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Abstract: The effect of temperature was studied on the synthesis of fatty acid alkyl esters by means of
transesterification of waste beef tallow using ethanol and, iso-butanol and 1-butanol at supercritical
conditions. These alcohols are proposed for the synthesis of biodiesel in order to improve the cold
flow properties of alkyl esters. Alcohol–beef tallow mixtures were fed to a high-pressure high-
temperature autoclave at a constant molar ratio of 45:1. Reactions were carried out in the ranges of
310–390 ◦C and 310–420 ◦C for ethanol and iso-butanol, respectively; meanwhile, synthesis using
1-butanol was assessed only at 360 ◦C. After separation of fatty acid alkyl esters, these samples
were characterized by nuclear magnetic resonance (NMR) and gas chromatography coupled to mass
spectrometry (GC-MS) to quantify yields, chemical composition, and molecular weight. Results
indicated that yields enhanced as temperature increased; the maximum yields for fatty acid ethyl
esters (FAEEs) were attained at 360 ◦C, and for fatty acid butyl esters (FABEs) were achieved at 375 ◦C;
beyond these conditions, the alkyl ester yields reached equilibrium. Concerning the physicochemical
properties of biodiesel, the predicted cetane number and cloud point were enhanced compared to
those of fatty acid methyl esters.

Keywords: fatty acid ethyl ester; fatty acid butyl ester; 1-butanol; ethanol; iso-butanol; supercritical;
waste beef tallow; transesterification

1. Introduction

Energy consumption changes according to the world population density and tech-
nological advances, as well as human needs and comforts. According to a projection for
the year 2050 published in the latest report of the U.S. Energy Information Administration,
energy utilization is going to increase in sectors such as electric power, transportation and
industry in the next years. Moreover, residential and commercial segments are expected
to keep the same consumption energy rate. In the early years, the three most produced
energy sources are expected to be natural gas, oil, and renewable materials; furthermore,
the maximum fossil oil demand will be achieved, followed by variable consumption in
benefit of other energy sources. Natural gas and renewable materials will have a constant
growing demand between the years 2022 and 2050, with a production of about 35 to 44 and
10 to 22 quadrillion of BTU, respectively [1].
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Biodiesel is a liquid biofuel derived from biomass and is constituted by fatty acid alkyl
esters mainly obtained by transesterification of fatty acids with methanol (FAME) in which
the final product (100% biodiesel, B100) has similar properties to fossil diesel [2]. Biodiesel
development has been focused on FAMEs, however exploration and development to use
higher alcohols, such as ethanol and butanol, to obtain fatty acid ethyl and fatty acid butyl
esters are also relevant [3,4]. Ethanol and butanol are gaining attention recently since these
are potential additives for fuels and especially due to the fact that these could be produced
by fermentation; therefore, a combination of biodiesel and green alcohol technologies
would strengthen the development of sustainable fuels [5–7].

Transportation engines commonly use blends of biodiesel (B20: 20%) + diesel (80%) [8].
Fatty acids are supplied from feedstocks classified as renewable materials such as vegetable
oils, animal fats, waste oil or fat, algae, among others [9,10]. Vegetable oils are the major
source used around the world but are also destined for human consumption; then, the
other materials are taking growing participation, i.e., beef tallow [11]. Non-edible tallow
feedstock had a remarkable role in Brazil (13%) in 2018 and has been gaining presence with
about 7% in the United States since 2021 where soybean oil was the main feedstock, at
50% [12–14].

Biodiesel production from non-edible tallow, under certain pathways, carries some benefits,
such as low-cost feedstocks, and overwhelms obstacles associated with the high content of free
fatty acids (FFA) and moisture that reduce yields and affects its properties. Low yields on fat
synthesis attract the interest of improving transesterification to attain new insights in basic, acid
and enzymatic catalysis; each pathway has its own characteristics, and the conditions include
moderated temperatures, low-cost catalysts, and novel catalysts [15–24].

Transesterification with alcohols at supercritical conditions is a viable option carried
out at higher temperatures and pressure among the abovementioned methods [24]. Produc-
tion of fatty acid alkyl esters from beef tallow with high FFA content can be enhanced since
the mass transfer and the homogeneous medium are promoted at supercritical conditions.
Among the alcohols, methanol is the most used in transesterification for several feedstocks,
for instance fresh or used vegetable oils [25–46]. Ethanol and butanol are other alternative
solvents for fatty acid alkyl esters production, and both can be transformed from chemical
and biochemical processes [47,48]; bioethanol and biobutanol are generated as main or
secondary by-products using biological methods from first, second and third generation
feedstocks. These solvents have attracted much attention; hence, new developments have
been reported recently [49–53].

Insights about the transesterification of animal fats with supercritical long carbon-
chain alcohols are limited [29,42–45,54], and to the best of our knowledge, two contributions
are specialized on beef tallow [34,55]. Marulanda-Buitrago and Marulanda-Cardona [55]
evaluated the effect of temperature (320–400 ◦C), alcohol excess (9–15) in the feed molar
ratio and time (8–40 min) in the transesterification of beef tallow with supercritical ethanol;
the highest conditions were claimed to promote the ester production. Bolonio et al. [34]
evaluated the fatty acid ethyl esters manufacture from beef tallow by two methods: one-
step transesterification under supercritical ethanol, and two-step reactions consisting of
hydrolysis and esterification. The one-step method was explored in ranges of 300–350 ◦C
and 40–120 min, and 20 or 40 mol of ethanol per mol of animal fat. For the two-step method,
reactions lasted 60 min and temperature ranged from 200 to 350 ◦C; hydrolysis needed a
high water/tallow volume ratio (2/1) and esterification operated at 7/1 of ethanol/free
fatty acids molar ratio. Both methods had their own advantages: the first was simple, the
esters had low content of polyunsaturated compounds and reported few degradations,
while the second generated FAEEs rich in unsaturated chemicals.

Due to the fact that the raw material composition affects the properties of the final
product, our contribution is aligned with the valorization of beef tallow waste for the fatty
acid alkyl esters production. The aim of this work was to study the effect of alcohols and
temperature on the fatty acid alkyl ester yields using three different alcohols (ethanol, iso-
butanol, 1-butanol) at a fixed molar ratio of alcohol/tallow (45/1) during 60 min based on
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our previous findings using supercritical methanol [56] and the literature compilation [34,55].
This research also presents the quantitative characterization of fatty acid alkyl esters.

