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Abstract: Biodiesel has established itself as a renewable fuel that is used in transportation worldwide
and is partially or in some cases completely replacing conventional fuels. Chemically, biodiesel is
a fatty acid monoalkyl ester (FAAE). Generally, the term biodiesel refers to the fatty acid methyl or
ethyl esters (FAME or FAEE). Herein, an overview of the research on the synthesis of FAAE in which
the alkyl moiety is a C3, alkyl chain (branched /unbranched) is given. In addition, a comparison of
the properties of the aforementioned FAAE with each other, with FAME and FAEE, and with fuel
standards is given. The length of the alkyl chain has a major influence on viscosity, while pour point
temperatures are generally lower when branched alcohols are used, but the fatty acid part of the
molecule also has a major influence. The development of new pathways for the synthesis of higher
alcohols from biomass opens a future perspective for the production of long chain FAAE as biofuels,
fuel additives, or biolubricants. Due to their properties, FAAEs produced from C3-Cs alcohols have
the potential to be used as fuels, while all C3, FAAEs can be used as valuable bioadditives, and Cg,
FAAEs can be used as biolubricants and viscosity improvers.

Keywords: fatty acid alkyl ester; propanol; butanol; pentanol; octanol; biodesel synthesis; fatty acid
propyl esters; fatty acid butyl esters

1. Introduction

Biodiesel production has been studied for decades as a sustainable alternative to fossil
fuels to reduce greenhouse gas emissions, with biodiesel primarily defined as fatty acid
methyl and ethyl esters (FAME and FAEE). Research on biodiesel production has focused on
a more economical and sustainable production process, achieved mainly through the choice
of triglyceride feedstocks. Biodiesel can be classified into four generations, distinguished
by the type of triglyceride feedstock. Each successive generation has been introduced
in response to the limitations of the previous generation, mainly related to their overall
sustainability and environmental impact. The first generation of biodiesel is produced
from edible oils using a simple production process but is at odds with food production
due to land consumption and an increase in food prices. The most commonly used natural
triglyceride sources for biodiesel production still belong to the first generation, i.e., edible
oils such as soybean, canola, sunflower, coconut, and palm oil [1]. The impact on food
prices has been solved in the second generation, in which biodiesel is produced from
non-edible oils, with the oil from jatropha seeds being the most popular [1], while the
third generation mitigates the problem of land consumption by using waste oils and fats or
oils produced from algae as feedstock. Research on the fourth-generation biodiesel is still
in the early stages. The fourth generation uses genetic engineering to develop improved
organisms (algae, microorganisms, etc.) that could play a critical role in the future of
biodiesel production. These improvements may include the use of metabolic engineering
to enhance the organisms to achieve higher lipid and energy content, thereby increasing
CO; absorption during production compared to the previous generations’ biodiesels [2].
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According to the U. S. Energy Information Administration, as of February 2022, the
operational production capacity of bioethanol was 414.83 million barrels per year, while
for biodiesel it was 53.14 million barrels per year [3]. Some datasets, such as those from
Statista [4], reported that global biofuel production increased steadily until 2019, peaking
at 653.35 million barrels of oil equivalent per year that year. Due to the COVID-19 crisis,
global biofuel production began to decline in 2020 to 612.11 million barrels of oil equivalent
per year. Statista also stated [5] that biofuel production in the European Union decreased by
4.9 million barrels of oil equivalent in 2020 compared to the previous year and amounted
to a value of 107.86 million barrels of oil. Statista’s reports also state [6] that Indonesian
exports of biodiesel to other countries, such as the EU nations, China, and South Korea,
peaked at 12.21 million barrels in 2013 and have since declined to 0.25 million barrels
in 2020, with the later negative influence of COVID-19 pandemic. On the contrary, the
reports of the same database [7] suggest that Brazilian biodiesel production increased 9%
to 40.44 million barrels in 2020. In the case of Argentina, Statista [8] reports a maximum
biodiesel production in 2017 of 20.51 million barrels, followed by a continuous decrease
until 2020 to 8.29 million barrels. Recently, the Organisation for Economic Cooperation and
Development (OECD) reported that the largest biodiesel producers in the world are the
European Union, the United States of America, Brazil, Indonesia, and Argentina [9].

Nowadays, the most commonly used processes for the production of biodiesel are still
the classical transesterification reactions using chemical (alkaline or acidic) or enzymatic
catalysts [10]. According to current research, the most commonly used alkaline catalysts
are potassium hydroxide [11] and sodium hydroxide [12], while the most commonly used
acid catalyst in both esterification and transesterification is sulphuric acid [13]. Due to their
lower price, chemical catalysts are still the most widely used, but recent research (described
in the following chapters) has focused on enzymes [14]. Pricewise, the enzymatic reactions
face many challenges, so the new non-enzymatic catalyst solutions are entering the market.
Gebremariam et al. [15] even suggested the use of waste shells, e.g., eggs [16], coconuts [17],
scallops [18], or crustaceans [19] as possible cheap catalyst alternatives.

There are numerous studies presented in review papers on the influence of the triglyc-
eride feedstock [20] on the production process [21] and the properties [22] of the resulting
biodiesel, but fewer studies on the influence of the specific alcohol used for production.
Most research focuses on methanol and ethanol. However, changing the alcohol changes
the properties of the FAAE as well, which can improve their application properties as fuel
or affect their use. In addition, new routes for the synthesis of higher alcohols from biomass
have been developed, opening the possibility of completely removing FAAE from higher al-
cohols. For example, Schubert [23] studied how to produce the alcohols propanol, butanol,
and their isomers from biomass, mentioning the isopropanol-butanol-ethanol (IBE) fermen-
tation process. In this process of direct fermentation, isopropanol, butanol, and ethanol are
the products of metabolic reactions of hexoses and pentoses by the bacteria C. beijerinckii.
Although it is very similar to the acetone-butanol-ethanol production pathway, isopropanol
dehydrogenase is used here to reduce the acetone obtained to isopropanol.

The aim of this review paper is to present the current findings on the use of higher alco-
hols (with a longer alkyl chain than methanol and ethanol) to produce FAAE. This includes
the challenges in the synthesis of FAAE as well as their properties and a look at current
applications and future prospects.

2. Fatty Acid Propyl Esters

Fatty acid propyl esters (FAPRE) are most commonly investigated as biofuel (biodiesel),
either alone or in binary [24,25] or trinary blends [25] with mineral diesel used as fuel in
diesel engines. When the propanol isomer (isopropanol) is used for their synthesis, a
lot of research papers show that they also have a positive effect on the low-temperature
properties of the biodiesel derived from different sources such as palm oil [26], soybean
oil [27], or tallow [28,29].
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Other potential applications can be found in the food industry, for example, propyl
octanoats have a gin-like flavour and are used as food additives [30].

