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Abstract: Biodiesel produced through catalytic transesterification of triglycerides from edible and
non-edible oils and alcohol is considered an alternative to traditional petro-diesel. The interest in
the use of alkaline earth metal oxides as heterogeneous basic catalysts has increased due to their
availability, non-toxicity, the capacity to be reused, low cost, and high concentration of surface basic
sites that provide the activity. This work is a compilation of the strategies to understand the effect of
the source, synthesis, and thermal treatment of MgO, CaO, SrO, and BaO on the improvement of
the surface basic sites density and strength, the morphology of the solid structure, stability during
reaction and reusability. These parameters are commonly modified or enhanced by mixing these
oxides or with alkaline metals. Also, the improvement of the acid-base properties and to avoid the
lixiviation of catalysts can be achieved by supporting the alkaline earth metal oxides on another oxide.
Additionally, the effect of the most relevant operation conditions in oil transesterification reactions
such as methanol to oil ratio, temperature, agitation method, pressure, and catalysts concentration are
reviewed. This review attempts to elucidate the optimum parameters of reaction and their application
in different oils.

Keywords: biodiesel; alkaline-earth metals; heterogeneous catalysts; transesterification; basicity;
operation conditions; recycle; vegetable oils; wasted cooking oils

1. Introduction

Nowadays, oil is the primary energy source worldwide since it is used mainly as fuel
for transportation and electric power plants. The world population’s growth has caused
an increase in demand for petroleum-derived products, a non-renewable source. The
mathematical models have projected that oil could be scarce between 2048 and 2058 [1].
On the one hand, economic dependence on oil has produced war, political, and economic

Energies 2021, 14, 1031. https://doi.org/10.3390/en14041031 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-8788-4034
https://orcid.org/0000-0002-0083-4043
https://orcid.org/0000-0002-4631-0018
https://orcid.org/0000-0003-3800-4843
https://orcid.org/0000-0002-0087-5136
https://orcid.org/0000-0002-3920-9827
https://doi.org/10.3390/en14041031
https://doi.org/10.3390/en14041031
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14041031
https://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/14/4/1031?type=check_update&version=2


Energies 2021, 14, 1031 2 of 24

conflicts in oil-producing countries. Particularly, in 2020, the oil prices have been highly
unstable due to the pandemic caused by the novel virus SARS-CoV-2 and the excessive oil
production, affecting the economies of the producer countries [2]. Additionally, the burning
of fossil fuels is responsible for the emission of greenhouse gases which are the cause of the
climate crisis. In 2018, approximately 23–29% of the total CO2 generated, came from fuels
used in transportation and has reached more than 400 ppm in the atmosphere, which has
increased the average terrestrial temperature [3–7]. In this sense, humans must mitigate
and delay negative effects through the education, green chemistry, and development
of sustainable and renewable technologies and actions. Following the objectives of the
Paris Agreements in 2016, an annual increase in the development and use of renewable
energy sources has been promoted thanks to the support and subsidies in biofuel prices by
governments [8–10]. Therefore, the use of biomass as an alternative, renewable and clean
source has drawn the attention of scientists to reduce environmental impact. Particularly
the development of biofuels seems to be a viable, economical, clean, and potentially
applicable option to rural societies [11,12].

1.1. Biofuels

Biofuels are generated from different sources of biomass, such as crops, seeds, agroin-
dustry wastes, and algae, which have the characteristic of being renewable, not toxic,
accessible, cheap, with lower sulfur and nitrogen content, and a faster reintegration of CO2
emitted to the carbon cycle [11,13–15]. However, the use of biofuels could not cover the
entire demand for fuels on the planet because their production depends on the quality,
availability, and production of biomass. In this way, biofuels can potentially be used in
small towns or mixed with fossil fuels not only to reduce the consumption and import of
the latter but also for rural economic activation purposes [16,17]. The transformation of
biomass in biorefineries can lead to value-added products that are used as additives or raw
material for other processes and products [18].

Biofuels are divided into four generations (1G, 2G, 3G, and 4G) depending on the
source from which they were synthesized, and all seek to reduce the oxygen content
of the molecules that make up the biomass to increase energy density and increase the
molecular weight of hydrocarbons [19]. 1G biofuels are obtained from edible or inedible
crops, 2G biofuels from biomass waste such as sawdust or wood. 3G and 4G biofuels are
produced from algae and microorganisms that can be genetically modified to improve their
characteristics [20,21]. The biodiesel obtained through the transesterification of vegetable
oils (1G) is the most produced biofuel worldwide. Consequently, several studies have
focused on developing the optimization of this process and its catalysts [22–24]. The latter
is an important factor in the improvement of biodiesel production systems since they
determine the quality and quantity of biodiesel, as well as the ecological impact that the
plant can have. In this sense, the main objective of this work is to review and analyze
the synergy of operating conditions and the development of catalysts that optimize the
production of biofuels through transesterification reactions of vegetable oils.

1G biofuels, also called conventional biofuels, are produced from agronomic crops
from which sugars and starches are extracted to generate alcohols (bioethanol) and veg-
etable oils that are transformed into biodiesel. Biofuels are safe, have good quality due
to the high cetane or octane numbers, and can be mixed with fossil fuel loads to decrease
the carbon footprint [25]. These biofuels are the most developed and used industrially
due to their reduced production costs and relative simplicity in their processes and have a
carbon footprint near to neutral [8,17,26]. Biodiesel is generated from edible and non-edible
vegetable oils such as canola, corn, soybean, castor, jatropha, olive, coconut, peanut, palm,
cotton, cane, wheat, and fruit oils, and even from oil generated from algae and microal-
gae [27]. Also, it can be generated from animal fat and edible waste oils from restaurants
or businesses. However, it is well known that obtaining biodiesel from edible oils creates
competition with the food industry, so that food prices and their availability could be
compromised by fuel demand. Likewise, they present environmental impacts that lead
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to deforestation for cultivation and massive use of fertilizers [28,29]. Hence, the use of
wasted oils and non-edible oils would help to reduce competition with food production
and increase sustainable production in developing countries [30–32].

Biodiesel is mainly composed of a combination of fatty acid methyl esters (FAME) or
fatty acid ethyl esters (FAEE) derived from triglycerides and fatty acids that make up veg-
etable oils and animal fats that can be incorporated into petroleum diesel fillers [33]. This
fuel has the advantage of being biodegradable, renewable, presenting low toxicity, high
energy value (39–41 MJ/kg), and having more lubrication than conventional petroleum
diesel. However, the molecular structures of fatty acid chains, such as length or unsatura-
tion, affect the quality of biodiesel. At low temperatures, it can become a gel that could
cover the filters, or the unsaturation of the chains can oxidize and degrade the fuel [34,35].
Therefore, to improve the quality of biodiesel it is necessary to conduct studies on the
process conditions, kinetics, and functionalities of the catalysts.

1.2. Transesterification of Triglycerides

The transesterification of triglycerides from vegetable oils with alcohols in the presence
of a catalyst to generate FAME and glycerol as a by-product is shown in Figure 1. Methanol
and ethanol are the most used alcohols for these reactions since they can be formed from
fermentation, so they are accessible and present a low cost; besides, they easily dissolve
homogeneous catalysts [36]. Because the reaction is reversible, an excess of alcohol is
necessary to shift the equilibria towards the products [37].
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Figure 1. General scheme of the transesterification reaction of triglycerides with methanol.

