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ABSTRACT: Biodiesel is an alternative green fuel commonly used worldwide. The biodiesel production process consists
mainly of production and purification steps. In the production step, there are two main reactions, transesterification and
esterification, that require novel catalysts to achieve high yield in a short processing time; however, the immiscibility of
the reactants limits the mass transfer and consequently the reaction rate. This article reviews the development of various
catalysts: acid, base, and bifunctional catalysts, for transesterification and esterification. In addition, some interesting
multifunctional reactors to improve biodiesel production are briefly discussed. A functionalized acid/base catalyst on
a metal oxide support is a potential catalyst for transesterification/esterification. Moreover, an ultrasound-assisted
reactor is a promising multifunctional reactor to be used in batch or continuous operation for biodiesel production with
both homogeneous and heterogeneous catalysts.
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INTRODUCTION

Biodiesel is an alternative fuel that could be pro-
duced from various natural feedstocks including
edible and non-edible oil, animal fat, and waste
cooking oil (WCO). It is considered an environ-
mentally friendly fuel because of carbon-neutrality,
renewability, and biodegradability [1, 2]. The two
main reactions in biodiesel production are transes-
terification and esterification. Transesterification is
a reaction between triglyceride (TG) and methanol
in the presence of an acid, base, or enzyme catalyst,
and three moles of fatty acid methyl esters (FAME)
and one mole of glycerol were obtained; while ester-
ification is a reaction between carboxylic acid, a free
fatty acid (FFA), and methanol, and the products are
one mole of ester and one mole of water [3]. The

major problems in biodiesel production are due to
the reversibility of both the transesterification and
the esterification reactions and the immiscibility of
oil and alcohol, resulting in poor mass transfer and
consequently slow reaction rate. A homogeneous
catalyst is a conventional choice for use in the pro-
cess, but purifying biodiesel and recovering catalyst
from the reaction mixture are difficult. This review
focuses on recent developments of various catalysts
for biodiesel production. Additionally, it provides
the development of some promising multifunctional
reactors for sustainable biodiesel production.

CATALYSTS FOR BIODIESEL PRODUCTION

There are 4 types of catalysts for biodiesel produc-
tion: acid catalyst, base catalyst, biocatalyst, and
bifunctional catalyst (Fig. 1). In this review, the
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Fig. 1 Classification of catalysts for biodiesel production.

Table 1 Various homogeneous acid catalysts for esterification and their optimal conditions.

Feedstock Catalyst Catalyst loading Type of A/O molar T Time Oil conversion Ref.
(wt.%) alcohol ratio ( °C) (h) (%)

Soybean oil H2SO4 3 Ethanol 6:1 75 48 95.8 [4]
Soybean oil H2SO4 3 Methanol 6:1 60 48 87.8 [4]
Soybean oil CF3COOH 2.0 M Methanol 20:1 120 5 98.4 [5]
Stearic acid AlCl3 5 Methanol 24:1 110 18 98.0 [6]
Palm kernel oil (PKO) glacial CH3COOH 15 vol.% Methanol 15:1 60 0.5 98.0 [7]

A/O molar ratio: alcohol to oil molar ratio; T: temperature.

biocatalyst is not included because of its relatively
high cost in comparison to chemical catalysts.

Biodiesel production using acid catalysts

Acid catalyst is a favorable choice for esterification
because of its insensitivity to moisture and FFA;
and, therefore, it is used for the pretreatment step
of feedstocks containing high FFA before transes-
terification. However, corrosion presents a main
drawback of the acid catalyst, resulting in corrosion
and damage of equipment necessitating a special
construction material. Although the catalytic activ-
ity via transesterification using an acid catalyst is
lower than that of a base catalyst, the acid catalyst
is still the selection priority of catalyst for biodiesel
production due to its ability to use high FFA-oil
feedstocks.

Homogeneous catalyst

Acid catalyst: A homogeneous catalyst is present in
the same phase as the reactants resulting in a greater

performance of biodiesel production compared with
a heterogeneous catalyst.