2. Materials and Methods
2.1. Materials

ACS grade iso-butanol and n-butanol were provided by Reactivos Química Meyer,
having 0.1% of water content. Commercial ethanol had a water content of 3.6%. A sample
lot of beef tallow was picked up from different local markets in the State of Mexico, this
waste did not have any further valorization. Then, meat residues were separated from beef
tallow by a simple filtration following a previous melting stage. The external standard
(49454-U) for quantification of fatty acid ethyl ester was provided by Sigma-Aldrich. Fatty
acid content and physicochemical properties of waste beef tallow have been previously
reported and are listed in Table 1. This raw material was analyzed by Fourier-transform
infrared spectroscopy (FTIR) and nuclear magnetic resonance (1H-NMR and 13C-NMR).
Detailed analytical conditions can be found in an earlier contribution [56].

Table 1. Physicochemical properties of waste beef tallow (WBT) [56].

Property Value

ρ at 308.15 K/g cm−3 0.890
MWWBT/g mol−1 737.7 ± 2.0 a

MWWBT/g mol−1 742.5 ± 1.8 b

HHV/J g−1 39,143.7
water content/ppm 200

SI 189.1
% FFAC16:0 3.55 ± 0.04
% FFAC18:0 3.94 ± 0.03

% FFAC18:1 n−9 3.91 ± 0.04
a HPLC-MS; b Cryoscopy.

2.2. Transesterification

A batch autoclave made of Inconel 625 alloy with a volume capacity of 170 cm3 was
operated to implement the synthesis at supercritical conditions. The procedure briefly
consisted of pouring 150 cm3 of alcohol–waste beef tallow blend to the autoclave with
a molar ratio of 45/1, sealing, degassing, and wrapping the autoclave in an electrical
heating resistance, turning on the magnetic shaft stirrer (1000 rpm) coupled to a three-blade
propeller. Then, autoclave temperature was set above the critical point of the alcohol
(ethanol: Tc = 240.77 ◦C, pc = 61.48 bar; iso-butanol: Tc = 274.63 ◦C, pc = 43 bar; 1-butanol:
Tc = 289.9 ◦C, pc = 44.23 bar) [57]. Furthermore, the temperature was monitored by a cali-
brated K-type thermocouple vertically immersed near the internal bottom of the autoclave.
A gradual heating rate was established with the aim of minimizing the thermal degradation,
particularly at elevated temperatures. Once desire temperature was reached, the synthesis
lasted 60 min in order to guarantee the maximum yield [34,55,56]. Pressure changes in
the constant volume autoclave were dependent on temperature and volume feedstock
variations; moreover, the addition of a pressurizing agent (hydrogen, nitrogen, or carbon
dioxide) was not considered since this component modifies the phase diagram. Thereafter,
the heating was immediately stopped to inhibit further reactions by circulating cold water
throughout an internal coil and removing the autoclave from the electrical resistance. Fi-
nally, the collected liquid sample was distilled for alcohol recovery, and the residual section
was poured in a separation funnel. After stabilization of the residual, the glycerol-rich
phase located on the bottom phase and the fatty acid alkyl esters in the upper phase were
separated. Esters were stored into amber bottles for subsequent analyses. Reactions were
performed thrice for each temperature by separating the total amount of waste beef tallow,
thus, to avoid different composition on raw material for each set of experiments.
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2.3. Quantification

The recovered fatty acid alkyl esters were characterized by nuclear magnetic reso-
nance spectroscopy (1H-NMR) in a Bruker Ascend 750 MHz to determine yields, as well
as gas chromatography coupled to mass spectrometry (GC-MS) to generate FAEEs and
FABEs profiles and their molecular weight. Physicochemical properties, cloud point (CP),
calculated cetane number (CN), color Gardner (CG) and free fatty acid content (FFAi) were
also reported with basis on standard methods and correlations detailed elsewhere [56].

3. Results and Discussion

Fatty acid alkyl esters were obtained at different temperatures and pressures above the
critical point of the alcohol. Each reaction was performed thrice and the corresponding first
run is summarized in Table 2. The transesterification reversibility caused the loading molar
ratio, between the alcohol and waste beef tallow, to be established in excess (45/1); thus,
the synthesis direction was displaced to promote esters production while a homogeneous
phase was probably coexisting at the required conditions [54,58,59].

Table 2. Properties for each transesterification at 45:1 of molar ratio for A:BT.

Reaction T/◦C P/bar IFAEEs
Area

IFAEEs
Interval

ITAG
Area

ITAG
Interval

YFAEEs/% CP/◦C CN CG FFASA
/%

Ethanol

E1S7 310 152.0 95,455.9 4.18–4.09 19,980.7 4.35–4.17 55.74 20 79.7 3.6 8.1
E2S7 320 171.6 101,315.3 4.17–4.10 18,443.4 4.35–4.17 59.96 18 79.2 4.0 7.2
E3S7 330 217.3 94,003.9 4.17–4.10 15,789.8 4.34–4.17 62.28 18 86.8 4.1 7.6
E4S7 340 254.9 86,045.8 4.17–4.09 7509.2 4.26–4.17 77.71 19 79.7 3.5 7.6
E5S7 350 280.4 77,754.0 4.17–3.97 3585.4 4.22–4.17 87.33 17 79.5 3.8 8.3
E6S7 360 344.6 141,698.7 4.17–4.09 2565.2 4.34–4.17 94.76 16 80.1 4.1 9.2
E7S7 360 344.2 83,930.6 4.17–4.07 1410.7 4.36–4.17 95.12 16 80.8 4.1 9.2
E8S7 370 397.1 81,931.6 4.17–4.09 4318.1 4.34–4.17 85.70 14 80.8 5.4 10.9
E9S7 380 397.9 50,956.1 4.17–4.10 2745.7 4.35–4.17 85.41 14 81.1 5.7 15.0

E10S7 390 397.1 70,722.1 4.18–4.10 9636.4 4.36–4.17 67.88 14 81.2 7.4 18.7

Iso-butanol

E1S9 310 63.7 70,200.5 3.87–3.77 25,722.0 4.35–3.89 76.47 18 4.6 6.0
E2S9 335 147.1 73,763.8 3.90–3.79 5817.2 4.34–3.90 94.73 17 2.7 5.3
E3S9 350 205.9 68,245.6 3.90–3.79 7571.5 4.33–3.88 93.06 14 2.4 4.7
E4S9 375 269.6 65,417 3.89–3.77 1266.7 4.34–3.88 96.65 10 4.8 6.2
E6S9 390 279.4 71,736.0 3.89–3.80 1946.8 4.35–3.88 94.80 9 5.7 8.2
E5S9 420 343.2 34,260.4 3.90–3.78 12,063.0 4.37–3.89 35.55 11 7.3 8.2