Over the years, the production of FAPRE has had many similarities to that of com-
mercially available FAME or FAEE. From the chemical transesterification of vegetable oils
(jojoba oil and sunflower 0il) in the presence of alkaline catalysts (KOH [25], potassium
methoxide [31]) to the alcoholysis of sunflower oil using immobilized lipase [32,33], and
the application of supercritical 1-propanol in FAPRE production [34], researchers have seen
a comparable potential in the application of propanol isomers in the fuel industry to the
most commonly used alcohols methanol and ethanol.

Natadiputri et al. [35] performed a series of one-step transesterifications with methanol-
stable lipase to convert olive and menhaden oil to FAPRE, among others, depending on the
alcohol used. They concluded that concentrations of 1-propanol, which was used in a 3:1
molar ratio to the oil, affected the catalytic activity of the lipase.

Another study, presented by Sustere et al. [36], discussed the advantages of the in-
teresterification reaction of rapeseed oil with propyl and isopropyl acetate over classical
transesterification. An advantage of this production process is the formation of triacetin, a
desirable fuel additive, as a by-product that did not need to be removed from the reaction
mixture, unlike glycerol, and the fact that the biodiesel obtained in this way weighed more
than the mass of oil used for its production. The results showed that inter-esterification
yielded 87% and 88% of fatty acid propyl and isopropyl esters, respectively.

Fatty acid isopropyl esters were attractive to researchers even twenty years ago due
to the poor low-temperature properties of FAME. To address this issue, Wang et al. [37]
used isopropanol to convert triglycerides from soybean oil and yellow grease to biodiesel
via transesterification, in the presence of sodium or potassium isopropoxide as a catalyst.
The results showed that the optimal reaction conditions were an alcohol to triglyceride
ratio of 20:1 and a mass fraction of a sodium metal of 1% of the mass of the triglyc-
erides. Additionally, the researchers were aware of the high content of free fatty acids
(FFA) in yellow grease, so they reduced it to less than 1% by acid-catalysed esterification
with methanol.

Concerning the application of FAPRE as a fuel in diesel engines, it is important to discuss
its application properties and compare them with those of commercially available biodiesel
(FAME and/or FAEE) and diesel fuel standards. In their research, Gotovusa et al. [25] investi-
gated various application properties after synthesizing and purifying FAPRE and showed
that FAPRE itself possessed a higher density (879.9 kg/m?) and viscosity (5.705 mm?/s)
than the maximum requirements of the standard EN 590 [38] (845 kg/m? and 4.5 mm? /s,
respectively). The addition of FAPRE to mineral diesel in the amount of up to 10 vol%
resulted in a slight increase in the blends’ densities (up to 0.36%) and viscosities (up to
4.39%). Compared to FAME [39], with a density of 884 kg/m? and viscosity of 4.03 mm? /s,
it can be observed that the density of FAPRE is lower, but not too far from the density of
FAME. On the other hand, there is a significant difference between the viscosity values
of these two biodiesels. Other application properties that were analysed were the cold
filter plugging point (CFPP) and lubricity. The CFPP of this FAPRE was —6 °C, while
all the prepared binary blends up to 10 vol% with mineral diesel had the same CFPP as
diesel. The results for the lubricating properties of FAPRE and its blends showed that
FAPRE had the best lubricity (the lowest wear scar diameter) of all three components,
180 um, and that it improved the lubricity of both non-additivated (571 um) and additi-
vated (380 pm) mineral diesel when added. The latter proved the components of the blends
and the lubricity additives present did not exhibit antagonistic effects with each other.
For comparison, Li et al. [40] measured the wear scar diameter of a FAME synthesized
from various feedstocks, e.g., sunflower oil, and obtained almost the same value of 181 um.

In a study conducted by Levine et al. [41], the heat of the combustion of methyl,
propyl, and isopropyl esters was analysed to possibly correlate the chain length, presence
of structural branching, or several unsaturated bonds with the gross heat of combustion
(Hc) value. With the aim of finding a suitable renewable alternative to the existing kerosene-
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type fuel, they investigated biodiesel with different chain lengths. They concluded that as
the chain length increases, the combustible fraction increases, resulting in a higher gross
heat of combustion for longer chain biodiesels compared to the shorter chain ones. This is
consistent with the fact that the cetane number also increases in a similar manner, which
was demonstrated in a paper by Klopfenstein [42].

Hellier et al. [43] investigated how the molecular structure in the alcohol moiety of
fatty acid alkyl esters (FAAE) affects the combustion and emissions in a diesel engine.
They compared a series of 18 non-oxygenated acyclic hydrocarbons with the number of
FAAE obtained, e.g., methyl, propyl, and isopropyl, i.e., their behaviour in the diesel engine.
The results showed that chain length or structural branching did not have a noticeable
influence on ignition delay; therefore, they concluded that commercial FAME can be easily
replaced by biodiesel made from propanol or isopropanol. In terms of NOy emissions, the
tests showed that chain length generally reduces emissions of these gases.

FAPRE represent a biodiesel fuel derived from a longer-chain alcohol and therefore
have better application properties, such as a higher cetane number, than FAME or FAEE.
In addition, the branched propanol isomer used in the synthesis can potentially reduce
the need for low-temperature additives, again improving the initial fuel properties. As the
chain length of the alcohol moiety in FAAE increases, other fuel properties, such as the
heat of combustion or NOy emissions, improved as well. In addition, biopropanol can
be obtained through fermentation processes, consequently making biodiesel FAPRE a
promising biofuel solution and alternative to the shorter-chain ones.

3. Fatty Acid Butyl Esters

In recent years, the investigation of FAAE as biofuels has gradually shifted to the inten-
sification of conventional biodiesel synthesis by various continuous processes. In addition,
longer-chain alcohols have remained a hot commodity due to their ability to improve
the final biofuel properties, e.g., the cetane number [44]. Moreover, butanol isomers in
particular have proven to be one of the most suitable alcohols for biodiesel synthesis as
they are more miscible with nonpolar triglyceride sources, which increases their mass
transfer, while higher boiling points allow the reaction to be carried out at higher tem-
peratures and increase the reaction rates [45]. However, this means that more energy is
required for the subsequent separation of butanol from the reaction mixture. In addition,
there are studies [46] showing how fatty acid isobutyl esters can be epoxidized to produce
bio-based plasticizers.

In the past, most of the fatty acid butyl esters (FABE) that were produced were
synthesized from edible oils, e.g., soybean oil [47], but nowadays more emphasis is placed
on the use of nonedible oils from which second generation biofuels could be obtained.
Kumar et al. [45] optimized the pre-treatment and production steps to obtain FABE from
non-edible mahua oil. Since the raw feedstock consisted of 19.8% FFA, a pre-treatment step,
i.e., esterification, was necessary to reduce the content of FFA. The optimization resulted in
an ideal molar ratio of reactants (butanol to mahua oil) of 6:1 with 2 wt% H,SO,4, which
was used in the first esterification step and was able to reduce the content of FFA to 1.1%
within 60 min. In the second transesterification step, which was chemically catalysed in the
presence of 1.5 wt% KOH, the optimal reaction conditions were a temperature of 80 °C and
a time of 90 min, resulting in a biodiesel yield of 94.8%.