Homogeneous acid-catalyzed esterification is a
pretreatment reaction for biodiesel production from
high FFA oil [8]. Since the catalytic activity via
transesterification of an acid catalyst is about 4000
times lower than that of a base catalyst, the opera-
tion requires a higher temperature and a longer pe-
riod of time for the reaction. However, any reaction
temperature higher than the boiling point of alcohol
is unfavorable due to the change of reaction from
the liquid phase to the gas-liquid phase resulting
in lower production efficiency. Canakci [4] studied
the effect of alcohol types on biodiesel yield and
found that using longer-chain alcohol required a
higher reaction temperature caused by the steric
hindrance effect. Table 1 summarizes various ho-
mogeneous acid catalysts for esterification. A strong
acid, such as sulfuric acid (H2SO4), is a common
homogeneous acid catalyst; while a strong Lewis
acid catalyst, such as aluminum chloride (AlCl3)
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Table 2 Various acid IL catalysts for transesterification and their optimal conditions.

Feedstock Type of ionic liquid Type of Alcohol:oil molar ratio:ionic liq T Time Ester Ref.
alcohol ( °C) (h) yield (%)

Soapberry oil [Ps-MTH][CF3SO3]-FeCl3 Methanol 27.96:1:3.06 mmol 127 8 97.04 [9]
(x=0.65)

Palm oil [HSO3-BMIM] HSO4 Methanol 11:1: 9.17 wt.% 108 6.43 98.93 [10]
(wt.%, based on lipids)

Soybean oil PSH/UiO-66-NO2 Methanol 25:1:4 wt.% 70 4 97.57 [11]
(wt.%, based on lipids)

T: temperature.

and zinc chloride (ZnCl2), is an essential alternative
catalyst [6]. Moreover, using tetrahydrofuran (THF)
as a co-solvent with the AlCl3 catalyst can decrease
the mass transfer limitation and, therefore, increase
the biodiesel yield [6].

Ionic liquid catalyst: Ionic liquid (IL) could be
an interesting catalyst for industrial-scale biodiesel
production because of its high thermal stability and
good miscibility. Besides, it can be designed as an
acid (cation) or base (anion) IL.

Table 2 summarizes various acid IL catalysts and
the influence of reaction conditions on the ester
yield. The high catalytic activity of IL comes from
its main component, the sulfonic functional group,
contributing to increases in acid properties of the
catalyst. Furthermore, Cai [9] found that adding
metal chloride on IL gives a positive effect on the
catalytic activity because it possesses Lewis and
Brønsted acidity. Additionally, [Ps-MTH][CF3SO3]-
FeCl3 (x=0.65) expressed a good reusability as
the biodiesel yield only decreased from 97.04%
to 93.59% after five consecutive uses [9]. The
biodiesel production using IL showed a greater per-
formance compared with other catalysts; however,
the expensive cost of IL catalysts can be a limitation
for large-scale biodiesel production.

Heterogeneous catalyst

A heterogeneous catalyst appears in a different
phase from the reaction mixture, and it can be
easily separated and recovered. Heterogeneous acid
catalysts can be classified into 4 types: mono-metal
oxide, multi-metal oxide/supported metal oxide,
active site doped metal oxide/mixed metal oxide
(MMO), and cation resin supported catalysts.

Mono-metal oxide: Mono-metal oxide is a funda-
mental solid acid catalyst mostly prepared by soak-
ing metal oxide powder in a sulfuric acid (H2SO4)
solution followed by calcination of the resulting

solid to obtain a metal oxide acid catalyst. Some
metal oxide acid catalysts are shown in Table 3.
Sulfated zirconia (SO2–

4 /ZrO2), sulfated tin oxide
(SO2–

4 /SnO2), and tungstated zirconia (WOx/ZrO2)
are common superacid solid catalysts exhibiting su-
per acid strength [12–14]. The catalytic activity of
metal oxide acid catalysts is typically low; hence
to achieve a higher biodiesel yield, the reaction
requires extreme operation conditions, e.g., a tem-
perature higher than 100 °C. However, ferric sulfate
(Fe2(SO4)3) metal oxide acid catalyst shows a good
activity for esterification [15].