1-butanol

E1S10 360 210.7 237,318.6 3.01–4.10 20,289.96 4.31–4.11 87.70 8 5.0 6.4

3.1. Fatty Acid Ethyl Esters (FAEEs)

The isolated FAAEs were dissolved in deuterated chloroform and subject to 1H-NMR
analyses, and the corresponding spectra are depicted in Figure 1. The triplet (A) in the
interval of 2.2–2.4 ppm denoted hydrogens of α–CH2. Three multiplets ranging from 1.55
to 1.70 ppm (B), 1.1 to 1.46 ppm (C) and 5.2 to 5.4 ppm (D) corresponded to the hydrogens
of β–CH2, –(CH2)n– end and –CH2–CH=, in the same order; this last hydrogen with a
double carbon chain was also identified by the multiplet within 1.92–2.07 ppm (F). The CH3
hydrogens were detected in two zones, one in a triplet ranging from 0.83 to 0.93 ppm (E)
and the second peak in a multiplet at 0.3 ppm (K). Subsequently, a quartet in the interval
from 3.97 to 4.18 ppm (EE) was related to CH3-CH2-OOC- hydrogens.
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Yield for FAEEs (YFAEEs) listed in Table 2 were estimated by integrating peak areas
from the 1H-NMR analyses and formulating the expression proposed by Ghesti et al. [60]:

YFABEs/% =

(
4 (IFABEs − ITAG)

4 (IFABEs − ITAG) + 6 (2 ITAG)

)
× 100 (1)

where the number 4 in Equation (1) denoted the four glycerol methylene hydrogens in
triacylglycerides or triacylglycerol (TAG), while the number 6 expressed the six hydrogens
in the three FAEEs. From Figure 1, IFAEEs corresponded to the quartet area observed in
the range of 3.97–4.18 ppm and indicated as EE; it was assumed to belong to the two
hydrogens of the CH3-CH2-OOC- group presented both in FAEEs and TAG. Finally, ITAG
was evaluated from the double doublet area in the interval of 4.17–4.36 ppm, and was
related to the hydrogens of -CH2 hydrogens from glycerol in the TAG samples.

The temperature induced a promising effect on the YFAEEs, whose values enhanced
in the range of 310–360 ◦C, the yield was 55.74% at 310 ◦C, then a high temperature led
to a strong upgrading YFAEEs= 77.71% (at 340 ◦C), and the maximum yield (95.12%) was
achieved at 360 ◦C, assigned as the proper temperature. Conversely, the performance of
fatty acid ethyl esters was interfered beyond 370 ◦C since the yield decreased to 67.88%.

Quantification of FAEE constituents was investigated by GC-MS analyses and a com-
positional standard. The identified components were ethyl palmitate, ethyl stearate and
ethyl oleate. Composition of different samples studied are reported in Table 3. The synthe-
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sis named “E3S7” carried out at 330 ◦C did not generate the unsaturated ester (ethyl oleate)
as can be seen in Table 3. It also presented in the 1H-NMR spectrum shown in Figure 1,
where the multiplet (F) was not detectable. The absence of the unsaturated ester could
be related to the initial feedstock: oleic acid was probably not contained at the beginning
regardless of the pretreatment of the feedstock for achieving a homogeneous sample lot.
Out of this, ethyl stearate had the highest composition for all the reactions. The chemicals
contribution below 360 ◦C had the following order: ethyl stearate > ethyl oleate > ethyl
palmitate, while the order of chemicals of ethyl stearate > ethyl palmitate > ethyl oleate
was noted at temperatures over 370 ◦C. The average molecular weight for FAEEs oscil-
lated in the range of 302.84–304.22 g/mol, but the FAEEs for the “E3S7” experiment had
306.41 g/mol due to the absence of the unsaturated ester, as reported in Table 3.

Table 3. FAEE composition from beef tallow transesterification.

Experiment Chemical Formula MW wt% mol% MWFAEEs

E1S7 Ethyl palmitate C18H36O2 284.4772 26.492 28.306 303.960
Ethyl stearate C20H40O2 312.5304 41.598 40.458
Ethyl oleate C20H38O2 310.5145 31.910 31.236

E2S7 Ethyl palmitate C18H36O2 284.4772 25.856 27.641 304.108
Ethyl stearate C20H40O2 312.5304 40.281 39.196
Ethyl oleate C20H38O2 310.5145 33.862 33.164

E3S7 Ethyl palmitate C18H36O2 284.4772 20.239 21.800 306.415
Ethyl stearate C20H40O2 312.5304 79.761 78.200

E4S7 Ethyl palmitate C18H36O2 284.4772 26.650 28.472 303.921
Ethyl stearate C20H40O2 312.5304 41.835 40.683
Ethyl oleate C20H38O2 310.5145 31.515 30.846

E5S7 Ethyl palmitate C18H36O2 284.4772 26.338 28.145 303.990
Ethyl stearate C20H40O2 312.5304 41.008 39.887
Ethyl oleate C20H38O2 310.5145 32.654 31.968

E6S7 Ethyl palmitate C18H36O2 284.4772 25.985 27.782 304.143
Ethyl stearate C20H40O2 312.5304 43.961 42.782
Ethyl oleate C20H38O2 310.5145 30.054 29.437

E7S7 Ethyl palmitate C18H36O2 284.4772 25.927 27.727 304.226
Ethyl stearate C20H40O2 312.5304 47.416 46.156
Ethyl oleate C20H38O2 310.5145 26.658 26.118

E8S7 Ethyl palmitate C18H36O2 284.4772 29.913 31.868 303.069
Ethyl stearate C20H40O2 312.5304 43.568 42.249
Ethyl oleate C20H38O2 310.5145 26.519 25.883

E9S7 Ethyl palmitate C18H36O2 284.4772 30.763 32.749 302.844
Ethyl stearate C20H40O2 312.5304 43.861 42.502
Ethyl oleate C20H38O2 310.5145 25.376 24.749

E10S7 Ethyl palmitate C18H36O2 284.4772 27.426 29.291 303.817
Ethyl stearate C20H40O2 312.5304 47.416 46.094
Ethyl oleate C20H38O2 310.5145 25.158 24.615

3.2. Fatty Acid Butyl Esters (FABEs)

Regarding transesterification in the presence of iso-butanol, the spectra of fatty acid
isobutyl esters analyzed by 1H-NMR are illustrated in Figure 2. Peaks for the FABEs
samples were similar to those formed on FAEEs identified with the symbols from (A)
to (F): the triplet in 2.2–2.4 ppm (A) ascribed to α–CH2 hydrogens, the respective three
multiplets in 1.55–170 ppm (B), 1.1–1.46 ppm (C) and 5.2–5.4 ppm (D) associated with
hydrogens of β–CH2, –(CH2)n– structure end and double carbon chain, the triplet within
0.83–0.93 ppm (E) assigned to the CH3 hydrogens, and the multiplet 1.95–2.07 ppm (F)
represented the CH2 within the double carbon chain. The distinctive peaks for FABE were
identified with the symbols (J), (BE), (L), and were classified as hydrogens using the same
order: the doublet ranging from 0.9–0.96 ppm denoted CH3 hydrogens, the doublet within
3.8–3.88 ppm belonged to CH2 in the >CH-CH2-OOC- structure, and the multiplet from
1.89 to 1.95 ppm indicated the -CH< hydrogens.
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The production of fatty acid isobutyl esters was evaluated in terms of the yield (YFABEs).
The calculated values listed in Table 2 were approached by using the Equation (2) and the
integration of peak areas from 1H-NMR analyses. The proposed equation was developed
under the same considerations and notation given for yields of fatty acid ethyl esters:

YFABEs/% =

(
4 (IFABEs − ITAG)

4 (IFABEs − ITAG) + 6 (2 ITAG)

)
× 100 (2)

where the number 4 expresses the glycerol methylene hydrogens in triacylglycerides or
triacylglycerol (TAG), the number 6 represents the hydrogens in the three FABEs, the area of
the hydrogens in the >CH–CH2–OOC– structure from produced FABEs, and unreacted TAG
is indicated with the IFABEs notation that appears within 3.77–3.90 ppm. The hydrogens of
–CH2 hydrogens from glycerol contained in TAG are symbolized with ITAG and are in the
range of 3.88–4.37 ppm. The highest yield (YFABEs = 96.65%) was attained at 375 ◦C, which
was superior to the maximum value accomplished by using ethanol as solvent at 360 ◦C.
Critical temperature for each alcohol played an important role in FAAEs synthesis; fatty
acid isobutyl esters production was not satisfactory at 310 ◦C (YFABEs = 76.47%) but it was
superior to that reported for the FAEEs (YFAEEs = 55.74%), and this temperature was close
to the critical temperature of iso-butanol.
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Correspondingly, the FABEs content via 1-butanol was assessed under the same
conditions as the reported for the other alcohols at 375 ◦C. The yield calculated with
Equation (2) was reported as 87.7%, which was lower than the produced FAAEs using
iso-butanol (93.06% at 350 ◦C and 96.65% at 365 ◦C) or ethanol (94.76% at 360 ◦C). A
higher effect of the thermal degradation was taking part in the involved system as a
consequence of the additional competing reactions. The identified peaks from Figure 3
for the transesterification with 1-butanol were the same as those identified in the reaction
using iso-butanol for the (A)–(F) and L notation. The exceptions were the multiplets (G)
and (H), the triplet (J) and the doublet (BE) that denoted the hydrogens of CH2, CH2, CH3,
CH2 assigned on the CH3–CH2–CH2–CH2–OOC– structure.
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The components identified in the fatty acid isobutyl ester samples are summarized
in Table 4. The existence of esters was confirmed with a carbon chain length from eight
to twenty-two; with reference to the relative area, the major esters were those of high
molecular weight: isobutyl stearate, isobutyl oleate, isobutyl palmitate, isobutyl margarate
and isobutyl myristate. Other esters were produced above 390 ◦C where the yield did was
not enhanced. At the maximum temperature (420 ◦C) used, the lowest yield 35.55% was
obtained, and the formation of 4-methyl-2ethyl-pentanol and some alkanes confirmed the
appearance of additional reactions; these chemicals could be obtained from simultaneous
thermal cracking reactions apart from transesterification. Concerning the FABEs sample
using 1-butanol, the identified species by GC-MS were 2-methyl propyl octadecenoate, butyl
hexadecanoate, pentyl octadecenoate and butyl myristate. Their composition followed the
above sequence in terms of the relative area from high to low content as listed in Table 5.
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Table 4. FABE profile from beef tallow transesterification using iso-butanol.

Experiment: E1S9 E2S9 E3S9 E4S9 E6S9 E5S9

Chemical Formula MW Area %

isobutyl butyrate C8H16O2 144.2114 1.293 1.698
4-methyl-2ethyl-pentanol C8H18O 130.1800 3.237

isobutyl caproate C10H20O2 172.2646 1.469 4.537 4.132
butyl heptanoate C11H22O2 186.2912 1.567

isobutyl enanthate C11H22O2 186.2912 1.133 1.765
isobutyl caprylate C12H24O2 200.3178 0.067 0.119 0.735 1.472 1.523

3-methyl-undecane C12H26 170.3300 2.958
isobutyl pelargonate C13H26O2 214.3443 0.687 1.226 1.424

tridecane C13H28 184.3700 1.867
isobutyl caprate C14H28O2 228.3709 0.095 0.168 0.972 1.418 1.914

tetradecane C14H30 198.3900 1.225
isobutyl undecylenate C15H30O2 242.4030 1.798 1.555

n-butyl laurate C16H32O2 256.4241 1.314
isobutyl laurate C16H32O2 256.4241 0.158 0.247 1.953

hexadecane C16H34 226.4100 4.342
isobutyl tridecanoate C17H34O2 270.4570 1.559 4.458 4.528

isobutyl myristate C18H36O2 284.4772 6.065 5.477 5.019 5.016 4.010 4.211
isobutyl pentadecanoate C19H38O2 298.5038 1.291 3.106 2.918 1.131 5.148 4.165

nonadecane C19H40 268.5100 4.981
2-methyl-octadecane C19H40 268.5100 0.874

isobutyl palmitate C20H40O2 312.5304 27.119 27.507 27.652 25.951 28.426 18.358
isobutyl margarate C21H42O2 326.5570 4.738 6.105 5.938 5.182
2-methyl-eicosane C21H44 296.6000 0.797

isobutyl oleate C22H42O2 338.5677 24.679 22.784 23.499
isobutyl stearate C22H44O2 340.5836 33.536 31.609 32.185 47.921 41.353 32.125

Table 5. FABE profile from beef tallow transesterification using 1-butanol.

Experiment Chemical Formula MW Area %

E1S10 Butyl myristate C18H36O2 284.4772 1.904
Butyl hexadecanoate C20H40O2 312.5304 25.549

2-Methyl propyl octadecanoate C22H44O2 340.592 50.282
Pentyl octadecenoate C23H44O2 352.5940 22.264

Our findings could be explained based on the phase diagram for the mixture where
non-catalytic transesterification takes advantage of the FAAEs synthesis made at supercrit-
ical conditions. Aside from the alcohol excess with respect to the oil or fat, the possible
location of the complex mixture out of a homogenous phase impeded mass transfer; then,
the mixture was feasible to coexist in the vicinity of its phase transition at the lowest
temperature and pressure studied in the reactions [24,59,61].