First, a triglyceride reacts with alcohol to give a molecule of fatty acid methyl ester
and one of diglyceride. The latter reacts with another molecule of alcohol to generate
another molecule of fatty acid methyl ester and a monoglyceride, which repeats the same
procedure. Therefore, stoichiometrically requires a 3:1 molar ratio of alcohol to triglyceride
to form three molecules of FAME and one of glycerol [38,39]. Commonly, transesterification
reactions at the industrial level are carried out by a homogeneous catalyst with a strong
basic character, such as NaOH and KOH. However, strong acids such as H2SO4 and HCl,
enzymes like lipases, and heterogeneous catalysts can be used as well [40–42]. After the
reaction, two phases are generated: the biodiesel (FAME) phase at the top and the glycerol
phase at the bottom. This latter consists of a mixture of compounds present from the
vegetable oil such as water, organic compounds which gave color and flavor to the oil,
inorganic salts, alcohol, glycerides, and catalyst. Hence, after simple decantation, this by-
product can be separated and then purified to be used as raw material for other processes.
Free fatty acids (FFA) present in the oil can be transformed into esters by an esterification
reaction in the presence of an acid catalyst such as H2SO4 (Figure 2).
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In this reaction, the oxygen of the carbonyl group is first protonated by the acid
catalyst generating a cationic complex. The oxygen in the alcohol then nucleophilically
attacks the carbon in the carbonyl group of the complex. Finally, hydrogen bonds to the
hydroxyl group of the acid, forming water and a FAME molecule [43,44]. In both processes,
it has been seen that the reaction performance depends mainly on the molar ratio between
alcohol and triglyceride (or FFA), temperature, and the amount of catalyst used [37,45].

1.3. Catalysts

The use of homogenous catalysts has advantages such as high activity and availabil-
ity, low cost, moderate operating conditions (atmospheric pressure and 50–70 ◦C), and
production of high-quality biodiesel. On the one hand, glycerol forms a thick organic
phase that precipitates, so it is relatively easy to separate from biodiesel by centrifuga-
tion or decantation. On the other hand, the methanol that is diluted with biodiesel can
be recovered by distillation and reused. However, since the homogeneous catalyst is in
the same phase as the oil, FAME, and glycerol; it must be separated by a purification
process [46]. To achieve this, large amounts of water are required, which results in con-
tamination, increase in the cost of the process, and there is a risk that it will result in
the saponification of FFA consuming the catalyst and making the separation of biodiesel
difficult [47,48]. Thus, it has been determined that vegetable oil must have a maximum of
1 wt.% FFA and less than 0.06 wt.% water to maximize FAME formation [49]. In parallel,
strong acids can also be used as homogeneous catalysts, preferably in loads of used oil
or animal fats, since they have a high FFA content [50]. Like the basic catalysts, their
operating conditions are moderate and require high alcohol/oil molar ratios to obtain
acceptable yields [51]. Nevertheless, unlike basic catalysts, acid catalysts do not run the risk
of unwanted saponification reactions and can perform transesterification and esterification
simultaneously [52–54]. The acid catalysts can directly produce biodiesel from low-grade,
highly acidic, and water-containing oils. Despite this, their activity is relatively low in
transesterification compared to basic catalysts. Moreover, they are highly corrosive, toxic
and the separation processes involved are more complex and require greater amounts of
water than basic catalysts. Water addition provokes a rapid separation of the two phases
by the formation of hydrogen bonds between solvent and water that are energetically more
favorable than the van der Waals interactions between alcohol and biodiesel. Hence it
interrupts the emulsifying action of alcohol with an immediate separation of glycerol from
biodiesel [53]. Optimization studies in biofuel production have used a different design of
experiment methods [55]. In current literature, it is possible to find several studies that
have compared and used different types of oils and methods to find the relationships
between operational conditions and optimize their values. For example, Veljkovic et al. [56]
conducted a study in which the methods of Box-Behnken, face-centered composite, and full
factorial in the transesterification of sunflower oil with ethanol in the presence of NaOH
were compared. The reaction temperature, the amount of NaOH, and the ethanol/oil
molar ratio were modified to find the optimal conditions. This study determined that if
the ethanol/oil molar ratio is 12:1 and the amount of NaOH is 1.25 wt.%, the reaction
would reach a 98% yield in temperature ranges from 25 to 75 ◦C. They also concluded that
the Box-Behnken and face-centered composite methods are recommended to reduce the
number of experiments and predict reliable results in the optimization of the biodiesel
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production process. Some examples that used other experimental designs are exposed in
Table 1.

Table 1. Optimization of biofuel production with different designs of experiments.

Oil System Design of Experiment Optimal Conditions Yield (%) Catalysts Reference

Sunflower Oil

Box-Behnken,
Face Centered Central

Composite,
Full Factorial

Temperature: 75 ◦C
Ethanol/Oil: 12:1

Catalyst loading: 1.25 wt.%
97.6 NaOH [56]

Castor Oil Taguchi

Time: 60 min
Temperature: 50 ◦C

Catalyst loading: 1 wt.%
Methanol/oil: 20:1

Agitation speed: 700 rpm

90.83 H2SO4 [57]

Mahogany Seed
Oil Taguchi

Methanol/oil: 9:1
Catalyst loading: 0.5 wt.%

Temperature: 60 ◦C
Agitation speed: 300 rpm

96.8 NaOH [58]

Ceiba Pentandra
Oil Box-Behnken

Methanol/oil: 60:1
Catalyst loading: 0.84 wt.%

Time: 6.46 min
Agitation speed: 800 rpm

Microwaved to 100 ◦C

95.42 KOH [59]

Sardine Fish Oil Box-Behnken

Temperature: 150 ◦C
Methanol/oil: 6:1

Catalyst loading: 1.25 wt.%
Time: 25 min

98.1 KOH [60]

Karanja Oil Box-Behnken

Methanol/oil: 10.44:1
Catalyst loading: 1.22 wt.%

Time: 90.78 min
Temperature: 66.8 ◦C

91.05 KOH [61]

Mixture of
Pongamia and

Neem Oils
Central Composite

Time: 77 min
Catalyst loading: 0.67 wt.%

Methanol/oil: 6:1
86.3 NaOH [62]

To avoid or minimize the inconveniences of the conventional homogenous catalysts,
the use of heterogeneous catalysts has been proposed, which have shown potential for
these reactions. Likewise, it has been considered that these catalysts could be used soon
from small agricultural plants to be incorporated into refineries to mix the biodiesel with
the conventional diesel loads. The development of heterogeneous catalysts has garnered
attention because they are easy to separate by physical methods, low water consump-
tion, they can be used in continuous reactors and reused after being recovered, they are
not corrosive, present less sensitive to the presence of water, and are non-hazardous to
the environment [51,63,64]. However, their catalytic activities remain low compared to
homogeneous catalysts due to the amount and strength of active sites and the problems
of matter transfer in the three-phase system (catalyst-oil-alcohol). Besides, there may be
leaching of active sites or deactivation of sites by CO2 from the air [65]. Consequently, this
has motivated different investigations to obtain sufficiently active catalysts that can be
recovered as well as the reaction conditions and types of reactors.

Heterogeneous catalysts can have basic or acidic functionalities. The basic solids
include a wide variety of catalysts such as alkaline earth, which can be doped with alkali
metals, mixed or supported over Al2O3, SiO2, and hydrotalcites [66–68]. Additionally, tran-
sition metal oxides, zeolites, or activated carbon can also function as catalysts with acidic
functionalities [69]. The use of solid catalysts derived from biomass such as diatomic earth,
animal bones, seashells, or eggshell, has been proposed as more ecological alternatives [70].
This vast catalog of catalysts allows choosing the best system depending on the nature and
quality of the oil, its availability, and the economic situation of the biorefinery or rural plant.
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As alkaline earth metal oxides have presented relative advantages over the other materials,
they can be potentially used due to their availability, price, and catalytic activity. Hence,
this work focuses on summarizing and analyzing the most important parameters that
involve MgO, CaO, SrO, and BaO, such as source, synthesis method, thermal treatment,
and its effect on the basicity of the active sites and operational conditions used.