The study by Ilmi et al. [48] was conducted through transesterification of sunflower
oil and 1-butanol in the presence of a homogeneous Rhizomucor mieher lipase as a cata-
lyst. The process equipment included a cascade of a stirred tank reactor connected to a
continuous centrifugal contactor separator to ensure the separation between the phases,
i.e., the enzyme-containing water phase, and the organic phase consisting of triglycerides,
hexane and 1-butanol. After 8 h, the researchers were able to convert 92% of the starting
material into FABE. Afterward, they were faced with a lack of enzyme activity due to the
presence of 1-butanol, which inhibited further reactions. Experimental models allowed
them to correlate higher FABE yields with higher enzyme concentrations. This recent study
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was particularly noteworthy because it involved the use of free enzymes, which are cheaper
than the immobilized ones, while the reactions were carried out in a biphasic system in
which fewer FFA were formed, hydrolysis was reduced, and the mass transfer limitations
were inferior. The biphasic system allowed the free enzymes to be recycled due to their
better solubility in the water phase and thus easier separation from the organic product.
The presence of water also contributed to the increase in enzyme activity and exceeded the
equilibrium limits that could have resulted in lower biodiesel conversions.

Nelson et al. [49] investigated lipase-catalysed biodiesel production from various
feedstocks (soybean oil, rapeseed oil, olive 0il, and tallow) and primary or secondary alco-
hols. Various lipases served as catalysts, e.g., Mucor miehei, Candida antarctica, Pseudomonas
cepacia, Rhizopus delemar, and Geotrichum candidum, the first three of which were used in
the experiments with tallow and 2-butanol. The highest conversion of 96.4% was obtained
when Candida antarctica was used as a catalyst and no additional solvent, i.e., the hexane
that was applied in the other cases. The reaction conditions were 45 °C, for 16 h, with a
stirring speed of 200 rpm.

The synthesis of fatty acid esters from tert-butanol was studied by Likozar et al. [50].
In this work, the authors synthesized biodiesel from different renewable sources, e.g., canola
oil, palm oil, peanut oil, soybean oil or sunflower oil, alongside an alcohol, e.g., methanol,
ethanol, isopropanol, 1-butanol or tert-butanol. Fatty acid tert-butyl esters were obtained at
a temperature of 50 °C from canola oil and tert-butanol in the presence of 0.8 wt% KOH as
catalyst; the molar ratio of alcohol to oil was 6:1. The conversion obtained was 99.9%.

Since isobutanol is one of the components derived from fusel oil, its use in biodiesel
synthesis will be discussed in more detail in the following chapter, along with the synthesis
of fatty acid isoamyl esters. However, there are some data available in the paper by
Silva et al. [51], where fatty acid isobutyl esters were synthesized through the esterification
and transesterification of macauba oil in the presence of sodium methoxide as catalyst. Prior
to the transesterification, isobutyl esters were prepared using acid oil of Macauba (AOM)
and alcohol isobutanol after 20 min in the presence of 1% sulphuric acid. This biodiesel
was then synthesized using a molar ratio of isobutanol to oil of 6:1 and a mass fraction of
sodium methoxide of 1% after a period of 3 h. The 'H-NMR analysis determined a high
ester content of 81.0%.

Hellier et al. [52] investigated how the composition of the biodiesel affects the emis-
sions (NOx and particulate matter) and compression ignition combustion characteristics.
They focused on ignition delay and concluded that, in general, the longer the alkyl chain
and the fewer the unsaturated bonds, the shorter the ignition delay. The increase in chain
length also led to an increase in particulate matter emissions, which correlates with the
physical properties of the biodiesel (the viscosity and boiling point). Regarding the alcohol
moiety in the FABE, the correlation between the cetane number and the alcohol chain length
was discussed. It was found that this biodiesel has a higher cetane number than biodiesel
obtained from lower alcohols, i.e., methanol, ethanol, and propanol. However, no linear
trend was observed in this correlation. Furthermore, some of Hellier’s earlier studies found
that the butanol isomers with the most branched structure, tert-butanol, yielded fatty acid
esters that were the only ones to show a noticeable increase in the duration of the ignition
delay. No other butanol isomer or lower alcohol gave similar results in the combustion of
the corresponding FAAE. Additionally, the results of particulate emission measurements
showed that the combustion of FABE in a diesel engine produced the highest amount of
particulate matter, i.e., about 1.3 x 10~ and 3.5 x 10~* pg/cc at a constant injection and
constant ignition of saturated C18 FABE, respectively.

The interest in finding a link between the composition of biodiesel and its properties
and emission characteristics dates back to the 20th century. A group of scientists led by
Wagner [53] investigated how the properties of soybean biodiesels depend on the alcohols
used for their synthesis. Specifically, they focused on the methyl, ethyl, and butyl esters
and their application characteristics. Compared to FAME, whose viscosity, cetane number,
and gross heating value were 4.08 mm? /s, 46.2, and 39.8 MJ /kg, respectively, FABE had
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higher values for all three properties, i.e., 5.24 mm? /s, 51.7, and 40.7 MJ/ kg. As the chain
length of the alcohol increased, the values of all the above properties increased as well.
Some low-temperature properties of FAME and FABE were measured and compared too,
such as the cloud point and pour point. In the case of FAME, they were 2 and —1 °C,
while in the case of FABE they were lower, —3 and —7 °C, respectively. In other words,
there was a negative trend for these two cold-flow properties, i.e., an improvement of low-
temperature properties, as the number of carbon atoms in the alkyl part of the biodiesels
increased. In terms of NOy emissions, the authors concluded that FABE produced lower
levels of these compounds than FAME.

FABE are considered to be an extremely promising form of biodiesel due to their
improved application properties (e.g., density and higher miscibility with fatty feedstocks),
which are a consequence of their longer chain lengths compared to FAME or FAEE, as
well as lower NO, emissions. In addition, the fact that biobutanol can be obtained from
fermentation processes further contributes to the overall sustainability of FABE production.

4. Fatty Acid Pentyl Esters

Fatty acid pentyl esters (FAPE) can be used as a renewable source of energy (biodiesel) [54]
or as lubricating bioadditives [55]. Isoamyl alcohol is used for the synthesis of FAPE via
a chemically or biologically catalysed transesterification reaction. The main feedstock
containing this alcohol is fusel oil [55]. Fusel oil is obtained by distillation processes that
take place after fermentation as a by-product in the production of alcohols. The main
components of fusel oil are non-branched and branched alcohol isomers, i.e., n-propanol,
n-butanol, i-butanol, n-pentanol, i-pentanol (isoamyl alcohol), ethanol, as well as traces
of terpenes, water, free acids and corresponding esters, aldehydes, and even higher alco-
hols [56]. mcan be used as raw mixture from which different FAAEs are synthesized and
used as biolubricants [57].