Concerning the yields falling beyond optimal temperatures, cracking of chemicals
was competing with transesterification along with other kinds of reactions, such as those
associated with a possible polymerization and isomerization. Under the same experimen-
tal conditions of alcohol/waste beef tallow in molar ratio, the generated fatty acid alkyl
esters with different alcohols as a function of temperature are compared in Figure 4. The
maximum yields were accomplished at 365 ◦C for methanol (98.3%) [56], 360 ◦C for ethanol
(95.12%) and 375 ◦C for iso-butanol (96.65%); meanwhile the additional reaction made
under 1-butanol seemed to provide a low ester content, but an acceptable yield (87.7%). The
high ester portion at supercritical conditions is suggested to occur within the homogenous
phase. This was verified by the reduction of the hydrogen bonds of the alcohol occurring
as the temperature was increased, where its dielectric constant diminished at supercritical
conditions; then, a higher solvation of the non-polar chemicals in the alcohol generated
a unique fluid phase where the particle interaction was enhanced [54,58,62]. The longer
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carbon chain for ethanol and butanol could contribute to a weakening of hydrogen bonds
and obstructing interactions between functional groups. Furthermore, the higher yield
reached via methanol could be ascribed to its easier reactivity with lipids due to the shorter
carbon chain compared to higher alcohols; thus, the interaction is simpler between the
oxygen atom from methanol with the carbon atom of the carbonyl functional group from
successive glycerides (tri-, di- and mono-) [63]. This mechanism allowed the generation of
the respective chemicals: diglycerides, monoglycerides and glycerol. Comparing FAAEs
values, those obtained via butanol and methanol were similar but the reaction via ethanol
seemed to be less effective, probably caused by its high-water content; the valuable advan-
tage via ethanol and butanol over methanol was the lower glycerol formation observed at
the end of the reaction.
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The yield results from this work are in agreement with those insights reported by
Bolonio et al. [34] for a one-step reaction performed at 300 and 350 ◦C, as depicted in
Figure 4; water as the main impurity in ethanol (4%) and low ethanol/beef tallow molar
ratio (20/1) reduced the FAEEs yield. Moreover, the successful ester production via
supercritical alcohols in this work was also contrasted with the catalytic methods, which
have pros and cons; for instance, the basic catalysis that commonly used KOH and 6/1
(methanol/beef tallow) molar ratio yielded >91% beyond 35 min [20,64], the acid catalysis
lasted 90 min with a 6/1 (methanol/beef tallow) molar ratio, and reached a yield of
96.3% [65], and the enzymatic catalysis performed during 48 h and 50 ◦C that yielded
89.7% [66].

3.3. Fatty Acid Alkyl Ester Properties

The cloud point (CP), cetane number, color Gardner and free fatty acid content are
summarized in Table 2. Cloud points for esters tended to diminish as the temperature
of the reaction was increased, even for the samples with the lowest FAEEs content. The
exception was detected for the highest temperature (420 ◦C) for FABEs via iso-butanol,
whose cloud point (CP = 11 ◦C) was superior to that reported at reactions undertaken at
390 ◦C (CP = 9 ◦C); the generation of other functional groups on the reaction performed
at 420 ◦C could contribute on the opalescence. Cloud point values for FAEEs started at
20 ◦C and were lowered at 16 ◦C for the highest yield; the cloud point lowered to 14 ◦C for
the reactions that were prone to thermal degradation. FABEs via iso-butanol attained a CP
ranging from 18 to 9 ◦C. Cloud points from FAEEs and FABEs indicated good transport
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properties under cold ambient temperatures since these values were lower than those
reported for fatty acid methyl esters (FAMEs) that ranged from 18 to 20 ◦C using the same
raw material [56].

The cetane number (CN) for FAEEs was estimated by adding the contribution of
the cetane number of pure fatty acid ethyl ester as reported in the literature [56] and the
composition (CN = ∑ wi CNi) as reported elsewhere [67,68]. The esters from the optimal
reaction temperature (360 ◦C) achieved a CN = 80.8, where the cetane number varied within
79.2 to 86.8. Under the same feedstock, the produced fatty acid ethyl esters seemed to have
a CN superior to that reported for FAMEs in our preceding contribution (65.5 to 74.9) [56].
Concerning fatty acid butyl esters, this parameter was not able to be estimated under
the same method because of the absence of mass composition and the insufficient cetane
number data for pure esters (FABEs); based on our literature review, the existing cetane
number values for butyl esters were: 73 for n-butyl laurate, 84.8 for isobutyl palmitate,
59.6 for isobutyl oleate, 99.3 for isobutyl stearate, 69.4 for butyl myristate, 82.6 for butyl
hexadecanoate, and 86.3 for 2-methyl propyl octadecenoate [63,69].

The color Gardner with values of 7.3 and 7.4 demonstrated thermal decomposition at
high temperature, where the production of esters diminished. The color Gardner below
5.7 seemed to have an acceptable appearance before it reached darker above 380 ◦C. Equal
to the first property, the color Gardner had lower values for FAEEs and FABEs in contrast
with FAMEs.

Finally, a certain content of free fatty acids, appraised as stearic acid (FFASA) [70],
was still contained in the esters, as indicated in Table 2. An increase in the free fatty acids
was noticeable with rising temperature, and the ethyl esters exhibited superior values in
comparison with the butyl esters. Hydrolysis as a possible additional reaction at super-
critical conditions took place among the lipids and fatty acid alkyl esters: a simultaneous
hydrolysis of glycerides generated free fatty acids, which was competing with transesterifi-
cation, while the produced fatty acid alkyl esters were also hydrolyzed to generate again
free fatty acids [71,72]. This was ascribed to the elapsed thermal exposure and the water
content of materials, mainly for ethanol, which contained 3.6 wt% of water. The formation
of FFA is beneficial to supercritical transesterification since these could be converted to
FAAEs, but this was not possible in our experiments; the free fatty acid formation from
FAMEs during biodiesel obtainment was also proposed by catalytic thermal decomposition
throughout a different mechanism of successive reactions [73]. Therefore, the analysis of
short residence times should be considered to avoid secondary reactions which are related
to thermal exposure.

4. Conclusions

The effect was analyzed of three supercritical alcohols, ethanol, iso-butanol and
1-butanol, accompanied by temperature variations, on the conversion of waste beef tallow
via transesterification for the fatty acid alkyl esters production. Ester content decreased
dramatically at the highest temperature in each case, and this drop in yields might be
caused by the appearance of additional reactions attributed to long thermal exposure. The
maximum yields were attained at 360 and 375 ◦C for ethanol and iso-butanol (temper-
atures were lower than those via methanol) without any apparent thermal degradation
and the preservation of the yellowish coloring on the samples; physicochemical properties
for FABEs via 1-butanol were kept but with a lower yield against with the reported for
iso-butanol. Our findings suggested a better solvation to the detriment of the restriction
of the mass transfer associated with the existence of a homogenous phase. Transesterifi-
cation of waste beef tallow via supercritical ethanol and butanol seemed to be better than
using supercritical methanol under the same conditions in terms of the physicochemical
properties. The longer carbon chain alcohols reduced the glycerol formation and allowed
the FAAEs synthesis with low cloud points (for instance 14 ◦C for FAEEs, 10 ◦C and 8 for
FABEs) and a high predicted cetane number (80.8 for FAEEs); nevertheless, the produced
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esters via methanol were slightly higher than the other alcohols, emphasizing that the
dissolved water in ethanol did not restrain yields dramatically.