Multi-metal oxide/supported metal oxide: A
multi-metal oxide or supported metal oxide catalyst
is synthesized from anchoring of metal or metal
oxide onto a support material which increases the
surface area and stability of the catalyst. Support
materials are metal oxides (usually silica (SiO2) and
alumina (Al2O3)) and carbon-based materials.

Generally, feedstocks for esterification contain
high FFA content. Use of support materials can
create a high surface/volume ratio contributing to
an increase in efficiency of catalyst and accessibil-
ity of methanol to the TG or FFA. Selected multi-
metal oxides catalyze esterification based on various
feedstocks are shown in Table 3. Titanium oxide
sulfate (Ti(SO4)O) nano-catalyst is synthesized by
impregnating sulfated group into titanium dioxide
nanoparticles (TiO2-NPs), an alternative catalyst for
esterification. Ti(SO4)O is one of the superacid
solid catalysts with high activity as well as stabil-
ity [16]. Another novel catalyst, organosulfonic
acid-functionalized montmorillonite-MMT (HSO3-
MMT), is used as an acid catalyst for both esterifi-
cation and transesterification of high FFA feedstocks
to achieve 100% biodiesel yield [17]. Furthermore,
to meet the target of low cost and environmental
friendliness, sulfonated carbon gel (SCG) is selected
and prepared from glycerol and concentrated sulfu-
ric acid. This catalyst exhibits a high biodiesel yield
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Table 3 Selected metal oxide acid catalysts (mono-metal oxide, multi-metal oxide, and active site doped metal oxide)
for esterification/transesterification and their optimal conditions.

Feedstock Catalyst Catalyst Type of A/O molar T Time Ester Oil conversion Ref.
loading (wt.%) alcohol ratio ( °C) (h) yield (%) (%)

Mono-metal oxide
WCO Fe2(SO4)3 2 Methanol 10:1 95 4 – 97.2 [15]
PKO SO2–

4 /SnO2 3 Methanol 6:1 200 4 95.4 90.3 [12]
Crude PKO SO2–

4 /ZrO2 3 Methanol 6:1 200 4 95.8 90.3 [12]
Oleic acid Nb2O5 0.1 Methanol 10:1 200 0.3 68.0 – [13]

Multi-metal oxide/supported metal oxide
WCO SO2–

4 /SnO2-SiO2 3 Methanol 15:1 150 3 92.3 – [24]
WCO Ti(SO4)O 1.5 Methanol 9:1 75 3 97.1 – [16]
WCO SCG 5 Methanol 22:1 100 3 92.3 – [18]
Waste palm oil HSO3-MMT 5 Methanol 8:1 120 2 100 – [17]
Jatropha oil HPA/AC 3.5 Methanol 25:1 65 0.67 91.0 – [19]
Crude Jatropha oil TPA/Al 25 Methanol 19:1 65 0.83 84.0 – [21]

Active site doped metal oxide/mixed metal oxide (MMO)
WCO SO2–

4 /Fe-Al-TiO2 3 Methanol 10:1 90 2.5 96.0 – [22]
PFAD* SO3H-CuO-ZnO 1.5 Methanol 9:1 100 1.5 96.1 – [23]
WCO SO2–

4 /Mg-Al-Al2O3 4 Methanol 9:1 95 5 98.5 – [25]

A/O molar ratio: alcohol to oil molar ratio; T: temperature; * PFAD: palm fatty acid distillate.

and can maintain a more than 90% yield for two
consecutive cycles [18].