It is safe to say that increasingly more focus is placed on the enzymatic synthesis of fatty
acid fusel esters, due to the yields being higher than those in chemical transesterifications.
For instance, Verma et al. [58] conducted an optimization study using response surface
methodology to assess prospects of karanja biodiesel synthesis from three biobased alcohols,
including 1-pentanol, in the presence of KOH as a catalyst. The results showed that the
increase in alcohol chain length led to a decrease in reaction yield, with the maximum
yield for FAPE being 73.13%. To achieve maximum biodiesel yields in these cases, higher
temperatures and catalyst concentrations had to be applied, due to the lower reactivity
of higher alcohols. Another study by de Oliveira et al. [59] aimed at producing a variety
of FAAE from babassu oil in a two-step process while it was integrated into a typical
biodiesel plant. First, the Bbabassu oil was hydrolysed to obtain fatty acids, which were
then esterified with an alcohol (methanol, ethanol, propanol, isopropanol, isobutanol,
isopentanol, and 2-ethylhexanol) in the second step. KOH was used in the hydrolysis,
whereas esterification was carried out with p-toluene sulfonic acid as a catalyst. The fatty
acid isoamyl esters had a conversion of 99.1%. The authors emphasized that integrating
these processes into a biodiesel plant is a promising solution for reducing operating costs
and increasing revenues. However, the physicochemical differences (boiling points) of
the excess alcohols represent a disadvantage for their possible recovery in the process.
Here, the analysis of the application properties has reconfirmed that the use of branched
alcohols, e.g., isoamyl or 2-ethylhexyl, leads to a significant improvement in the cold flow
properties, which for the latter alcohol was —21 °C.

On the other hand, enzymes are predominantly used as catalysts for fatty acid fusel
ester (FAFE) synthesis in current research. Specifically, several lipases have been engineered
and/or immobilized to obtain the desired biocatalysts.

A decade ago, Sun et al. [30] succeeded in obtaining biodiesel in a solvent-free system
from coconut oil and fusel alcohols via a transesterification reaction, using low-cost im-
mobilized Lipozyme TL IM as a biocatalyst. They optimized the reaction parameters and
concluded that the reaction temperature should be 23 °C, the molar ratio of alcohol to oil



Energies 2022, 15, 4996

7 of 21

was 3:1, the reaction time had a value of 20 h, the enzyme loading was 15% (w/w), and the
shaking speed was maintained at a value of 130 rpm.

In 2020, Monroe et al. [60] reported that superior performance biodiesel could be
obtained from fusel alcohols, i.e., isobutanol, 3-methyl-1-butanol, and (S)-(—)-2-methyl-1-
butanol, when reacted with glycerol trioleate from low-grade oil in the presence of lipase
obtained from Aspergillus oryzae. After 24 h, FAFE achieved a conversion of more than 97%
at a reaction temperature of 35 °C, a reactant molar ratio of 5:1, an enzyme loading of 2%
w/w, and a shaking speed of 250 rpm. FAFE synthesis from fusel oil and corn oil resulted
in improved application properties, e.g., a cetane number 4.8 points higher, a cloud point
6 °C lower, and a heat of combustion 2.1% higher than in the case of FAME.

Another application of FAPE is their potential role as lubricants. Lubricants are
substances that, when present in relative humidity between two surfaces in relative mo-
tion, reduce mechanical wear and heat loss and prevent the consequential oxidation and
corrosion that may occur in the presence of moisture and fouling debris [61]. In both
applications, they are considered a better alternative to their petroleum counterparts due
to their nontoxicity, biodegradability, and sustainability, i.e., their participation in carbon-
neutral cycles [62]. Their lubricating properties derive from their chemical structure, which
contains long chains of fatty acids and polar groups [63]. However, in order for them to be
used as biolubricants, certain chemical modifications are needed, such as the addition of
antioxidants in the structure, as described by Wu et al. [64]. FAPE, when obtained from
feedstocks rich in octanoic acid, e.g., coconut oil, can form isoamyl octanoates, which are
used as flavouring agents in the food industry [65]. In 2018, Ceron et al. [66] published a
paper on the enzymatic synthesis of a biolubricant from palm kernel oil and fusel oil in a
batch and a continuous process. Specifically, lipase from Burkholderia cepacia was immo-
bilized on an epoxy matrix of silica-hydroxyethyl cellulose, while the fusel oil consisted
of 11.2% ethanol, 10.6% butanol, and 78.2% isoamyl alcohol. Fatty acid isoamyl esters
were formed after a 48-h batch process and an 8-h continuous process with a conversion of
99 wt%, and the optimum molar ratio of oil to alcohol was 1:4.

The more recent 2020 study by Verma et al. [67] describes how the application proper-
ties of different biodiesels derived from karanja oil change due to the type of alcohol used
for their synthesis. They also compared properties such as kinematic viscosity, density,
cloud point, pour point, cold filter plugging point, and cetane number for all karanja oil
esters, from methyl to pentyl. According to the results, the values for density and viscosity
increased with the length of the alcohol chain from 879.5 kg/ m? and 3.78 mm? /s, respec-
tively, to 902.8 kg/m? and 5.04 mm? /s, respectively. For the cloud point and pour point,
the karanja oil methyl ester (KOME) had higher values (19.4 and 17.1 °C, respectively)
than the karanja oil n-pentyl ester (KOPnE, 12.4 and 10.7 °C, respectively). However, it is
interesting to note how the values of CP and PP decreased from methyl to butyl esters, but
suddenly increased for pentyl esters to values identical to propyl esters. On the other hand,
the cold filter plugging point decreased continuously from 11.17 °C for KOME to —1.25 °C
for KOPnE. The cetane number, as mentioned in this article, increased as expected, i.e., it
was 56.01 in the case of KOME and 63.68 in the case of KOPnE.

FAPE have become a novelty over the years, not only for their potential to be applied as
biofuels, but also for their lubricating properties, and, for example, isopentanol’s abundance
in fusel oil production. Similar to biobutanol, amyl and isoamyl alcohols can also be
produced through fermentation processes. Fusel oil, which in most cases is a waste product
of these processes, is primarily used as a source of the aforementioned alcohols, from which
lubricants can also be obtained. Most of the studies conducted in this field use enzymes to
obtain FAPE. Although these processes are considered innovative, their operating costs
and low yields are still major obstacles to their transfer to industrial scale. Regarding the
application properties of pentyl esters, improvements in density, viscosity, cetane number,
and low-temperature properties have been noted in the literature compared to their methyl
ester counterparts.
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5. Fatty Acid Cg, Alkyl Esters

FAAEs derived from Cg, alcohols are mainly explored as biolubricants, but some
studies have also investigated their influence on oxidative stability, biodegradability, and
low-temperature properties. Cg, alcohols are not a common feedstock for biodiesel pro-
duction due to their high price and boiling point, which affects their economic feasibility
through increased production and purification costs, but the prospect of producing envi-
ronmentally friendly biolubricants and fuels is increasing interest in further research.