Author Contributions: Conceptualization, R.G.-M. and O.A.G.-V.; methodology, R.G.-M. and F.J.V.-S.;
formal analysis, E.R.-J.; investigation, O.A.G.-V. and E.R.-J.; resources, F.J.V.-S.; data curation, R.G.-M.
and E.R.-J.; writing—original draft preparation, O.E.-S. and A.Z.-M.; writing—review and editing,
O.E.-S., A.Z.-M. and F.J.V.-S.; visualization, E.R.-J.; supervision, O.A.G.-V.; project administration,
A.Z.-M.; funding acquisition, O.E.-S. and A.Z.-M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Instituto Politécnico Nacional through project number
20221456.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: All authors acknowledge financial support from the Instituto Politécnico Na-
cional of México. R. García-Morales thanks CONACyT-SENER (Project number 185183) for the
doctoral scholarship awarded.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. U.S. Energy Information Administration. Annual Energy Outlook 2022. Washington, DC, USA . March 2022. Available online:

https://www.eia.gov/outlooks/aeo/pdf/AEO2022_ChartLibrary_full.pdf (accessed on 1 June 2022).
2. Gharehghani, A.; Fakhari, A.H. Biodiesel as a clean fuel for mobility. In Clean Fuels for Mobility. Energy, Environment, and

Sustainability; Di Blasio, G., Agarwal, A.K., Belgiorno, G., Shukla, P.C., Eds.; Springer: Singapore, 2022; pp. 141–168. [CrossRef]
3. Gotovuša, M.; Pucko, I.; Racar, M.; Faraguna, M. Biodiesel produced from propanol and longer chain alcohols—Synthesis and

properties. Energies 2022, 15, 4996. [CrossRef]
4. Kurczyński, D.; Wcisło, G.; Leśniak, A.; Kozak, M.; Łagowski, P. Production and testing of butyl and methyl esters as new

generation biodiesels from fatty wastes of the leather industry. Energies 2022, 15, 8744. [CrossRef]
5. Canabarro, N.I.; Silva-Ortiz, P.; Nogueira, L.A.H.; Cantarella, H.; Maciel-Filho, R.; Souza, G.M. Sustainability assessment of

ethanol and biodiesel production in Argentina, Brazil, Colombia, and Guatemala. Renew. Sustain. Energy Rev. 2023, 171, 113019.
[CrossRef]

6. Dutta, N.; Usman, M.; Ashraf, M.A.; Luo, G.; El-Din, M.G.; Zhang, S. Methods to convert lignocellulosic waste into biohydrogen,
biogas, bioethanol, biodiesel and value-added chemicals: A review. Environ. Chem. Lett. 2022. [CrossRef]

7. Culaba, A.B.; Mayol, A.P.; San Juan, J.L.G.; Ubando, A.T.; Bandala, A.A.; Concepcion, R.S., II; Alipio, M.; Chen, W.H.; Show, P.L.;
Chang, J.S. Design of biorefineries towards carbon neutrality: A critical review. Biores. Technol. 2023, 369, 128256. [CrossRef]
[PubMed]

8. Dahiya, A. Bioenergy. Biomass to Biofuels and Waste to Energy, 2nd ed.; Academic Press: London, UK, 2020. [CrossRef]
9. Carlucci, C. An Overview on the production of biodiesel enabled by continuous flow methodologies. Catalysts 2022, 12, 717.

[CrossRef]
10. Vernier, L.J.; Barrachini-Nunes, A.L.; Albarello, M.; de Castilhos, F. Continuous production of fatty acid methyl esters from

soybean oil deodorized distillate and methyl acetate at supercritical conditions. J. Supercrit. Fluids 2022, 186, 105603. [CrossRef]
11. da Silva, P.R.; Alhadeff, E.M. Biodiesel from beef tallow: A technological patent mapping. Braz. J. Dev. 2022, 8, 38061–38075.

[CrossRef]
12. dos Reis Carraro, A.; da Silva César, A.; Conejero, M.A.; Ribeiro, E.C.B.; Mozer, T.S. The potential use of beef tallow for biodiesel

production in Brazil. Revista Valore 2021, 6, e-6006. [CrossRef]
13. U.S. Energy Information Administration. Monthly Biofuels Capacity and Feedstocks Update. Washington, DC. May 2022.

Available online: https://www.eia.gov/biofuels/update/table2.pdf (accessed on 1 June 2022).
14. Vignesh, P.; Kumar, A.R.P.; Ganesh, N.S.; Jayaseelan, V.; Sudhakar, K. Biodiesel and green diesel generation: An overview. Oil Gas

Sci. Technol. Rev. IFP Energies Nouvelles 2021, 76, 6. [CrossRef]
15. Toldrá-Reig, F.; Mora, L.; Toldrá, F. Developments in the use of lipase transesterification for biodiesel production from animal fat

waste. Appl. Sci. 2020, 10, 5085. [CrossRef]
16. Pinotti, L.M.; Salomão, G.S.B.; Benevides, L.C.; Antunes, P.W.P.; Cassini, S.T.A.; de Oliveira, J.P. Lipase-catalyzed biodiesel

production from grease trap. Arab. J. Sci. Eng. 2022, 47, 6125–6133. [CrossRef]
17. Toldrá-Reig, F.; Mora, L.; Toldrá, F. Trends in biodiesel production from animal fat waste. Appl. Sci. 2020, 10, 3644. [CrossRef]
18. Samanta, S.; Sahoo, R.R. Waste cooking (palm) oil as an economical source of biodiesel production for alternative green fuel and

efficient lubricant. BioEnergy Res. 2021, 14, 163–174. [CrossRef]

https://www.eia.gov/outlooks/aeo/pdf/AEO2022_ChartLibrary_full.pdf
http://doi.org/10.1007/978-981-16-8747-1_8
http://doi.org/10.3390/en15144996
http://doi.org/10.3390/en15228744
http://doi.org/10.1016/j.rser.2022.113019
http://doi.org/10.1007/s10311-022-01511-z
http://doi.org/10.1016/j.biortech.2022.128256
http://www.ncbi.nlm.nih.gov/pubmed/36343780
http://doi.org/10.1016/C2017-0-01067-4
http://doi.org/10.3390/catal12070717
http://doi.org/10.1016/j.supflu.2022.105603
http://doi.org/10.34117/bjdv8n5-351
http://doi.org/10.22408/reva602021515E-6006
https://www.eia.gov/biofuels/update/table2.pdf
http://doi.org/10.2516/ogst/2020088
http://doi.org/10.3390/app10155085
http://doi.org/10.1007/s13369-021-05965-1
http://doi.org/10.3390/app10103644
http://doi.org/10.1007/s12155-020-10162-3