Implementation of a novel catalyst in an in-
tensified reactor to enhance the biodiesel produc-
tion process could further improve the reaction
performance. Badday [19] prepared a heteropoly-
acids supported metal oxide on activated carbon
(HPA/AC) for ultrasound-assisted biodiesel produc-
tion. The highlight of this research was to de-
crease reaction temperature and reaction time to
meet the low energy consumption requirement. The
functionalized sulfonated group on activated carbon
derived from coffee residue was also used to cat-
alyze the esterification of caprylic acid for biodiesel
production [20]. Moreover, the gamma-alumina
(γ-Al2O3) supported tungstophosphoric acid (TPA)
catalyst was used instead of HPA/AC. The result
showed that the highest ester yield of 84% was
achieved under the optimal conditions. However,
this catalyst required a lower methanol-to-oil molar
ratio and could be reused for 3 cycles [21].

Active site doped metal oxide/mixed metal oxide
(MMO): An active site doped metal oxide is the
impregnation of a metal or metal oxide on a multi-
metal oxide for enhancement of catalytic activity or
stability. Various active site doped metal oxide acid
catalysts and their optimal conditions for esterifica-
tion are listed in Table 3. A novel magnetic SO2–

4 /Fe-
Al-TiO2 solid acid catalyst was a good example of
an active site doped metal oxide. It consists of
TiO2 (rutile and anatase phases) acting as a sup-
port. Al2(SO4)3 was applied to increase the highly

porous second shell, while hematite nanoparticles
were added for the magnetic characteristics and
the sulfation reaction as the last preparation step
to introduce the Brønsted acidity. SO2–

4 /Fe-Al-TiO2
showed high catalytic efficiency and excellent stabil-
ity due to the incorporation of the aforementioned
functional species [22]. The synthesis of a meso-
porous CuO-ZnO mixed metal oxide nanocrystalline
catalyst was also found to increase the surface area
of the catalyst as well as its stability [23].

Cation resin-supported catalyst: Cation resin is a
heterogeneous catalyst that has proven to be ef-
fective in esterification. Examples of commercial
cation resin catalysts are Relite CFS, Purolite CT-
275, Dowex, EBD-100, Amberlyst 15, Nafion-NR50,
and poly(vinyl alcohol) sulfosuccinic acid. Usually,
the cation resin-supported catalyst is recognized by
the chemical industry in terms of its stability and
reusability. Although the fundamental property of a
cation resin is an acid resin, the form of a catalyst is
a solid structure which can be referred to as non-
corrosive characteristics. Styrene-divinylbenzene
(ST-DVB), a macroporous type of a strong acid resin
based on the polymer of styrene (ST) cross-linked
with divinylbenzene (DVB), is a general-purpose
resin for transesterification. Fu et al [26] reported
a biodiesel yield of 97.8% when using: rapeseed
oil with oleic acid as a feedstock, 10 wt.% ST-
DVB resin, methanol-to-oil molar ratio of 10:1, and
temperature of 70 °C for 3 h. The biodiesel yield was
slightly decreased with the modification of FeCl3-on
the ST-DVB resin. However, FeCl3-modified ST-DVB
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is suitable for WCO with high FFA or high moisture
content. In addition, this catalyst can be easily
separated from the biodiesel product and reused as
a spent catalyst several times [27]. Another favored
cation resin for esterification is an Amberlyst-type
ion. Amberlyst 45 is one of the resins used for ester-
ification with minimization of soap formation from
saponification. This catalyst can be used with high
FFA oils and hydrated ethanol with minimization of
catalyst deactivation [28].

Biodiesel production using base catalyst

Base catalysts show excellent catalytic activity for
transesterification with lesser corrosion problems
than the acid catalysts [4]. However, the base
catalysts are extremely sensitive to high FFA and
water content in feedstocks causing generation of
undesirable reactions such as saponification and
hydrolysis. Therefore, the feedstock of biodiesel
production via transesterification should specify the
FFA content of lower than 2% [29].

Homogeneous catalyst

Alkaline catalyst: A strong base catalyst (espe-
cially sodium hydroxide, potassium hydroxide, and
sodium methoxide (CH3ONa)) is the major catalyst
used for biodiesel production as shown in Table 4.
Compared with acid-catalyzed transesterification,
base-catalyzed transesterification is often operated
at milder conditions resulting in lower energy con-
sumption. Moreover, using an intensified multifunc-
tional reactor, such as ultrasound-assisted reactor,
microwave reactor, and microchannel reactor; and
operating with co-solvent addition are promising
alternatives to enhance the production performance
and reduce the operation cost [30–33].

