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Biodiesel produced through catalytic transesterification of triglycerides from edible and non-edible oils and alcohol is
considered a clean and renewable alternative to traditional petro-diesel. Homogeneous alkaline catalysts have been
widely used in this reaction due to their high activity. Optimization studies have been carried out to improve the biodiesel
yields by modulation of the reaction conditions such as temperature, alcohol to oil ratio, catalysts concentration, time, and
agitation speed. Several designs of experiments can be used to model to achieve this.
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| 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 [, On the
one hand, economic dependence on oil has produced war, political, and economic 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 [&. 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 CO, generated, came from fuels used in transportation and has reached more than
400 ppm in the atmosphere, which has increased the average terrestrial temperature BIAIBIEIZ, |n 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 [BI2I191 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 2111221,

| 2. Biofuels

Biofuels are generated from different sources of biomass, such as crops, seeds, agroindustry 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 CO, emitted to the carbon cycle LIS 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 1817, 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 8],

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 (12, 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 2921 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 (22231241 The |atter 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 vegetable 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 221, 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 BI17[28] Bjodiesel 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 microalgae 24. 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 to deforestation for cultivation and massive use of
fertilizers 281231 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 B2,

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 vegetable oils and animal fats that can be incorporated into petroleum
diesel fillers B3, 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 unsaturation, 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 24351 Therefore, to improve the
quality of biodiesel it is necessary to conduct studies on the process conditions, kinetics, and functionalities of the
catalysts.

| 3. 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 28, Because the reaction is reversible, an excess of alcohol is necessary to shift the equilibria
towards the products B,
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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 8B, 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
H,S0, and HCI, enzymes like lipases, and heterogeneous catalysts can be used as well 441142 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 H,SO4 (Figure 2).



Figure 2. General scheme of the esterification reaction of free fatty acids with methanol.

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 431441 |n hoth 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 B745],

| 4. Catalysts

The use of homogenous catalysts has advantages such as high activity and availability, 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 centrifugation 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 48, To achieve this, large amounts of water are required, which results in contamination, 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 42481, 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 2. 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 BY. Like the
basic catalysts, their operating conditions are moderate and require high alcohol/oil molar ratios to obtain acceptable
yields 211, Nevertheless, unlike basic catalysts, acid catalysts do not run the risk of unwanted saponification reactions and
can perform transesterification and esterification simultaneously B2E3I54 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 23, Optimization studies in biofuel production have used a
different design of experiment methods B2, 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. 58 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 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.

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

Box-Behnken,

Temperature: 75 °C
Face Centered

Sunflower Oil  Central Ethanol/Oil: 12:1 97.6 NaOH (58]

Composite,
Catalyst loading: 1.25 wt.%

Full Factorial



Time: 60 min
Temperature: 50 °C

Castor Oil Taguchi Catalyst loading: 1 wt.% 90.83 H,SO,4 57]
Methanol/oil: 20:1

Agitation speed: 700 rpm

Methanol/oil: 9:1

Catalyst loading: 0.5 wt.%

Mahogan
gany Taguchi 96.8 NaOH (58]
Seed Oil Temperature: 60 °C
Agitation speed: 300 rpm
Methanol/oil: 60:1
Catalyst loading: 0.84 wt.%
Ceiba

i Box-Behnken Time: 6.46 min 95.42 KOH (9]
Pentandra Oil

Agitation speed: 800 rpm

Microwaved to 100 °C

Temperature: 150 °C

Methanol/oil: 6:1
Box-Behnken 98.1 KOH [60]
Catalyst loading: 1.25 wt.%

Sardine Fish
Qil

Time: 25 min

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

Karanja Oil Box-Behnken 91.05 KOH [61]
Time: 90.78 min

Temperature: 66.8 °C

Time: 77 min
Mixture of o
Pongamia and  Central Composite ;atalyst loading: 0.67 wt. 86.3 NaOH [62]
Neem Oils

Methanol/oil: 6:1

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 consumption, 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 BUE3I64]  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 CO, from the air 2. 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 Al;03, SiO, and hydrotalcites [66][67][68]
Additionally, transition 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 /9. 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.
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.
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