2. Alkaline Earth Metal Catalysts

Alkaline-earth metal oxides, such as CaO, MgO, SrO, and BaO, have been well known
to be basic solid catalysts [31,68]. It has been agreed that the active sites of these materials
are the surface basic sites of the catalysts for the transesterification of triglycerides so that
the number of sites and their basic strength are determinants in the catalytic activity [71,72].
The basic site is produced by the presence of the surface metal ion that behaves like a
Lewis acid and an oxygen ion that behaves like a Brønsted basic site [73]. These catalysts
are economical and accessible, recyclable, and non-corrosive. However, these catalysts
can be deactivated because basic sites may be poisoned by strong adsorption of FFA and
water at the surface sites. Therefore, the activity decreases in each reuse cycle because of
the saponification side reactions [42]. According to different studies, the basic strength of
alkaline earth oxides has been determined to follow the following order BaO > SrO > CaO
> MgO [74–76], which has been correlated with catalytic activity in the same order [71,77]
as Table 2 shows.

Table 2. Basic strength of the alkaline earth metals oxides obtained by Hammett indicators
method [76].

Catalysts Basicity

MgO 8.2 ≥ H ≥ 6.8
CaO 15 ≥ H ≥ 13.4
SrO 17.2 ≥ H ≥ 15
BaO 17.2 ≥ H ≥ 15

Yang et al. [71] compared these metal oxides under the same conditions in the transes-
terification of rapeseed oil. All catalysts were pretreated at 700 ◦C under nitrogen for 2 h,
and all the reactions were carried out at 64.5 ◦C, with 10 wt.% catalyst, with a methanol/oil
ratio of 18:1 for 3.5 h. These authors found the following order in the conversion of oil:
BaO (86%), SrO (60%), CaO (58%), and MgO (<5%). Also, they correlated it with the ionic
radius and alkalinity of the metals. In this work, they concluded that BaO is a strong
base, providing a higher catalytic activity than the others. However, this material can be
diluted in methanol and could generate toxic barium compounds [78]. In contrast, SrO
does not present these problems. Nevertheless, it is deactivated by contact with CO2 and
ambient moisture, and it is easily leached in the reaction medium [67]. Finally, despite
having lower activities, the CaO and MgO oxides are cheaper than SrO and BaO and can
be simply obtained from natural sources. Plus, they are non-toxic and have low solubility
with methanol.

2.1. MgO

Hattori [79] mentioned that the basic sites of solid MgO catalysts are generated at
high calcination temperatures (1200 K) to remove adsorbed water and carbon dioxide and
obtain a surface free of carbonates, hydroxides, and peroxides. Besides, the severity of the
thermal treatment, i.e., the calcination process, directly influences the nature of the sites:
at low temperatures (~430 ◦C), the sites are weak, while at high temperatures (~930 ◦C),
the sites they will be strong [80]. This is due to the changes in the arrangement of the
surface atoms and the crystal size that is formed during the heat treatment that results in
changes in the coordination numbers of the metal atoms and, therefore, in their basicity.
In general, it has been proposed that high temperatures generate pairs of M2+ and O2−

ions (where M can be Ca, Mg, Sr or Ba) in different coordinates, which are strong basic
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sites and are located in the corners, edges, or on surfaces with high Miller indexes. The
thermal treatment on these materials has a direct effect on crystallinity, the surface area,
and the basic resistance of the catalytic sites determined with temperature-programmed
desorption of CO2 (CO2-TPD) [81].

According to Gryglewicz [78], the reaction mechanism of triglycerides on a heteroge-
neous catalyst is based on the nucleophilic and electrophilic characteristics of the carbonyl
group of triglycerides and alcohol, similar to those that occur in the presence of a homoge-
neous basic catalyst. FFA reactions can be converted to a carboxylate salt and then react
with an alkyl halide through the concerted SN2 mechanism. The reaction pathway of
the transesterification of triglycerides in the presence of heterogeneous catalysts can be
described with an Eley-Rideal mechanism involving an active site or also with a Langmuir-
Hinshelwood mechanism involving two active sites. In the Eley-Rideal mechanism, the
alcohol must be activated through the surface basic site. The basic site, O2−, extracts H+

from the alcohol, while the R–O– (R being any hydrocarbon chain) group is adsorbed in
the metallic site forming an active anionic alkoxide. This activation process in the pres-
ence of weak basic sites is considered a crucial stage. Subsequently, the carbonyl atom
of the triglyceride attracts the anionic alkoxide group to form a tetrahedral intermediate.
Then, this intermediate takes the H+ from the surface basic site, and it is rearranged to
form the ester. For their part, Hattori et al. [75] detailed the reaction pathway using a
Langmuir-Hinshelwood mechanism (Figure 3). This mechanism starts with the activation
of the alcohol on the surface basic site as it has been previously described. However, it is
proposed that the adjacent metallic site adsorbs the carbonyl group and creates a cationic
complex. Afterward, the activated alkoxide performs the nucleophilic attack on carbonyl
and adds the alcohol chain to the hydrocarbon chain to create a tetrahedral intermediate.
The organic molecule is desorbed through the arrangement of the charges of oxygen at-
tached to carbonyl in such a way it generates an ester and a diglyceride. This stage is the
crucial one for catalysts with strong basic sites. Furthermore, this stage is repeated two
more times with the diglyceride and the monoglyceride to create three molecules of ester
and one of glycerol.