Ionic liquid catalyst: An ionic liquid (IL) is a good
catalyst for transesterification. Tetrabutylphospho-
nium carboxylate ILs ([P4444][CA]) were success-
fully used in a one-pot transesterification of wet
Chlorella vulgaris microalgae to produce FAME [38].
The process could avoid the drying and lipid extrac-

tion steps. A biodiesel yield of 98.0% was obtained
when using biomass containing 40 wt.% water un-
der the optimized conditions: IL:microalgae mass
ratio of 8:1, water content of 40.6%, reaction tem-
perature of 102.4 °C, and reaction time of 4.6 h. The
major problems of this process were the high cost of
the IL and the use of excessive methanol.

Heterogeneous catalyst

Heterogeneous base catalysts are superior for
biodiesel production because of their high activity,
less corrosion, easy separation, and good recovery.
The common solid heterogeneous base catalysts
can be divided into 4 types: mono-metal oxide,
multi-metal oxide/supported metal oxide, active
site doped metal oxide/mixed metal oxide (MMO),
and anion resin-supported catalysts.

Mono-metal oxide: For the mono-metal oxide cata-
lysts, the alkaline-earth oxide and transition metal
oxide have gained much attention in the biodiesel
production application as expressed in Table 5. Re-
cently, the alkaline-earth oxide, especially CaO, is a
remarkable solid base catalyst that can be prepared
from natural raw materials such as animal bones,
eggshells, and sea sand [39–43]. This mono-metal
oxide catalyst is promising for transesterification in
continuous operations. Moreover, the combined
catalyst with ultrasound-assisted reactor could en-
hance the biodiesel production efficiency due to the
generation of cavitation which, subsequently, im-
proved the simultaneous mixing [44–46]. However,
the water content in the feedstocks might deactivate
its catalytic activity as well as produce an emulsion
phase via saponification [47].

Multi-metal oxide/supported metal oxide: The
preparation methods of multi-metal oxide base and
multi-metal oxide acid catalysts are similar. The
multi-metal oxide has various types of support in-
cluding metal oxide, zeolite, and activated car-
bon. The highest catalytic activity shown in Table 5
was 98.7% derived from transesterification of WCO

Table 4 Various homogeneous base catalysts for transesterification and their optimal conditions.

Feedstock Catalyst Catalyst Type of A/O molar T Time Ester Ref.
loading (wt.%) alcohol ratio ( °C) (h) yield (%)

Pork-lard KOH 2 Methanol 10:1 60 2 98.2 [34]
Roselle oil KOH 1.5 Methanol 8:1 60 1 99.4 [35]
Sesamum indicum L. seed oil CH3Ona 0.75 Methanol 6:1 50 0.5 87.8 [36]
Castor oil KOH 1.25 Methanol 12:1 60 1 94.9 [37]

A/O molar ratio: alcohol to oil molar ratio; T: temperature.
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Table 5 Various mono-metal oxide, multi-metal oxide, and active site doped metal oxide base catalysts for
transesterification and their optimal conditions.

Feedstock Catalyst Catalyst Type of A/O molar T Time Ester Oil conversion Ref.
loading (wt.%) alcohol ratio ( °C) (h) yield (%) (%)

Mono-metal oxide
WCO CaO 1 Methanol 8:1 50 1.5 96.0 – [55]
Soybean oil CaO - sea sand 7.5 Methanol 12:1 60 6 97.5 – [39]
Soybean oil CaO - eggshell 7 Methanol 10:1 57.5 3 93.0 – [40]
WCO CaO - chicken and fishbone 1.98 w/v.% Methanol 10:1 65 1.5 89.5 - [41]