Several studies have compared the synthesis of FAAE from different higher alcohols
in terms of their reactivity and application properties. Bokade et al. [68] showed that
increasing the carbon number of the alcohols decreased the conversion and ester selectivity
under the same reaction conditions. They synthesized methyl, ethyl, propyl, and octyl esters
by transesterification with catalysts of different pore sizes, and the conversion decreased
from 84% (methanol) to 72% (octanol). Panchal et al. [69] studied how different alcohols
react with modified karanja oil in the synthesis of FAAE. They first synthesized FAME using
NaOH as catalyst and then converted FAME to FAAE by transesterification with hexanol
(94% conversion), octanol (93% conversion), and neopentyl glycol (95% conversion) using
sodium methoxide as catalyst. The synthesized esters exhibited tribological properties
comparable to their petroleum counterparts. Similarly, Malhorta et al. [70] showed that
higher alcohols (1-hexanol, 1-octanol, and 1-dodecanol) can be used for the synthesis
of bio-lubricants. They described the use of a commercial lipase mixture, immobilized
Mucor miehei (RMIM) and immobilized Candida antarctica lipase B (Novo-zym 435), for the
transesterification of castor oil with 1-hexanol (95% conversion), 1-octanol (90% conversion),
and 1-dodecanol (80% conversion). They proved that higher alcohols are promising in the
production of biolubricants from non-edible vegetable oils.

On the other hand, Oh et al. [63] synthesized biomass-derived lubricants by esterifi-
cation, transesterification, and simultaneous reactions with different types of sulphated
zirconia catalysts and various long-chain alcohols. In their research, they compared biolu-
bricants synthesized by the esterification of FFA extracted from vegetable oils to produce
biolubricants by direct transesterification of vegetable oils. For the synthesis, they used
alcohols with longer chains—Cg to Cy4 alcohols (1-octanol, 2-octanol, 3-octanol, isooctanol,
dodecanol, tetradecanol, and hexadecanol) and branched polyols. The kinematic viscosity
values of the esters of higher alcohols increased with the increasing chain length (for the
Cg/C12/Cq4/Cqg esters measured).

However, most of the research focuses on Cg alcohols [71], especially 1-octanol [72,73]
and 2-ethyl-hexanol [74,75], because they are the cheapest among the higher chain alcohols
(Cs to Cy4) [76].

Cai et al. [72] synthesized fatty acid octyl esters with a 93% conversion using FFA
from the lipids of housefly larvae by esterification with n-octanol using benzene sul-
fonic acid as catalyst. They showed that octyl esters can serve as substitutes for cer-
tain low viscosity mineral lubricants, e.g., liquid paraffin, polyalphaolefin 6, and SN500.
Kleinaite et al. [74] developed an environmentally friendly and clean alternative to the
existing petroleum-based lubricant production by synthesizing biolubricants with enzymes
as catalysts. They synthesized 2-ethyl-1-hexyl oleate with 100% conversion by transesteri-
fication using commercial immobilized lipase Lipozyme TL IM, biodiesel from rapeseed
oil as a source of fatty acids, and 2-ethyl-1-hexanol. Similarly, Chowdhury et al. [76]
synthesized biolubricants from waste cooking oil via enzymatic hydrolysis followed by
chemical esterification with the acid catalyst Amberlyst 15H to produce octyl esters with
100% conversion. They investigated the effects of various physical and chemical parameters
(the influence of water on hydrolysis, molar ratio of reactants, catalyst amount, temperature,
stirrer speed (rpm), and desiccant on esterification) to achieve optimum conditions and
the maximum yield of the biolubricant (fatty acid octyl esters) in the shortest possible
time. Additionally, Faraguna et al. [77] synthesized hexyl, heptyl, octyl, decyl, and dodecyl
esters with a guanidine catalyst obtaining conversions 67.6-95.4% [78] and developed a
correlation method for conversion determination by 'H NMR spectroscopy and a method
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for determining the amount of FAAE added into diesel with FTIR for FAAE obtained
from C1-C1».

The properties of Cg, FAAE continue the trend of FAAE obtained from the lower
alcohols, which is particularly evident in viscosity. FAOEs have a viscosity from 8.16
to 10.3 mm?/s, C19 FAAE 17-18 mm?/s, C;, FAAE with 11.3 mm?/s, C14 FAAE with
19.6 mm?2/s, and Cq4 FAAE with 21.0 mm?2 /s, which is much higher than FAME and the
upper limit for diesel (4.50 mm? /s, EN 590). In addition, according to Oh et al. [63] the
viscosity index of these oleic acid alkyl esters increases with the chain length; Cg FAAE has
a viscosity index of 120, C1» FAAE of 184, C14 FAAE of 195, and Cy4 of 193, which makes
them excellent lubricants. However, the fatty acid that is used has a substantial impact on
the viscosity index. Sreeprasanth et al. [79] used sunflower oil and obtained a viscosity
index of 226. In the same paper, they measured the Cg FAAE and obtained 180 pm, which is
similar to FAAE of lower alcohols. The density is not significantly different from FAME and
is within the limits of EN 590. The low-temperature properties of octyl and 2-ethyl-hexyl
FAAE are only slightly improved compared to FAME, but can be further improved by
chemical modification, reaching a PP of —18 and —57 °C, respectively. As can be seen from
these properties, these FAAEs are mainly used as lubricants or they can be added to fuels
in small amounts, so the application properties do not exceed the requirements of EN 590.

In addition, integrating biolubricant production into the biodiesel industry could
provide benefits such as lower operating costs and/or higher profits by producing a
wider range of value-added biobased products for lubricant formulations. In their study,
Rios et al. [71] proposed a flexible multipurpose industrial plant configuration to produce
both biodiesel and biodegradable base oils for lubricating oils. The base oils were synthe-
sized from ricinoleic acid (obtained from castor oil) using Cg alcohols (where 1-octanol
and 2-ethyl-1-hexanol achieved 98% and 95% conversion, respectively) via esterification,
epoxidation, and oxirane ring-opening reactions. The chemical modification of ricinoleic
acid with 2-ethyl-hexanol via esterification and oxirane ring-opening reactions conferred
superior low-temperature properties and higher oxidation stability to the final product.
In terms of biodegradability, the synthesized biolubricants had up to 91% shorter half-lives
than mineral oil and were thus more environmentally friendly.