MgO was one of the first studied heterogeneous catalysts due to the presence of
basic sites on its surface and to its low solubility in the reaction medium. It has been
proposed as an industrial catalyst for transesterification [66,82]. MgO has been tested in the
transesterification of soybean, sunflower, and rapeseed oil in supercritical conditions [83].
The oils entirely showed an increment in the yield of FAME when the methanol/oil ratio
reached 41:1 at 252 ◦C and 24 MPa. In the same way, an increased yield of FAME was
observed when the temperature changed from 192 to 252 ◦C. In this catalytic test, the
soybean oil transesterification was higher than the other oils due to its lower FFA content.
Hence, high FFA concentration decreases the catalytic activity of MgO. To increase the
basicity of MgO, it was proposed to impregnate it with KOH (10, 20, and 30 wt.% KOH)
and test it using the transesterification of canola oil [84]. This research got the following
optimal results: 20 wt.% of KOH over MgO, alcohol/oil = 6:1, 3 wt.% of catalysts, and 9 h
reaction at 65 ◦C. As characterization results indicated, the basicity of the catalysts changes
with the impregnation of KOH. Also, the formation of K2CO3 was observed when KOH
content was higher than 10 wt.% due to the interaction between the hydroxide and the
magnesia, which reduces the strength of the Mg–O bonds and avoids the deactivation by
CO2. However, high amounts of superficial KOH crystallites were produced and are easily
leached.
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MgO nanoparticles have shown that less CO2 could be chemisorbed compared to
bulk-like catalysts and have been synthesized by different methods that directly influence
the morphology of the material and, consequently, in their reactivity. The studies have
coincided that the (111) plane in MgO is composed of monolayers of cations and anions
alternated, which generates a strong electrostatic field perpendicular to it [85–88]. This
high surface energy polar surface enhances the methanol decomposition, promoting its
activation and, consequently, the transesterification yield [86]. In a comprehensive study,
Verziu et al. [89] proposed an efficient and simple method to generate highly active MgO
nanosheets that were tested in the transesterification of rapeseed and sunflower oil. They
compared three catalysts with one plane exposed the most: (111) with a lattice spacing
of 0.25 nm, (110) with 0.148 nm, and (100) with 0.21 nm. The CO2-TPD analysis showed
that (111) catalysts presented more basic sites than the other two. Nevertheless, these
last showed the strongest basic sites. The catalytic evaluation was carried out with oil to
methanol ratio of 1:4, 300 mg of catalysts at 583 and 773 K. The effect of heating and mixing
was compared using autoclave and microwave, and mechanical stirring and ultrasound,
respectively. The sunflower transesterification conversion and yields were higher than
rapeseed oil due to its lower FFA content. In sunflower transesterification, the (111) plane
exposed catalyst showed higher FAME yields and conversion than the other two catalysts.
The best performance of this catalyst was achieved at 500 ◦C in microwave conditions. This
catalyst also showed stability and capability to be used in six or seven cycles without any
reactivation. Nonetheless, if ultrasound conditions are used, the leach of MgO increases
noticeably.
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In a more recent study, goat fat treatment was assessed in the presence of MgO
nanoparticles, which reported a yield of 93% at 70 ◦C with a methanol/oil ratio of 12:1,
a catalyst loading of 1 wt.% in 3 h [90]. Nevertheless, it was observed that, when the
catalyst content was increased to 1.25 wt.%, the yield decreased to 90%, possibly due to the
MgO nanoparticle agglomeration, which resulted in the loss of active surface area. MgO
nanoparticles have also been tested in wasted cooking oil [91]. In this work, it was found
that 15 nm MgO crystals, obtained from magnesium acetate (calcined at 600 ◦C), is enough
to attain a biodiesel yield of 80% at 60 ◦C, with a methanol/oil ratio of 10:1 and catalyst
2 wt.% in the oil. These studies are summarized in Table 3.

Table 3. Summary of some transesterification tests using MgO as a catalyst.

Catalyst Oil Temperature
(◦C) Alcohol/Oil Catalysts

Loading (wt.%)
Time
(Min) Yield (%) Reference

MgO
Sunflower
Soybean

Rapeseed

252
(at 100 MPa) 41:1 3 20

98
100
95

[83]

KOH/MgO (20
wt.% KOH) Canola 65 6:1 3 540 95 [84]

Copolymer
templated MgO

(PDMS-PEO)
Canola 190 20:3 3 120 98.2 [81]

MgO nanoparticles Goat fat 70 12:1 1 180 93 [90]

MgO nanoparticles Wasted
cooking oil 60 10:1 2 120 80 [91]

As an alternative, the use of natural minerals such as hydrotalcite and dolomite has
been proposed so they can be used as catalysts since they are composed of aluminum
and magnesium carbonates (Mg6Al2CO3(OH)16·4(H2O)); and calcium and magnesium
carbonates (CaMg(CO3)2), respectively [92,93]. These calcined compounds have shown an
acceptable catalytic yield. It has been recently proposed the use of hydrotalcites modified
with K+, which were studied by Zhang et al. [94]. After the optimization tests, it was
determined that the transesterification of rapeseed oil could achieve a biodiesel yield of
99% in the presence of a hydrotalcite impregnated by K2CO3 (K+/hydrotalcite load of
6.25%). The reaction conditions were alcohol/oil ratio of 12:1, 60 ◦C, a catalyst loading
of 2 wt.% with oil, and ultrasonic stirring (40 kHz) for one hour. The authors found that
when the hydrotalcite is impregnated with K2CO3, the K+ introduces into the lattice of the
support. This results in the formation of compounds such as K2O, Al–O–K, and Mg–O–K
that are highly basic, as XRD and CO2-TPD experiments showed. Thus, the activity of the
doped hydrotalcite was noticeably higher than non-impregnated hydrotalcite.

In a comprehensive study, Jindapon et al. [95] determined the role of MgO in the use
of natural dolomite (56.6 wt.% CaCO3, 43.2 wt.% MgCO3) for the transesterification of
palm oil refined at 60 ◦C. The reaction yields of the calcined dolomite at 650 ◦C, 700 ◦C, and
800 ◦C were compared to those of CaO calcined at 800 ◦C as reference. The results showed
that both, CaO-800 and CaMgO-800, had the highest density of surface basic sites in the
CO2-TPD tests, which were then correlated with higher catalytic activity. This work found
that complete carbonate removal from Ca and Mg oxides of natural sources significantly
improved the catalytic activity, which was achieved with the annealing of the material
at 800 ◦C using a heating rate of 3 ◦C·min−1. For dolomite and seashells (97 wt.%), it
was proposed that the CaO crystallites size would influence the FAME reaction rate and
yield. A shrink-core thermal decomposition model explained this correlation based on the
results obtained by X-ray photoelectron spectroscopy (XPS) since they showed that CaO
creates base clusters (40 nm) when the calcination temperature is increased. Nevertheless,
in CaMgO-800, a faster formation of MgO was observed, which delays the formation and
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agglomeration of CaO clusters, leaving remnants of carbonate and hydroxide compounds.
The presence of a greater amount of MgO, when compared to CaO, provides surface acidity,
which in turn decreases the hydroxylation and carbonation degree of the produced CaO
(Figure 4).
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Diatomaceous earth has also been proposed as a natural alternative to enduring
alkaline and alkaline earth metals [95,96]. One advantage of these natural materials is
that they are highly porous; therefore, they have high surface areas due to their silica
content. To improve the yield of catalysts obtained from this material, Modiba et al. [97]
impregnated diatomite with potassium at different KOH/diatomite ratios and tested them
with vegetable oil, using an experimental Central Composite design. When impregnated
potassium is calcined, K2O is generated in the structural matrix of the diatomite, which
results in increased basicity and, thus, and increased catalytic activity. Therefore, it was
determined that the highest biodiesel yield (90%) was obtained in 4 h with a methanol/oil
mass ratio of 30, a catalyst/oil ratio of 5 and 75 ◦C. Moreover, it was concluded that an
increment in the methanol/oil ratio caused glycerolysis and formed monoglycerides, which
in turn decreased reaction yield. Additionally, this catalyst showed a capacity of being
reused up to three times with only slight changes in reaction yield.

Conversely, Rabie et al. [96] impregnated CaO and MgO in diatomite to increase
basicity. Scanning electron microscopy (SEM), X-ray diffraction (XRD), and Fourier Trans-
form infrared spectroscopy (FTIRS) analysis showed that these alkaline oxides coated the
diatomite and, thus, reduced the pore diameter and incremented the surface area. Fur-
thermore, part of these does not impregnate diatomite but precipitates and contributes to
basic sites. In reaction tests, it was observed that the optimal conditions for the CaO/MgO
catalyst with diatomite were methanol/oil ratio of 15:1, at 90 ◦C, with 6 wt.% catalyst,
which attained a 96.5% yield at 120 min of reaction. This catalyst can be used for up to
seven runs.

