free radicals are formed by the dissociation of steam trapped
in cavities; These radicals are used for the acceleration of chemical reactions at ambient temperatures
that will not require more extreme conditions. Furthermore, the limited interaction is microcirculation
(acoustic streaming) which can be utilized for increased mass transport. Some U.S. parameters, such as
frequency, intensity, cycle, and length of irradiation, determine the potentially damaging effects on
biological molecules. The molecular effects of the US are summarized and illustrated in Figure 6. There
are some effects caused by the irradiation, consist of:

a. Thermal Physic:

Thermal: pyrolysis and combustion cover thermal effects do not pose a danger but depend on the
absorbed energy and maximum temperature (I), partial or perfect lysis (II).

Non-thermal: cavitation (IIT), changes in enzyme stability (III), seller effect that can cause lysis (II), DNA
damage (IV), and breaking of bonds in polymers (V).

b. Chemical Changes cover cavitation that produces radicals consists of the release of molecules such
as nitric acid, H>O; by formed radicals (VI), and decreased cell stability (VII).

US irradiation

OHe OHe OHe
,//
il ]
(vi) = HNO,
OHe
H,0.
OHD 22
HNO,

Figure 6. Molecular effects by US irradiation

US-assisted biodiesel processing enables continuous processing with conversion yields reaching
more than 99%. Ultrasonic reactor reduces the processing time from conventional 1-4 hours of batch
processing to less than 30 seconds. Furthermore, U.S. use reduces the separation time from 5 to 10 hours
(using conventional agitation) to less than 60 minutes[68], [69]. The US. also helps to reduce the number
of catalysts required by up to 50% as chemical activity increases in the presence of a cavity. Another
benefit is the result of increased glycerin purity. U.S. biodiesel processing involves the following steps:
vegetable or animal oil fats mixed with methanol (which makes methyl ester) or ethanol (for ethyl ester)
and sodium or potassium methoxide or hydroxide mixture heated, e.g., temperatures between 45 and
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65°C mixtures heated with moderate sonification for 5 to 15 seconds[68], [70]-[73]. Some US-assisted
biodiesel conversions are listed in Table 3.

Table 2 Some biodiesel conversion research with the U.S.

Qil Specific conditions Reference
Waste cooking oil US time between 30-90 minutes, NaOH catalyst 0.5 -1% b/b. methanol ratio: [74]
oil = 6:1, conversion value >60%.
Palm oil US usage provides higher conversion results (>92.5%) [68]
Waste cooking oil A methanol ratio of 6:1 temperature of 30 °C and reaction time of 30 minutes [70]
with a catalyst of 0.75% KOH (wt/wt) resulting in >90% conversion
Soybean oil Methanol ratio: 10.2:1 oil results in 100% conversion. [71]
Oil (edible, soybean Methanol ratio: oil = 6:1 20 kHz, time 2-5 hours, resulting in conversion of [73]
oil) 69,2%.
Nonedible oil: Ratio of methanol: oil = 6:1, alcohol variation (methanol, ethanol, propanol, [75]
castor oil, Waste butanol), homogeneous catalyst: NaOH and KOH (0.5-2.0 wt.%) or 30%
cooking oil CH3ONa in methanol, us frequency 20-45kHz or 581-611 kHz [157]
Result:
Best results of 98-99% obtained with a frequency of 28 kHz, higher frequency
(40 kHz) gives a shorter time
Longer alcohol provides lower conversion
Soybean oil Intensification of U.S.-assisted semi-flow processes results in a 3-times [72]
conversion of the batch method.
The reactor scheme presented in Figure 96
Conclusion and Future Perspective

Many literatures indicate considerable intensification procedures for biodiesel production. The use

of MW and US for yield and effectiveness enhancements has been reported. However, due to many
dependencies of biodiesel conversion to many other factors such as type of catalyst, reaction condition,
and the sources, the optimization for each procedure for being applied on a larger scale is required.
Moreover, study on the life cycle analysis for the applicable method is important.
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