Overall, FAAE derived from higher alcohols (Cs—Cy4) exhibit difficulties due to slower
reaction rates, but high (complete) conversion is possible through various routes and the
use of specific catalysts. They are not synthesized as biofuels, but as value-added products,
namely as more biodegradable lubricants with application properties comparable to those
of commercial mineral lubricants. These properties could be further improved by chemical
modifications of the fatty acids such as epoxidation and oxirane ring-opening reactions.
Their production could be integrated into conventional biodiesel production to achieve a
more profitable and versatile production process.

Table 1 presents current findings on the use of higher alcohols (with a longer alkyl
chain than methanol and ethanol) in the production of FAEE. Here, conversion is described
with the letter “a”, while yield is represented with the letter “b”. Table 2 presents their
properties, e.g. density, viscosity, cold filter plugging point (CFPP), pour point (PP), cloud
point (CP), as well as the cetane number (CN).
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Table 1. Production of FAAE.

Alcohol/Alkyl

Conversion 2/

Moiety Source Triglicerides/FFA Catalyst Yield ® (%) Ref.
1-propanol sunflower oil potassium hydroxide 99.82 [25]
1-propanol jojoba oil potassium methoxide 90 [31]

) . immobilized lipase—Candida rugosa (CRL) 252 (CRL)
1-propanol sunflower ol Porcine pancreatic (PPL) 752 (PPL) (321
triolein and . - . a
1-propanol safflower ol immobilized Pseudomonas fluorescens lipase 100 [33]
1-propanol canola oil supercritical conditions 93.8"° [34]
olive oil and . .
1-propanol menhaden oil Staphylococcus haemolyticus lipase (162) - [35]
: 1N T (2 .
1-propanol waste COOklI.‘lg N,N',N TI‘IS.(?). (dimethylamino) 66.8 3 [80]
sunflower oil propyl)guanidine
1-propanol babassu oil p-toluenesulfonic acid 9422 [59]
: 1N T (2 (] .
isopropanol waste COOklI.‘lg N,N',N TI‘IS.(?). (dimethylamino) 8354 [80]
sunflower oil propyl)guanidine
propyl acetate rapeseed oil sodium methoxide solution in methanol 87 b [36]
isopropyl acetate rapeseed oil sodium methoxide solution in methanol 88 P [36]
. soybean . Lo . )
isopropanol oil/yellow grease sodium and potassium isopropoxide [37]
isopropanol babassu oil p-toluenesulfonic acid 9272 [59]
1-butanol soybean oil sodium butoxide - [47]
1-butanol soybean oil sulfuric acid - [47]
1-butanol mahua oil sulfuric acid pre-treatment [45]
1-butanol mahua oil potassium hydroxide 94.8° [45]
1-butanol mahua oil sulfuric acid 95b [81]
1-butanol sunflower oil Rhizomucor miehei lipase 9b [48]
: 1N T (3 S
1-butanol waste COOkll:lg N,N',N TI'IS'(3' (dimethylamino) 95.8 [80]
sunflower oil propyl)guanidine
tert-butanol canola oil potassium hydroxide 9994 [50]
2-butanol tallow Candida antarctica 96.4 4 [49]
. AN (d; . ~
2-butanol waste COOkll:lg N,N' N TI'IS.(3. (dimethylamino) 29.9a [80]
sunflower oil propyl)guanidine
isobutanol macauba oil sodium methoxide - [52]
. AN (d; . ~
isobutanol waste COOkll:lg N,N',N TI'IS.(3. (dimethylamino) 9334 [80]
sunflower oil propyl)guanidine
isobutanol babassu oil p-toluenesulfonic acid 9452 [59]
1-pentanol karanja oil sulfuric acid pre-treatment [58]
1-pentanol karanja oil potassium hydroxide 73.13P [58]
. AN (d; . ~
1-pentanol waste COOkll:lg N,N',N TI'IS.(3. (dimethylamino) 9042 [80]
sunflower oil propyl)guanidine
isopentanol babassu oil p-toluenesulfonic acid 99.12 [59]
. AN (d; . ~
isopentanol waste cooking N,N',N”-Tris(3-(dimethylamino) 89a [80]

sunflower oil

propyl)guanidine
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Table 1. Cont.

ﬁlsi(;l:;lg:::;ﬁ Triglicerides/FFA Catalyst CYoilzllsrs i((zz)a/ Ref.
fusel oil coconut oil immobilized Lipozyme TL IM - [30]
fusel oil corn oil Aspergillus oryzae lipase 972 [60]
fusel oil palm kernel oil immobilized Burkholderia cepacia lipase 994 [66]
1-hexanol castor oil blend of RMIM with Novozym 435 952 [70]
hexanol karanja oil methyl ester ~ sodium methoxide 94.5Pb [69]
2-ethyl-hexanol ricinoleic acid Amberlyst 15 954 [71]
2-ethyl-hexanol oleic acid p-toluenesulfonic acid 932 [75]
2-ethyl-hexanol zziisseed oil methyl immobilized lipase Lipozyme TL IM 1002 [74]
2-ethyl-hexanol Babassu oil p-toluenesulfonic acid 99.12 [59]
Dpanal kg N Tl imclylamine; co
1-octanol ricinoleic acid Amberlyst 15 982 [71]
1-octanol stearic acid sulfated zirconia 97.82 [63]
1-octanol oleic acid sulfated zirconia 9042 [63]
1-octanol linoleic acid sulfated zirconia 86.32 [63]
1-octanol linolenic acid sulfated zirconia 82.72 [63]
1-octanol waste cooking oil Amberlyst 15 1002 [77]
1-octanol karanja oil methyl ester ~ sodium methoxide 93.1b [69]
L-octanol sunflower oil Icllz’c;ropolyacids supported by monmorillonite 7 a [68]
1-octanol castor oil blend of RMIM with Novozym 435 92 [70]
1-octanol oleic acid immobilized Thermomyces lanuginosus 954 [73]
1-octanol housefly larva FFA benzenesulfonic acid 95.12 [72]
ool kg N Tl imclylmine, 2w
2-octanol oleic acid sulfated zirconia 85.24 [63]
3-octanol oleic acid sulfated zirconia 31.02 [63]
isooctanol oleic acid sulfated zirconia 83.62 [63]
1-dodecanol castor oil blend of RMIM with Novozym 435 802 [70]
dodecanol oleic acid sulfated zirconia 8852 [63]
tetradecanol oleic acid sulfated zirconia 87.32 [63]
hexadecanol oleic acid sulfated zirconia 85.72 [63]

a_conversion, b—yield.
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Table 2. Physical properties of different FAAE.