2.2. CaO

CaO has been one of the most used materials since it is inexpensive and comes from
different natural sources like limestone, dolomite, bones, seashells, eggshells, calcium
nitrate, calcium acetate, and calcium carbonate. In 2008, Liu et al. [98] used CaO to
study the effect of the methanol/oil molar ratio, temperature, catalysts amount, and water
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concentration in the transesterification of soybean oil. In this work, the authors concluded
that the amount of water is an important factor in the transesterification reactions. Hence,
they proposed a reaction mechanism considering the presence of water. They explained
that the O2− from CaO surface would extract H+ from water to generate a superficial
OH− group that may extract the H+ from methanol to form a methoxide anion (CH3O−).
The methoxide anion is considered to be highly active in the transesterification reactions
due to its alkaline character. Hence, the CH3O− group attacks the carbonyl group from a
triglyceride to generate a tetrahedral intermediate that will take adsorbed H+ group from
de CaO surface. Finally, the intermediate will rearrange itself to produce FAME molecules
and glycerol. As it was concluded, water could assist the generation of methoxide ions;
nonetheless, if the water content exceeds the 2.8 wt.% in the oil, the FAME would be
hydrolyzed under basic conditions, and FFA could be formed. Concerning the reaction
conditions, their results showed that a molar ratio methanol/oil of 12:1 with 8 wt.% of
catalysts at 65 ◦C and a maximum of 2.03% of water, the transesterification of soybean oil
might reach a FAME yield of 95%.

Kouzu et al. [99] compared the catalytic activity of CaCO3, CaO synthesized from the
calcination of CaCO3 in an inert atmosphere, and in air and calcium hydroxide obtained
from the hydration of CaO in the transesterification of soybean oil. The obtained data
showed that CaO calcined in an inert atmosphere has a higher activity than Ca(OH)2, CaO
calcined in air, and CaCO3, as Figure 5 shows.
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Based on these results, it was proposed that alkaline sites formed on the CaO surface
were susceptible to moisture and atmospheric CO2; therefore, they are deactivated when
exposed to air. For this result discussion, the authors state that there is a possible change
in the reaction order from zero to first order while the reaction is happening when using
inert calcined CaO as a catalyst. In this same publication, they included CaO yield in
the transesterification of waste cooking oil. This type of oil is characterized by its water
and free fatty acid contents, which poison the basic sites. Despite this, it was found that
CaO can also be used for this type of oil since it attains a 99% yield after a 2 h reaction.
Nevertheless, the saponification of part of the catalyst was observed, which decreased its
activity.
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Afterward, Kouzu and Hidaka [65] published a comprehensive review on the use
of CaO in the transesterification of vegetable oils, for which they examined the surface
base properties, preparation, deactivation, modifications, and uses of this oxide. Reading
this document is recommended to have a better understanding of the CaO system. One
of the most important elements in this work is the analysis of the research carried out by
Iizuka et al. [100], who explained the Lewis acidity of the Ca2+ cation, which is weak due
to its electronegativity. Based on this, conjugated oxygen anions O2− show strong basicity.
Moreover, it was concluded that isolated OH− groups serve as basic sites according to the
obtained results for FTIRS and XPS. Additionally, through CO2-TPD, it was determined that
CaO must be calcined at high temperatures (>630 ◦C) to activate the basic sites. Compared
to SrO and BaO, CaO has a larger number of basic sites per mass unit, even though SrO
and BaO are stronger than those in CaO. However, SrO tends to lixiviate easier in reaction
products than CaO; therefore, the latter has a higher capacity for reuse. In this same review,
the authors mention that during the reaction, calcium may transform in different active
species. It can react with methanol to produce calcium methoxide and with glycerol to form
calcium glyceroxide (Ca[O(OH)2C3H5]2), which is less active than CaO [101]. However,
this compound can reversibly react with methanol resulting in Ca organic species (CH3O–
Ca–O(OH)2C3H5), which also possess weak basic sites and, thus, are less active than
CaO [102]. Therefore, calcium glyceroxide is a precursor of active species. Nevertheless,
since that part of CaO is lixiviated during the transesterification reaction and the formation
of Ca species, the homogeneous contribution increases to high conversions provoking that
yield remains approximately 95%. Finally, this review concluded that the main problems
to overcome for CaO use are the protection of basic sites from CO2 and moisture and the
improvement of this catalyst by designing materials that minimize the lixiviation of the
active phase. Hence, in work published in 2017, Kouzu et al. [102] proposed to protect the
limestone with biodiesel during the grinding process to avoid the pollution of active sites
with moisture and CO2. This new treatment was tested in the transesterification of used
oil at a pilot plant scale. The results indicated that 95% of FAME was attained after 2 h, at
60 ◦C with 2 wt.% catalyst, i.e., the protection of active sites was efficient.

Based on this, some research has focused on the combination of CaO with other
metals and natural sources of CaO. To increment the catalyst basicity, doping with alkaline
metals, such as Li, Na, or K, has been proposed [67,74]. Watkins et al. [74] proposed
that doping oxide alkaline earth catalysts with alkaline metals (Li) produces a network
exchange from M2+ to M+, which creates anionic O− vacancies during calcination. Thereby,
the reaction of M+ electron-deficient species with CaO increases the surface defects which,
in the presence of water, forms –OH groups and, thus, increases the basicity. Meher
et al. [103] reported the catalytic activity of CaO doped with alkaline metals (Li, Na, K
1.25 wt.%) in the transesterification of karanja oil. These materials showed activity and
basicity in the following order: Li/CaO > Na/CaO > K/CaO. This group proposed that
the smaller the alkaline ion, the simpler it will be for it to enter the network of the alkaline
earth oxide and promote the oxygen vacancies. Furthermore, the group included the
optimization study of the Li/Ca catalyst for which the optimal conditions of karanja oil
were determined: FAME yield of 94% with methanol/oil molar ratio of 12:1, 2 wt.% of
catalyst, and 65 ◦C for 8 h. Based on these results, the Li–CaO catalyst was tested in the
karanja and jatropha oil transesterification [104]. This research found that the minimal
concentration of impregnated lithium was 1.75 wt.% in order to attain an almost total
conversion of both oils in 2 h at 65 ◦C, with a methanol/oil molar ratio of 12:1. Moreover,
KF/CaO catalysts have been studied with chinese tallow tree oil showing yields of more
than 96% in 3 h at 70 ◦C, with a methanol/oil ratio of 9:1 and 5 wt.% catalyst [105]. Kumar
et al. [106] studied K/CaO (1.5–5.5% of K+) in the transesterification of used cotton oil,
karanja and jatropha. The results indicated that charging the catalyst with 3.5 wt.% of
potassium was enough to attain a FAME yield close to 98%. Even at higher concentrations,
there is no increase in basic sites. The optimal conditions were 65 ◦C, with 7.5 wt.% catalyst
and a methanol/oil ratio of 12:1. To carry out a more exhaustive comparison for the alkaline
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metal impregnation, Li, Na, and K/CaO were tested, and Li/CaO was found to be the
most active. Nevertheless, it also showed a higher level of lixiviation in biodiesel, while
the lixiviation level of K/CaO was lower. Table 4 summarizes these results.

Table 4. Summary of some transesterification tests using doped CaO as a catalyst.