Multi-metal oxide/supported metal oxide
Sunflower oil Ca/Fe3O4@SiO2 8 Methanol 15:1 65 5 97.0 – [56]
Sunflower oil CaO/γ-Al2O3 0.5 Methanol 12:1 60 5 – 94.3 [57]
WCO SrO/C 7.1 Methanol 6:1 46 1 98.5 – [58]
WCO TiO2/RGO 1.5 Methanol 12:1 65 3 – 98.0 [59]
WCO Na2O/CNTs 3 Methanol 20:1 65 3 97.0 – [60]
WCO Mg/clinoptilolite 4 Methanol 16:1 70 2.5 98.7 – [48]

Active site doped metal oxide/mixed metal oxide (MMO)
WEO CaO@MgO 4.57 Methanol 16.7:1 69.4 7.1 98.3 – [61]
Palm oil Ca-Ce-Zn/Al2O3 8.19 Methanol 18.5:1 66.1 3 99.4 – [52]

(Ca:Ce:Zn:Al2O3=5:4:1:1)
WCO Ce-doped MCM-41 5 Methanol 9:1 70 6 94.3 – [53]
WCO Ni/CaO 1 Methanol 16:1 65 2 100 – [62]
WCO Na/CaO 3 Methanol 6:1 60 3.5 83.6 – [54]

A/O molar ratio: alcohol to oil molar ratio; T: temperature.

and methanol using Mg/clinoptilolite under catalyst
loading of 4 wt.%, methanol-to-oil molar ratio of
16:1, and 70 °C for 2.5 h [48]. Magnetic catalyst
is an alternative catalyst. It consists of magnetic
material which could be simply separated from the
reaction mixture by using a magnet [49–51].

Active site doped metal oxide/mixed metal ox-
ide (MMO): The active site doped metal oxide is
developed from mono-metal oxide or multi-metal
oxide by introducing different metals to improve
the catalytic activity and/or stability (Table 5). The
specific properties of metal can influence the char-
acteristics of catalysts. For instance, the number of
catalyst’s basic sites was increased by adding cal-
cium (Ca) or calcium oxide (CaO) [52]; cerium (Ce)
dopant on the parent metal oxide could decrease the
original crystallinity of the support [53]; and mixed
metal oxide could enhance the catalyst’s surface
areas [54].

Anion resin-supported catalyst: Anion resin-
supported catalyst is a heterogeneous catalyst which
could provide greater catalytic activity and stability
than a homogeneous catalyst. This catalyst could be
used in the biodiesel production reaction as well as
the purification of biodiesel. Therefore, the catalyst
is appropriate for the continuous production
process. Ren [63] investigated the continuous
transesterification of soybean oil with methanol in
a fixed-bed reactor. The biodiesel yield of 95.2%
was achieved using an anion-exchange resin D261

under the following condition: methanol-to-oil
molar ratio of 9:1, n-hexane/soybean oil weight
rate of 0.5, feed flow rate of 1.2 ml/min, and
temperature of 50 °C with a residence time of
56 min.

Biodiesel production with bifunctional catalyst

Although base catalysts show high activity for trans-
esterification, their sensitivity to FFA and water
content are the major limitations of these catalysts.
Moreover, the catalyst could be deactivated and its
catalytic activity reduced when used for a long time.
Bifunctional catalysts derived from mixed metal ox-
ides are reported to be active for transesterification
due to enhancement of the catalytic activity and
stability (Table 6). The characteristics of each metal
oxide catalyst are different. Therefore, an intensive
study of the physical and chemical properties of
metal oxides should be further intensively investi-
gated.

MULTIFUNCTIONAL REACTORS FOR
ENHANCED BIODIESEL PRODUCTION

To improve the efficiency and the sustainability for
biodiesel production, the troubleshooting of the
immiscibility of oil and alcohol together with us-
ing a high-activity catalyst is recommended. Our
previous research proposed the use of multifunc-
tional reactors to produce biodiesel, which include
reactive distillation [68, 69], ultrasonic/cavitation
rectors [45, 46, 70, 71], microwave reactor [31, 72],
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Table 6 Various bifunctional catalysts for transesterification and their optimal conditions.