Processes 2023, 11, 742 13 of 15

19. Farrokheh, A.; Tahvildari, K.; Nozari, M. Comparison of biodiesel production using the oil of chlorella vulgaris micro-algae
by electrolysis and reflux methods using CaO/KOH-Fe3O4 and KF/KOH-Fe3O4 as magnetic nano catalysts. Waste Biomass
Valorization 2021, 12, 3315–3329. [CrossRef]

20. Jambulingam, R.; Srinivasan, G.R.; Palani, S.; Munir, M.; Saeed, M.; Mohanam, A. Process optimization of biodiesel production
from waste beef tallow using ethanol as co-solvent. SN Appl. Sci. 2020, 2, 1454. [CrossRef]

21. Rosson, E.; Sgarbossa, P.; Pedrielli, F.; Mozzon, M.; Bertani, R. Bioliquids from raw waste animal fats: An alternative renewable
energy source. Biomass Convers. Biorefin. 2021, 11, 1475–1490. [CrossRef]

22. Erchamo, Y.S.; Mamo, T.T.; Workneh, G.A.; Mekonnen, Y.S. Improved biodiesel production from waste cooking oil with mixed
methanol–ethanol using enhanced eggshell-derived CaO nano-catalyst. Sci. Rep. 2021, 11, 6708. [CrossRef]

23. Demir, V.; Akgün, M. New catalysts for biodiesel production under supercritical conditions of alcohols: A comprehensive review.
ChemistrySelect 2022, 7, e202104459. [CrossRef]

24. Ghosh, N.; Halder, G. Current progress and perspective of heterogeneous nanocatalytic transesterification towards biodiesel
production from edible and inedible feedstock: A review. Energy Convers. Manag. 2022, 270, 116292. [CrossRef]

25. Mahlia, T.M.I.; Syazmi, Z.A.H.S.; Mofijur, M.; Abas, A.E.P.; Bilad, M.R.; Ong, H.C.; Silitonga, A.S. Patent landscape review on
biodiesel production: Technology updates. Renew. Sustain. Energy Rev. 2020, 118, 109526. [CrossRef]

26. Rathnam, V.M.; Madras, G. Conversion of Shizochitrium limacinum microalgae to biodiesel by non-catalytic transesterification
using various supercritical fluids. Bioresour. Technol. 2019, 288, 121538. [CrossRef]

27. Vega-Guerrero, D.B.; Gómez-Castro, F.I.; López-Molina, A. Production of biodiesel with supercritical ethanol: Compromise
between safety and costs. Chem. Eng. Res. Des. 2022, 184, 79–89. [CrossRef]

28. Sakdasri, W.; Sawangkeaw, R.; Ngamprasertsith, S. An entirely renewable biofuel production from used palm oil with supercritical
ethanol at low molar ratio. Braz. J. Chem. Eng. 2017, 34, 1023–1034. [CrossRef]

29. Yuliana, M.; Santoso, S.P.; Soetaredjo, F.E.; Ismadji, S.; Ayucitra, A.; Angkawijaya, A.E.; Ju, Y.H.; Nguyen, P.L.T. A one-pot
synthesis of biodiesel from leather tanning waste using supercritical ethanol: Process optimization. Biomass Bioenergy 2020, 142,
105761. [CrossRef]

30. Hegel, P.E.; Martín, L.A.; Popovich, C.A.; Damiani, C.; Leonardi, P.I. Biodiesel production from Halamphora coffeeaeformis
microalga oil by supercritical ethanol transesterification. Chem. Eng. Process. Process Intensif. 2019, 145, 107670. [CrossRef]

31. Poudel, J.; Karki, S.; Sanjel, N.; Shah, M.; Oh, S.C. Comparison of biodiesel obtained from virgin cooking oil and waste cooking oil
using supercritical and catalytic transesterification. Energies 2017, 10, 546. [CrossRef]

32. Sanjel, N.; Gu, J.H.; Oh, S.C. Transesterification kinetics of waste vegetable oil in supercritical alcohols. Energies 2014, 7, 2095–2106.
[CrossRef]

33. Akkarawatkhoosith, N.; Kaewchada, A.; Jaree, A. Production of biodiesel from palm oil under supercritical ethanol in the
presence of ethyl acetate. Energy Fuels 2019, 33, 5322–5331. [CrossRef]

34. Bolonio, D.; Marco Neu, P.; Schober, S.; García-Martínez, M.J.; Mittelbach, M.; Canoira, L. Fatty acid ethyl esters from animal fat
using supercritical ethanol process. Energy Fuels 2018, 32, 490–496. [CrossRef]

35. Farobie, O.; Leow, Z.Y.M.; Samanmulya, T.; Matsumura, Y. In-depth study of continuous production of biodiesel using supercritical
1-butanol. Energy Convers. Manag. 2017, 132, 410–417. [CrossRef]

36. dos Santos, K.C.; Hamerski, F.; Voll, F.A.P.; Corazza, M.L. Experimental and kinetic modeling of acid oil (trans)esterification in
supercritical ethanol. Fuel 2018, 224, 489–498. [CrossRef]

37. Sun, Y.; Reddy, H.K.; Muppaneni, T.; Ponnusamy, S.; Patil, P.D.; Li, C.; Jiang, L.; Deng, S. A comparative study of direct
transesterification of camelina oil under supercritical methanol, ethanol and 1-butanol conditions. Fuel 2014, 135, 530–536.
[CrossRef]

38. Geuens, J.; Kremsner, J.M.; Nebel, B.A.; Schober, S.; Dommisse, R.A.; Mittelbach, M.; Tavernier, S.; Kappe, C.O.; Maes, B.U.W.
Microwave-assisted catalyst-free transesterification of triglycerides with 1-butanol under supercritical conditions. Energy Fuels
2008, 22, 643–645. [CrossRef]

39. Singh, C.S.; Kumar, N.; Gautam, R. Supercritical transesterification route for biodiesel production: Effect of parameters on yield
and future perspectives. Environ. Prog. Sustain. Energy 2021, 40, e13685. [CrossRef]

40. Tobar, M.; Núñez, G.A. Supercritical transesterification of microalgae triglycerides for biodiesel production: Effect of alcohol type
and co-solvent. J. Supercrit. Fluids 2018, 137, 50–56. [CrossRef]