Catalyst Oil Temperature
(◦C) Alcohol/Oil Catalysts

Loading (wt.%)
Time
(Min)

Yield
(%) Reference

Li, Na, K/CaO
(1.25 wt.%) Karanja 65 12:1 2 360 97–98 [103]

Li/CaO (1.75
wt.%)

Karanja and
Jatropha 65 12:1 5 120 98 [104]

KF/CaO Chinese Tallow Seed 70 9:1 5 180 96 [105]
K/CaO (3.5

wt.% K+)
Wasted Cotton Oil,

Jatropha and Karanja 65 12:1 7.5 75 98 [106]

As it has been mentioned, CaO can be obtained from natural sources such as eggshells
since they have 85–95% of CaCO3, 1.4% of MgCO3, 0.76% phosphates, and 4% organic
matter and other metals like K, Na, Zn, Mn, Cu, and Fe [107]. In the same way, it has been
proposed the use of bone, crustacean exoskeletons, or seashells [108–111]. This alternative
emerged as a solution to reduce costs and catalyst complexity so that rural communities
or communities with limited resources could have easy access to this technology and
create their own biofuel. Wei et al. [112] used eggshells obtained from local bakeries.
Eggshells calcined at 800 ◦C were tested in the transesterification of soy oil at 65 ◦C, with
a methanol/oil molar ratio of 9:1 in the presence of 3 wt.% catalyst to attain a 96% yield
in 3 h. Moreover, it is mentioned that, by calcining the used catalyst once again, it can be
reused 13–17 times. Ostrich eggshell has also been used to obtain biodiesel. This study
carried out by Chen et al. [113] demonstrated that ostrich eggshells calcined at 800 ◦C could
be used to obtain biodiesel from palm oil. The catalytic tests of this study compared the
use of ultrasound with magnetic stirring. The results showed that, by using ultrasound
(60% amplitude), the reaction yield could be improved since the oil is emulsified with
methanol. The vibration decreases the boundary layer, i.e., the transport phenomena
limitans. Consequently, the contact area between the solid and the reacts increases allowing
it to reach the active sites more efficiently. In the same way, using ultrasound increases the
reusing capacity of the catalyst. Furthermore, the optimal values of reaction conditions
were methanol/oil ratio of 9:1, at 60 ◦C and 8 wt.% catalyst. Tan et al. [114] compared
the catalytic activity of ostrich eggshells with that of chicken eggshells, using the surface
response method with Taguchi to find the optimal parameters for the transesterification
of used cooking oil. 98% yield was attained when the reaction was performed at 65 ◦C,
with a methanol/oil ratio of 11:1, and 1.5% w/v CaO obtained from ostrich eggshells. In
contrast, chicken eggshells attained a 95% yield at 65 ◦C, with a methanol/oil ratio of
10:1, using 1.6% w/v catalyst. Both methods had similar results; however, the authors
recommend using the response surface method due to the capacity of having non-linear
relations between parameters. Eggshell properties can be improved by combining them
with carbon obtained from pyrolysis residues, as shown by Gollakota et al. [115]. This
catalyst was tested in the transesterification of used cooking oil, and the best-operating
conditions (97% yield) were at 65 ◦C, with a methanol/oil ratio of 12:1, and 10 wt.% of
catalyst in 3 h. Catalysts of eggshell combined with pyrolysis residue were more active
than eggshells alone. In this case, the increase in catalytic activity would be related to an
improved surface dispersion of the active phase because eggshells particles were supported
on the pyrolytic carbon.

To increase the number of active sites and decrease the lixiviation of CaO in the
reaction medium, it has been proposed the impregnation of CaO on Al2O3 or SiO2 [116,117].
Swangkeaw et al. [118] compared CaO/Al2O3 with Al2O3 in the transesterification of palm
oil in supercritical conditions through the optimization of response surface experiments:
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285 ◦C, 20 MPa, methanol/oil ratio 30:1 and residence time of 4.8 min. Moradi et al. [119]
carried out a kinetic study using CaO/Al2O3 (40 wt.% CaO) in the transesterification
of soybean oil at 70 ◦C, with a methanol/oil ratio of 12:1 and 6 wt.% catalyst. At the
beginning of the reaction, there is a resistance in the material transfer from methanol to the
catalyst. The formation of biodiesel and glycerol improves the mass transfer and, thus, the
reaction speed increases. To enhance the texture properties of these catalysts, i.e., increase
the surface area, the synthesis of CaO/Al2O3 as an aerogel has been proposed [120,121].
Kesserwan et al. [120] performed the transesterification of used oil using CaO/Al2O3
aerogel. For this work, they studied the CaO charge effect and concluded that the optimal
molar ratio was 3:1 since no soap is formed due to CaO crystals being smaller than those
synthesized by alcogels (i.e., they are more dispersed). Furthermore, it was determined
that the optimal experimental conditions (98% FAME) were 1 wt.% catalyst at 65 ◦C for 4 h,
with a methanol/oil ratio of 11:1. Aghilinategh et al. [122] tested CaO/TiO2 nanocatalyst
at supercritical conditions to generate biodiesel from Chlorella vulgaris microalgae biomass.
The CaO was combined with TiO2 by photochemical method since the precursors were
mixed and irradiated with UV light. After this process, the catalyst was calcined at 400 ◦C
for 4 h. The reaction was operated at 260 ◦C and 10 MPa in a batch reactor filled with
dry microalgae biomass, methanol, and catalyst. Also, they investigated the effect of the
addition of water to the reaction system. They found that the addition of CaO to TiO2
improved the basic sites and the catalytic activity compared to only TiO2. Also, they found
that after the reaction, CaO was not detected in the products. Hence, the photochemical
treatment would provide stability to the catalyst. However, since the photochemical
CaO/TiO2 catalyst was not compared with a similar synthesized by a traditional method,
the effects of the photochemical treatment are still not clear. Nonetheless, in the reaction
performance, they found that the addition of water to the system would be beneficial to the
FAMEs yield. They concluded that subcritical water dissolves the biomass and, together
with supercritical methanol, helps to break the cellular membrane. Thus, the mass transfer
of the triglycerides to the catalytic surface is enhanced.

CaO has been combined with CeO2 to improve the activity and avoid the leaching of
the metal oxides. Thitsartarn and Kawi [123] synthesized CaO–CeO2 by co-precipitation
technique for the transesterification of palm oil. These authors revealed that the molar
ratio 1:1 of Ca and Ce was more active than CaO and CeO2 alone. Moreover, when Ce
was in a higher proportion than Ca, the activity decreased. As Raman and XPS results
indicated, the high activity of Ca:Ce 1:1 catalyst was attributed to the presence of Ca2+

ions on the surface. When Ce3+ or Ce4+ increase their concentration on the surface, the
basic strength was lower than 1:1 Ca:Ce catalyst and CaO alone. Also, they found that
the calcination temperature has an important role in the structure and so in the catalytic
activity. At 650 ◦C the Ca atoms substituted the Ce atoms at the surface, increasing their
interactions. Thus, the amount of Ca2+ was maximum at the surface and the activity was
higher than at higher or lower temperatures. The interactions between Ca and Ce were
beneficial to the stability of the catalyst since no lixiviation of the oxides were detected in
the products in 10 cycles. Plus, this catalyst showed a biodiesel yield higher than 90% in 18
cycles. The optimal operational conditions were methanol/oil ratio of 20:1, 85 ◦C, 5 wt.%
of catalysts to oil, 1500 rpm of mechanical stirring speed for 3 h.

The Co-precipitated CaO–La2O3 system is known for its acid-base bifunctionality. It
has been tested in transesterification of a high FFA content oil such as jatropha oil [124]. Sim-
ilar to the CaO–CeO2 system, the CaO–La2O3 catalyst synthesized by the co-precipitation
method (calcined at 950 ◦C) showed that Ca2+ substitutes the La3+ ions of the lattice. At
the atomic ratio Ca/La = 8, the interactions between these two metal oxides provoke that
the CaO crystals grow so that finish well dispersed all over the catalyst. This causes a syn-
ergic effect on the Lewis acid character of the Ca2+ and La3+ species, whereas O2− species
present an enhanced basic strength. The optimal biodiesel yield was 98.76% at 160 ◦C
with a methanol/oil ratio of 25:1 and 3 wt.% of catalyst for 3 h. This catalyst presented
high stability since a low amount of Ca2+ leached into the biodiesel during four cycles.
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However, despite that Ca/La = 10 was not the most active material, it was the more stable
and leached only traces of Ca. Hence introducing a small amount of La would improve the
catalyst’s structure.