Application Property
Fatty Acid Alkyl Ester Density Viscosity CFPP o o Ref.
(kg/m3) (mmZ/s) (OC) PP ( (@) CP (°O) CN

EN 590 820845 2.0-4.5 >51 [38]
FAME W 880 4.60 5 6 [11]
FAME ™M 865-885 2.50-3.40 [17]
FAME K 881 402 -2 -3 53 [19]
FAME S 884 4.03 -1 [39]
FAME S 885 3.97 0 [39]
FAME ¢ 884 4.18 -1 [39]
FAME € 883 4.34 -8 [39]
FAME Cot 884 4.06 6 [39]
FAME S0 4.08 —44 -38 —05 50.9 [82]
FAME R 4.83 3.6 -10.8 —4.0 52.9 [82]
FAME T 4.80 11 9 139 58.8 [82]
FAME T 7.90 15 17 [28]
FAME K 879.5 3.78 11.17 17.1 19.4 56 [67]
FAME S0 4593 -6 -2 50.4 [37]
FAME Y 5.916 6 8 62.6 [37]
FAME R 920 5.36 -10 -12 -6 [36]
FAME S 442 -2 -2 2 51.1 [83]
FAME R 450 —12 -10 -3 53.7 [83]
FAME Co 2.75 -5 -9 -3 59.3 [83]
FAME € 438 -9 -6 -2 53.7 [83]
FAME Cr 4.19 -8 -2 -3 55.7 [83]
FAME 5° 4.26 —4 —4 0 51.3 [83]
FAME P 4.61 9 13 14 61.9 [83]
FAME T 4.69 13 10 13 58.9 [83]
FAME Y 4.80 1 3 8 56.9 [83]
FAME B 872 2.9 -6 -5 [59]
FAEE B 868 3.3 -6 -6 [59]
FAEET 6.20 12 15 [28]
FAEE S° 4.40 —4 1 [28]
FAEE] 853 8.24 —6 -7 -3 [31]
FAEE R 910 5.25 -10 -13 -6 [36]
FAEE K 886.2 4.06 3.98 15.9 18.3 57.5 [67]
FAPRE K 892.7 4.45 12.8 15.1 59.7 [58]
FAPRE B 866 37 -9 -8 [59]
FAPRE S 879.9 5.705 —6 [25]
FAPRE R 910 5.47 -13 -15 -9 [36]
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Table 2. Cont.
Application Property

Fatty Acid Alkyl Ester ]g(egr;z?; \(7111212(1)25/1:)37 C(OF(I:’)P PP (°C) CP (°C) CN Ref.
FAPRE T 7.30 9 12 [28]
FAPRE/ 861 9.03 -7 -8 -6 [31]
FAIPRE B 863 4.1 -9 —4 [59]
FAIPRE T 7.10 0 8 [28]
FAIPRE T 6.40 5 3 9 [29]
FAIPRE P 5.02 -3 6 [26]
FAIPRE R 910 5.96 —15 ~18 —14 [36]
FAIPRE S° 5.265 12 -9 51.5 [37]
FAIPRE Y 6.10 -3 0 65.6 [37]
FABE K 902.8 4.80 10.7 12.4 61.3 [58]
FABEM 894 4.12 2 4 52 [45]
FABEM 4.70 [81]
FABE W 872 5.33 2 92.2 [84]
FABE T 6.90 6 9 [28]
FABE] 876 9.82 -8 -12 —11 [31]
FA2BE T 6.19 —6 7 [26]
FA2BET 6.80 0 9 [28]
FAIBE * 5.59 -3 7 [26]
FAIBE T 7.40 3 8 [28]
FAIBE 4 870 6.7 -2 [51]
FAIBE B 861 4.2 -15 —13 [59]
FAPE K 910.3 5.04 7.3 9.6 63.6 [58]
FAIPE * 5.86 -9 8 [26]
FAIPE W 5.57 —11 [85]
FAIPE B 860 43 -15 -13 [59]
F-2EH B 862 5.6 —27 —26 [59]
F-2EH Ca 924.1 61.51 —57 [71]
F-2EH R 7.8 —31.3 [80]
FASAE €2 923.2 64.05 —18 [71]
FASAE S 881.3 7.93 -3 [86]
FASAE © 10.3 [63]
FASAE H! 866.4 8.16 9 [72]
FASAE Af 856 23.0 9 [86]
FASAE Fo 877.2 21.0 -6 [86]
FA10AE Af 843.7 18.0 9 [86]
FA10AE Fo 851.7 17.0 -3 [86]
FA12AE © 11.3 [63]
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Table 2. Cont.
Application Property
Fatty Acid Alkyl Ester Density Viscosity CFPP o o Ref.
(kg/m3) (mmZ/S) (o C) PP ( C) CP (°O) CN
FA14AE © 19.6 [63]
FA16AE © 21.0 [63]

Produced from: S—sunflower oil, R—rapeseed 0il, “—canola oil, “>—coconut oil, “"—corn oil, SO—soybean oil,

P—palm oil, T—tallow, Y—yellow grease, B__babassu oil, ©=—castor oil, “—oleic acid, Af—animal fat, Fo—fish
oil, Hl—houseﬂy larva FFA, M—mahua oil, W—waste cooking oil, A__acid oil of macauba, “°*—cottonseed oil,
CM__Cerbera manghas oil, *—karanja oil, and J—jojoba oil.

6. Comparative Property Analysis of Different FAAE

For comparative purposes, the literature values for density, viscosity, and pour point
are summarized in Figures 1-3. The property values belonging to biodiesel of the same
alkyl chain length are shown with the same colour. The values belonging to biodiesel from
the same feedstock (triglyceride source) are shown with the same shape symbols. The grey
area in the graphs indicates the ranges of the values for density and viscosity prescribed in
the standard EN 590.

920 + © FAME *
* FAME from karanja oil
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900
_e—®—9_qg @
<= 880 [ ] * *
\/ N
= [ ]
X 860
840
820 T T T T T T T T T T T 1

N S AP RS & + @

C L E P PeE &
REIRIRIR N ¢ NN
d}§’343¢§d$?d$4?@'3

(a)
920 ?-e = FAEE
* ° * * = FAPRE

. = FAIPRE
900 \ FABE
P FAIBE
* = FAPE
4= 880 \ ] \ L ® = FAIPE
/ . \. / = F-2EH
L n N = FASAE
860 \ + =t \. = FA10AE

/. % FAAE from karanja oil
O FAAE from babassu oil

e <> FAAE from rapeseed oil
A\ FAAE from jojoba oil
820 T T T T T T T T T T T T T lOFAAEfromotheroiI
Q> &Lt QD SO L AN ¥ Y &0 VPE 2O T©
S R R R S S R T
RARRAARARAE A A A AR A3
(b)

Figure 1. Literature densities of different FAAE: (a) FAME from different triglyceride sources,
and (b) fatty acid alkyl (Cy,) esters from different triglyceride sources (values and corresponding
references are given in Table 2).
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Figure 2. Literature kinematic viscosities of different fatty acid alkyl esters: (a) FAME from different
triglyceride sources, (b) fatty acid alkyl (Cy, ) esters from different triglyceride sources (values and
corresponding references are given in Table 2).