Feedstock Catalyst Catalyst Type of A/O molar T Time Ester Oil conversion Ref.
loading (wt.%) alcohol ratio ( °C) (h) yield (%) (%)

WCO Fe2O3-MnO-SO2–
4 /ZrO2 3 Methanol 20:1 180 4 96.5 – [64]

Palm oil La2O3/CaO 10 Methanol 12:1 60 6 92.3 [65]
sunflower oil + MgO/Al-Ce-MCM-41 5 Methanol 9:1 70 6 – 95.4 [66]
10 wt.% oleic acid
Triglyceride CunO-Bs/SBA-15 5 Methanol 10:1 40 2 >97.5 – [67]

A/O molar ratio: alcohol to oil molar ratio; T: temperature.

rotating reactor [73, 74], food processing reactor
[75, 76], and plasma reactor [77, 78]. Based on
our knowledge, this section features some potential
multifunctional reactors for biodiesel production.

Microchannel reactor

The highlight of the microchannel reactor is an
intimate flow of reactants inside a narrow chan-
nel which could significantly increase their mass
transfer. A suitable catalyst for the microchannel
reactor should be a homogeneous catalyst because a
heterogeneous catalyst may generate friction inside
the pipe resulting in internal erosion on the channel
surface. Elango [37] reported that the maximum
biodiesel yield of 94.9% was obtained when using a
methanol-to-castor oil molar ratio of 12:1 with 1.25
w/v% KOH at 60 °C.

Microwave reactor

A microwave reactor (MW) reactor is an inten-
sified reactor especially focusing on the changing
of heating source from direct electrical heating to
microwave irradiation to improve the heating effec-
tiveness. The operation of MW for biodiesel pro-
duction can utilize both homogeneous [10, 31, 72]
and heterogeneous [13, 43] catalysts. Ding [10] re-
ported that the reaction time of biodiesel production
using a microwave reactor is much less than those
of conventional processes, and up to 44% of energy
can be saved.

Sonochemical reactor/ultrasound-assisted
reactor

A sonochemical reactor/ultrasound-assisted reac-
tor (US) offers high mixing performance derived
from ultrasonic irradiation. Cavitation bubbles
are generated when ultrasonic jet impinges on the
liquid. The collapse of the bubbles disrupts the
phase boundary and increases the miscibility of
reactants. The mixing performance is dependent
on the intensity of ultrasonic irradiation. Therefore,
both homogeneous and heterogeneous catalysts can

be used in an appropriate design of the US. The
highlight of the US-assisted biodiesel production is
the reduction of reaction temperature and reaction
time, which results in a 1.5–1.7 times lower energy
consumption than that of the conventional process
[19, 33, 44, 45, 70, 71].

Rotating disc reactor and rotating tube reactors

Rotating disc reactor (RDR) and rotating tube reac-
tor (RTR) are based on similar operating principles.
The emphasis of these reactors is the application
of high-speed rotation to generate a thin liquid
film with a high heat-mass transfer. Moreover, the
high-speed rotation generates shear forces inside
the reactor promoting high mixing performance.
Because of the thin-gap requirement limitation of
the reactor design, a homogeneous catalyst is more
preferable for application in the RDR and the RTR
than a heterogeneous catalyst [73, 74, 79, 80].

CONCLUSION

Biodiesel is an alternative fuel that is considered en-
vironmentally clean energy. The biodiesel produc-
tion process requires a novel catalyst to accelerate
the reaction rate. Simultaneously, the immiscibility
of reactants and the difficult separation of catalyst
are the two feature restrictions to the performance
of biodiesel production. Accordingly, the devel-
opment of catalysts and advanced multifunctional
reactors to improve performance and sustainability
of biodiesel production is important. The integra-
tion of ultrasonic intensification technology with the
functionalized acid and base on metal oxide support
is a potential process for continuous biodiesel pro-
duction to achieve the economic and environmental
aspects.
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