2.3. BaO and SrO

As previously mentioned, SrO and BaO have a higher activity when compared to
MgO and CaO. Patil et al. [77] compared BaO, SrO, CaO, and MgO in the transesterification
of Camelina sativa oil. The investigation results showed in Figure 6 presents the effect of the
methanol/oil ratio, temperature, catalyst concentration, and reaction time.
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In all tests, BaO and SrO attained between 80% and 90% yields, while CaO and MgO
attained between 15% and 25% yields. It was concluded that the highest yield was attained
after a 3 h reaction using 1 wt.% catalyst with a methanol/oil ratio of 9:1, at 100 ◦C. In
a comparison between BaO and CaO in the transesterification of soy oil in supercritical
conditions (215 ◦C, oil/methanol ratio of 3.3:1, 2 g of catalyst), it was found that, between
15 and 30 min, 95% and 75% biodiesel yields were attained, respectively [125]. Therefore,
the BaO speed constant was higher than that of CaO. Additionally, the BaO reaction had
an average third-order kinetic (first order to methanol, second-order to triglyceride), with a
speed constant of 8.5 × 10−3 g2 mol−2 min−1. Moreover, CaO had an average first-order
kinetic (first order in relation to methanol and zero-order for triglyceride), with a speed
constant of 4.6 × 10−3 min−1.

The SrO obtained from the calcination of SrCO3 was compared to homogeneous
catalysts, such as NaOH, KOH, NaOCH3, and KOCH3, in the transesterification of soy
oil (methanol/oil ratio 12:1, 65 ◦C, 3 wt.% heterogeneous catalyst, 1 wt.% homogeneous
catalyst) [125,126]. For this assessment, it was observed that SrO attained a higher biodiesel
yield, 8% better than that of homogeneous catalysts, at 10 min of reaction. Moreover, Viola
et al. [127] compared CaO with SrO and K3PO3 in the transesterification of used oil with
high FFA content (65 ◦C, methanol/oil ratio 6:1, 5 wt.% of catalyst). In this study, it was
determined that CaO (92%) had a higher FAME yield when compared to the other two
catalysts (85%). Furthermore, the effect on particle size was reported, and it showed that,
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when CaO is used, the initial speed of fine powder is higher than that when granules
are used (0.5–2 mm). In contrast, when SrO is used, there was no significant difference
between them. This may be due to SrO having more basic sites than CaO. SrO has also
been assessed, with good results, using microwave heating and ultrasonic stirring in the
formation of biodiesel from jatropha and castor oil extracted directly from the seeds [128].

The use of SrO has been limited due to its lixiviation tendency in methanol. Conse-
quently, in recent works, combining SrO with another oxide has been proposed to increase
its stability. Ali et al. [129] studied the synthesis of the SrO/CaO system (molar ratio
1:6) for the transesterification of jatropha oil with ultrasonic agitation at 65 ◦C, with a
methanol/oil ratio of 10:1 and 6 wt.% catalyst. Catalysts were impregnated using a CaO
humid impregnation method with strontium nitrate and then calcined at 800 ◦C. The XRD
results showed a high crystallinity in catalysts, with a size of 40–50 nm. Furthermore, the
SEM results indicated that catalysts have a homogeneous morphology with particle sizes of
0.2–0.5 nm. The transesterification of jatropha oil attained a 95.4% yield through ultrasonic
stirring, in contrast to the 89.3% attained with mechanic stirring in 3 h.

One characteristic of the alkaline earth oxides is their low surface area. Therefore, it has
been proposed to support them with high surface area acids or neutrals such as Al2O3 and
SiO2 [130]. Moreover, since alkaline earth metal oxides can be fine powders, supporting
them would decrease inhalation health risks. Additionally, the main purpose of this
alternative is to provide acidic sites to form a bifunctional catalyst. By supporting a basic
oxide with other basic oxide or neutral, the activity can increase due to the combination
of basic sites and to the increase in active phase dispersion, respectively. However, it was
observed that supporting a basic oxide on acidic support may decrease the catalytic activity.
Anderson et al. [131] studied the role of BaO dispersion supported by alumina for the
transesterification of cotton oil and groundnut oil (65 ◦C and methanol/oil ratio 6:1). This
group reported that, by increasing the amount of BaO in the catalyst, dispersion decreases
since the catalyst activity depends on the oil used. Nevertheless, even though increasing
the active phase decreases dispersion and, apparently, also the number of basic sites, the
most active catalyst was 10 wt.% BaO in both oils. Tonetto et al. [132] impregnated K, Na,
and Ba on alumina (8 wt.%) for the transesterification of soy oil (methanol/oil ratio 32:1,
1 wt.%, 120 ◦C, 6 h). It was found that these materials had activity in the following order:
K/Al2O3 > Na/Al2O3 > Ca/Al2O3 > Ba/Al2O3. These two studies indicated that BaO
is more effective as a mass catalyst than as a supported catalyst since highly dispersed
molecules do not provide enough activity.

Mierczysnki et al. [130] proposed to support alkaline earth metal oxides (10 wt.%) on
Sr-Al2O3 mixed oxide support for the transesterification of rapeseed oil in supercritical
conditions (350 ◦C and 400 ◦C, with a methanol/oil ratio 25:1). It was determined that the
highest FAME yield is attained at 400 and 350 ◦C for the rest, and the reactivity order was
Sr/Sr–Al2O3 > Ca/Sr–Al2O3 > Ba/Sr–Al2O3 > Mg/Sr–Al2O3 > Sr–Al2O3. This result was
attributed to a higher degree of crystallinity of the catalyst that carried SrO as the active
phase. Moreover, it was observed that Sr/Sr–Al2O3 was the least alkaline catalyst and, thus,
its activity highly depends on the crystalline structure formed as SrCO3 or Sr12Al14O33.
What is more, it was reported that Mg/Sr–Al2O3 leached strontium but not aluminum.
Ca/Sr–Al2O3 catalyst did no leach strontium to the formed biodiesel support, but it leached
aluminum. In contrast, Sr/Sr-Al2O3 leached both elements in the final product. Despite
this, it was considered a stable catalyst since it leached less strontium and aluminum at
400 ◦C than Sr-Al2O3 and Ba/Sr–Al2O3. To optimize the SrO/Al2O3 system to obtain
biodiesel from palm oil, Mootabadi et al. used the central composite method with time,
catalyst loading, alcohol/oil ration, and ultrasonic amplitude as variables [133,134]. Their
model indicated that the alcohol/oil ratio and the amplitude of the ultrasonic processor are
related. Furthermore, it was observed that increasing the amplitude can decrease the yield
as it occurs with the methanol/oil ratio. The above attributed to an excessive amount of
methanol, which can overly dilute the oil. Also, sonic stirring reduces the required amount
of methanol. Therefore, it was concluded that the optimal conditions are obtained with a
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methanol/oil ratio of 9:2, 1.6 wt.% catalyst, a 69.7% amplitude during 30.2 min to attain an
80.2% yield.