Figure 1 shows the change in density of biodiesel with the change in alkyl chain length
of FAAE derived from different feedstocks. For karanja oil and jojoba oil, the density
increases with the increase in the alkyl chain length of FAAE. For karanja oil, the density
increases from 879.5 (Cp) to 910 kg/m3 (Cs), while for jojoba oil, the density increases
steadily from 853 to 876 kg/m?, with the alkyl chain length increasing from C; to Cj.
In other cases, the increase in alcohol chain length has a slightly decreasing trend, for
example, when rapeseed oil was used, the density varied between 920 and 910 kg/m?
(C1—C3). The same decrease can be observed for babassu oil (872-866 kg/ m? for C;—-C3).
When branched alkyl chains (babassu oil) are used, there is almost no change in density
between FAAE with C3—Cg alkyl chain lengths. It is important to note that the fatty acid
moieties in biodiesel have an influence on their density, as can be seen from Figure 1a, where
FAME made from Cerbera manghas oil has a 6.3% lower density than the one produced from
rapeseed oil. It is common for FAAEs with shorter alkyl chains to have a higher density
than those with longer alkyl chains containing a different fatty acid moiety.
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Figure 3. The literature-based pour point temperatures of different FAAE: (a) FAME from different
triglyceride sources, and (b) fatty acid alkyl (C,,) esters from different triglyceride sources (values
and corresponding references are given in Table 2).

Figure 2 indicates that the viscosity of FAAE increases steadily with the increasing
alkyl chain length. This trend is most evident for FAAEs from jojoba oil (C,—C4 from 8.24 to
9.82 mm?/s), rapeseed oil (C;-C3 from 4.84 mm? /s to 5.47 mm?/s), and karanja oil (C;-Cs
from 5.78 mm?/s to 5.04 mm?/s). The same viscosity increase is also observed for isoalkyl
chains (palm oil C3—Cs, tallow C3-Cy, and babassu oil C3—Cg). Comparing FAAE contain-
ing isoalkyl chains with their straight-chain counterparts, they exhibit higher viscosities for
C3 (babassu and rapeseed) and Cy (tallow) FAAEs, implying that even a small branching
of the alkyl chain can contribute to the overall viscosity of FAAE. FAAEs prepared from
oleic acid and Cg, alkyl chains exhibit a sharp increase in viscosity when the alkyl chains
are longer than Cyp. FAAEs prepared from castor oil exhibit viscosity more than 15 times
higher than conventional FAME, which is due to the OH groups present in the fatty acid
moiety of castor oil.

Figure 3 shows how the pour point temperatures of biodiesel vary depending on the
type of alcohol and feedstock used for synthesis. It is evident that most pour point values
are in the range of 17 °C to —18 °C. However, three results regarding biodiesels derived
from 2-ethylhexanol show even lower PP values, with biodiesel from castor oil reaching a
PP value of —57 °C. This suggests that the chain length and branching in these biodiesels
significantly lowers their pour point values.
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For FAEE produced from tallow, palm oil, babassu 0il, karanja oil, and jojoba oil, it
is evident that the increase in the alkyl chain length (from C; to Cy4) leads to a decrease in
PP values. For example, for FAAE derived from tallow, a decrease from 15 to 6 °C can be
observed with an increase in chain length from C; to Cy.

The presence of branching also contributes to this low-temperature property, which is
why iso- and secondary alcohols have lower PP values than their straight-chain isomeric
counterparts. In the case of tallow biodiesel, this is reflected in the fact that fatty acid
2-butyl and fatty acid isobutyl esters (0 and 3 °C, respectively) have lower PP values than
FABE (6 °C).

Biodiesel has a better lubricity than non-additivated diesel fuel and blending biodiesel
with diesel fuel usually eliminates the need for additional lubricant additives to achieve
the required lubricity. Fuel lubricity is generally estimated according to ISO 12156-1 by
measuring the average wear scar diameter (WSD) of the spherical sample produced in the
high frequency reciprocating rig test under a microscope. A higher WSD value indicates
greater scarring of the component analysed with the fluid, suggesting the lower lubricating
properties of the measured fuel. In the research of Silva et al. [51], Gotovus$a et al. [25],
and Sreeprasanth et al. [79], the diameter of the wear scars of biodiesel produced from
methanol, ethanol, propanol, isobutanol, and octanol was measured. The values obtained
were: 310 um for biodiesel produced from methanol, 171 um from ethanol, 180 pum from
propanol, 300 pm from isobutanol, and 180 pum from octanol. No direct dependence can be
deduced from the results. In the study by Panchal et al. [69], the lubricity value of biodiesel
produced from hexanol and octanol was evaluated in comparison with a commercial
lubricant, and it was found that both synthesized biodiesels were almost as good as the
commercial biolubricant, but the biodiesel produced from octanol showed better lubricity
properties than the one produced from hexanol. Most of the studies concluded that FAAEs
produced from higher alcohols are good biolubricants, but the wear scar value should be
measured in future studies to prove this and to evaluate the dependence of the alkyl chain
length in the biodiesel composition on the lubricating properties.

7. Conclusions

In this paper, different approaches to the synthesis of C3, alkyl FAAEs were reviewed.
When comparing the methods of synthesis with a typical synthesis of FAME, there are
several major differences. One difference (a) is the miscibility between the alkyl source
and the fatty acid source reactant during synthesis. In the case of Cs, alcohols, a single-
phase system is obtained, as alcohol is completely miscible with FAAE and triglycerides.
This makes mixing a negligible parameter for the synthesis. This is not the case of methanol
and ethanol where a two-phase system is present. (b) After synthesis, compared to FAME
and FAEE, the separation process is more challenging due to the complete miscibility and
higher boiling point of the alkyl source reactants (alcohols), which are added in excess.
(c) For some uses, such as fuel, the separation of the Cs, alcohols is not necessary because
their blends have satisfactory properties and can be used with biodiesel in the engine.
(d) Due to the lower toxicity and immiscibility of the Cs, alkyl source reactants with water,
alternative approaches using enzymes are more feasible.

Currently, the synthesis routes are mostly experimental, but some industrial processes
are also proposed, which are a good complement for any biorefinery to produce higher
value bioproducts (mostly bioadditives) in addition to the biodiesel, increasing the value
of the final output. The prospect of producing them from fusel oil or various other waste
streams from other conventional processes, such as ethanol fermentation, makes their
production economically feasible.

The properties of Cz, alkyl FAAE are different when compared to FAME, as the longer
FAAE possesses a slightly higher density, higher viscosity, improved heating value, cetane
number, and improved low-temperature properties such as CFPP and PP, especially when
branched. Due to their higher viscosity and longer alkyl structure, they also improve
lubricity, so the use of Cg¢, alkyl FAAE esters aims toward bio-lubricant additives.
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If the price of alkyl sources decreases, their superior properties will allow them to
replace FAME, but for now, their use is mostly limited to additives added in smaller
amounts to first improve lubricity and then other properties.
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