Tangy et al. [135] synthesized a SrO catalyst (41.3 wt.%) supported by SiO2 spherical
beads to test it in the transesterification of used oil heated in a microwave, for it has been
shown to be an efficient method since the radiation reaches the reagents directly. In the
catalyst synthesis, microwave radiation was also used to rapidly transform Sr(NO3)2 in
SrCO3 so it can efficiently adhere to the silica beads; and, after calcination at 900 ◦C, SrO
crystals of 55 nm were formed. The reaction results demonstrated that a 99.4% FAME yield
was attained in 10 s, attributed to the well-dispersed metallic oxide nanoparticles in the
support. Additionally, the system proved to be efficient for up to 10 cycles. However, the
system has a limitation in industrial scaling, which represents a technological challenge.

MgO modified with SrO was studied recently on the transesterification of wasted oil
by Shahbazi et al. [136]. In this work, the authors proposed the co-precipitation synthesis
method at different SrO/MgO molar ratios. The wet impregnation synthesis method (20%
of SrO) and pure SrO and MgO were used as a reference. The catalysts were calcined at
850 ◦C for 5 h. The co-precipitated catalysts were more active than the wet impregnated
and pure references. Also, the optimal SrO/MgO ratio was found to be 3:7. This material
presented super basic sites on its surface, as it was showed by Hammett indicators and
CO2-TPD results; therefore, it showed the higher biodiesel yields. All reactions were
carried out with 0.1 g of catalyst, methanol/oil ratio of 9:1 at 60 ◦C for 2 h. The results are
presented in Table 5.

Table 5. Comparison of the basic strength, approximate basic sites and biodiesel yields of the co-precipitated SrO/MgO,
wet impregnated SrO/MgO and pure SrO, MgO catalysts. [136].

Catalyst Basic Strength Approximate Total Basic
Sites (mmol CO2·g−1) Biodiesel Yield (%)

Co-precipitated SrO/MgO 27 ≥ H_ ≥ 22 71 79
Wet Impregnated SrO/MgO 18 ≥ H_ ≥ 15 34 52

Strontium oxide 15 ≥ H_ ≥ 9 37 48
Magnesium oxide 9 ≥ H 10 4

The basic sites were classified as moderate, strong, and super basic. The moderate
basic sites were attributed to Mg2+−O2− species, the strong to Sr2+–O2− and the super
basic to isolated O2− sites. The co-precipitated catalyst showed to be 20% more active than
the impregnated catalyst. Also, they found that if the calcination temperature of the co-
precipitated catalysts is increased to 950 ◦C or 1050 ◦C, the catalytic activity would decrease.
This was attributed to the incomplete decomposition of the carbonate and hydroxide
compounds that provide the active sites and remain at 850 ◦C. At higher temperatures,
the complete oxide species formed would agglomerate and lose crystalline phases and
active sites. This material reached a biodiesel yield of 79.4% using 0.1 g of catalysts with
a methanol/oil molar ratio of 9:1 at 60 ◦C for 2 h. However, by a Box-Behnken response
surface model, the reaction conditions were optimized to a biodiesel yield of 88% using
0.1 g of catalyst, methanol/oil ratio of 7.7 at 50.16 ◦C for 1.37 h. Furthermore, the co-
precipitated catalysts demonstrated that they could be reusable for four cycles keeping a
biodiesel yield higher than 80%.

The strontium oxide three metallic systems combined with calcium oxide and alu-
minum oxide were studied recently by Zhang et al. in the transesterification of palm oil
with methanol under microwave irradiation [137]. The optimal catalytic conditions were
found to be at a catalyst concentration of 7.5 wt.% at 65 ◦C with a methanol/oil ratio
of 15:1 for 3 h. The maximum FAME yield was 95.9% and was achieved by the SrO to
CaO mass ratio of 0.4 in the SrO–CaO–Al2O3 catalyst. Likewise, the biodiesel yields only
decreased to 92% in five cycles. At higher SrO to CaO mass ratios, there is no difference
in the catalytic activity. These improvements in the catalytic performance were attributed
to the Ca12Al14O33 and Ca0.2Sr0.8O phases found by XRD, FTIRS, and XPS analysis. The
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strontium also decorates the surface of the catalysts, increasing the effective negative charge
of the superficial oxygen, i.e., the oxygen enhances its electron-donating properties. Conse-
quently, the basic character was increased. Furthermore, the presence of the strontium also
modifies the interactions between the calcium and aluminum cations, which results in the
stability of the Ca2+ species and reducing their leach. Hence, the combination of CaO with
Al2O3 brings stability to the support, and it can be improved by SrO in the final catalyst.

3. Conclusions

Catalysts made from alkaline earth oxides seem to be a viable option for transesteri-
fication reactions since they offer advantages like easy separation and recovery, reduced
corrosion, and environmental acceptance. However, there still are disadvantages that must
be minimized or eliminated to increase their yield.

At present, biodiesel development from vegetable oils has mainly focused on three
aspects: the development of new catalysts, the modulation of reaction conditions, and
the development of optimization models. Firstly, one of the main objectives is to increase
the material’s basicity, and different ways to achieve it have been proposed. At this point,
an important catalytic variable is the crystal size, which relates to the catalyst’s basic
strength and depends on the thermal calcination treatment. Moreover, this treatment
affects the dispersion and, in oxide mixtures, the morphology. Another important factor
is the catalyst’s tendency to deactivate with water and atmospheric CO2 since both have
an affinity for basic sites, and it is hard to avoid. As a solution to this, calcination in an
inert atmosphere has been proposed. Nevertheless, if this technology is applied in rural
areas, an inert calcination system might increase biofuel costs. Therefore, to solve this
problem, it was proposed to mix alkaline earth oxides with other oxides, such as alkaline
metals, to increment their basicity or disperse it with support so that active sites are more
available and resistant to environmental factors. Likewise, eggshells, bones, and natural
minerals have been proposed as viable alternatives to facilitate access to catalysts since
they are more resistant to metallic oxide factors. In the same way, it is important to know if
the catalyst can be reused and how many cycles it is capable to keep its activity because
almost all these materials lixiviate in the presence of methanol. To achieve all of this,
it is necessary to design a highly stable catalyst to avoid lixiviation; with high basicity;
it won’t be contaminated with the presence of water or atmospheric CO2; inexpensive,
reusable, and not toxic. Based on the aforementioned, different studies have proposed the
use of other metallic oxides, for example, ZnO, TiO2, ZrO2, La2O3, SiO2, CeO2, basic mixed
oxides, among others. The analysis of this type of materials is available in the literature,
and their study for further application has increased, particularly for La2O3, which seems
to be the most promising.

The reaction conditions have a wide operating range since it is possible to perform this
type of reactions in atmospheric conditions and at temperatures below the used alcohol’s
boiling point or in supercritical conditions. Some works have focused on supercritical
conditions; however, these increase the costs of operation. In addition, the typical condi-
tions for transesterification are more economical, but yields are lower than the supercritical
ones, which notably improve the reaction yield. Furthermore, the use of ultrasonic stirring
has been proposed since it minimizes mass transfer problems by improving the mixing
of alcohol and oil. Consequently, the optimization of such conditions is necessary. Op-
timization studies have used different experimental design methods to find the relation
between variables and improved efficiency conditions, as well as to propose models that
predict the systems’ behavior. These studies have concluded that the main variables are the
alcohol/oil ratio, temperature, reaction time, catalyst loading, and revolutions or flow rate.
In more particular cases, the ultrasonic frequency has been studied along with microwave
power and pressure. Some more specialized studies have focused on creating models to
improve reactors based on kinetic models and simulations involving transport phenomena.
Finally, first-generation biofuels are a viable option to decrease the use of fossil fuels. Still,
it requires further studying for a correct implementation from small plants that can be
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relocated in rural areas to industrial levels. The different economic, technological, and
environmental challenges could be addressed by studying, assessing, and implementing
different alternatives according to the necessities.
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