41. Hoang, D.; Bensaid, S.; Saracco, G.; Pirone, R.; Fino, D. Investigation on the conversion of rapeseed oil via supercritical ethanol
condition in the presence of a heterogeneous catalyst. Green Process. Synth. 2017, 6, 91–101. [CrossRef]

42. Trentini, C.P.; Postaue, N.; Cardozo-Filho, L.; Reisa, R.R.; Sampaio, S.C.; da Silva, C. Production of esters from grease trap waste
lipids under supercritical conditions: Effect of water addition on ethanol. J. Supercrit. Fluids 2019, 147, 9–16. [CrossRef]

43. Poudel, J.; Shah, M.; Karki, S.; Oh, S.C. Qualitative analysis of transesterification of waste pig fat in supercritical alcohols. Energies
2017, 10, 265. [CrossRef]

44. Trentini, C.P.; Fonseca, J.M.; Cardozo-Filho, L.; Reis, R.R.; Sampaio, S.C.; da Silva, C. Assessment of continuous catalyst-free
production of ethyl esters from grease trap waste. J. Supercrit. Fluids 2018, 136, 157–163. [CrossRef]

45. Shah, M.; Poudel, J.; Kwak, H.; Oh, S.C. Kinetic analysis of transesterification of waste pig fat in supercritical alcohols. Process Saf.
Environ. Prot. 2015, 98, 239–244. [CrossRef]

http://doi.org/10.1007/s12649-020-01229-5
http://doi.org/10.1007/s42452-020-03243-7
http://doi.org/10.1007/s13399-020-00634-z
http://doi.org/10.1038/s41598-021-86062-z
http://doi.org/10.1002/slct.202104459
http://doi.org/10.1016/j.enconman.2022.116292
http://doi.org/10.1016/j.rser.2019.109526
http://doi.org/10.1016/j.biortech.2019.121538
http://doi.org/10.1016/j.cherd.2022.05.055
http://doi.org/10.1590/0104-6632.20170344s20150660
http://doi.org/10.1016/j.biombioe.2020.105761
http://doi.org/10.1016/j.cep.2019.107670
http://doi.org/10.3390/en10040546
http://doi.org/10.3390/en7042095
http://doi.org/10.1021/acs.energyfuels.9b00641
http://doi.org/10.1021/acs.energyfuels.7b02991
http://doi.org/10.1016/j.enconman.2016.09.042
http://doi.org/10.1016/j.fuel.2018.03.102
http://doi.org/10.1016/j.fuel.2014.06.070
http://doi.org/10.1021/ef700617q
http://doi.org/10.1002/ep.13685
http://doi.org/10.1016/j.supflu.2018.03.008
http://doi.org/10.1515/gps-2016-0081
http://doi.org/10.1016/j.supflu.2019.02.008
http://doi.org/10.3390/en10030265
http://doi.org/10.1016/j.supflu.2018.02.018
http://doi.org/10.1016/j.psep.2015.08.002


Processes 2023, 11, 742 14 of 15

46. Nematian, T.; Fatehi, M.; Hosseinpour, M.; Barati, M. One-pot conversion of sesame cake to low N-content biodiesel via
nano-catalytic supercritical methanol. Renew. Energy 2021, 170, 964–973. [CrossRef]

47. Sherpa, K.C.; Kundu, D.; Banerjee, S.; Ghangrekar, M.M.; Banerjee, R. An integrated biorefinery approach for bioethanol
production from sugarcane tops. J. Clean. Prod. 2022, 352, 131451. [CrossRef]

48. Su, G.; Chan, C.; He, J. Enhanced biobutanol production from starch waste via orange peel doping. Renew. Energy 2022, 193,
576–583. [CrossRef]

49. Maity, S.; Mallick, N. Trends and advances in sustainable bioethanol production by marine microalgae: A critical review. J. Clean.
Prod. 2022, 345, 131153. [CrossRef]

50. Devi, A.; Bajar, S.; Kour, H.; Kothari, R.; Pant, D.; Singh, A. Lignocellulosic biomass valorization for bioethanol production: A
circular bioeconomy approach. BioEnergy Res. 2022, 15, 1820–1841. [CrossRef]

51. Iyyappan, J.; Bharathiraja, B.; Varjani, S.; Praveenkumar, R.; Muthu Kumar, S. Anaerobic biobutanol production from black strap
molasses using Clostridium acetobutylicum MTCC11274: Media engineering and kinetic analysis. Bioresour. Technol. 2022, 346,
126405. [CrossRef]

52. Das, M.; Maiti, S.K. Current knowledge on cyanobacterial biobutanol production: Advances, challenges, and prospects. Rev.
Environ. Sci. Biotechnol. 2022, 21, 483–516. [CrossRef]

53. Tse, T.J.; Wiens, D.J.; Reaney, M.J.T. Production of bioethanol—A review of factors affecting ethanol yield. Fermentation 2021, 7,
268. [CrossRef]

54. Andreo-Martínez, P.; Ortiz-Martínez, V.M.; Salar-García, M.J.; Veiga-del-Baño, J.M.; Chica, A.; Quesada-Medina, J. Waste animal
fats as feedstock for biodiesel production using non-catalytic supercritical alcohol transesterification: A perspective by the
PRISMA methodology. Energy Sustain. Dev. 2022, 69, 150–163. [CrossRef]

55. Marulanda-Buitrago, P.A.; Marulanda-Cardona, V.F. Supercritical transesterification of beef tallow for biodiesel production in a
batch reactor. Cienc. Tecnol. Futuro 2014, 5, 55–73. [CrossRef]

56. García-Morales, R.; Zúñiga-Moreno, A.; Verónico-Sánchez, F.J.; Domenzain-González, J.; Pérez-López, H.I.; Bouchot, C.; Elizalde-
Solis, O. Fatty acid methyl esters from waste beef tallow using supercritical methanol transesterification. Fuel 2022, 313, 122706.
[CrossRef]

57. Reid, R.C.; Prausnitz, J.M.; Poling, B.E. The Properties of Gases and Liquids, 4th ed.; McGraw-Hill: New York, NY, USA, 1987.
58. Postaue, N.; Borba, C.E.; da Silva, C. Transesterification under high pressure as a sequential step from pressurized liquid

extraction: Effect of operational parameters and characterization. J. Supercrit. Fluids 2023, 193, 105814. [CrossRef]
59. Corazza, M.L.; Fouad, W.A.; Chapman, W.G. Application of molecular modeling to the vapor–liquid equilibrium of alkyl esters

(biodiesel) and alcohols systems. Fuel 2015, 161, 34–42. [CrossRef]
60. Ghesti, G.F.; de Macedo, J.L.; Resck, J.A.; Dias, I.S.; Dias, S.C.L. FT-Raman spectroscopy quantification of biodiesel in a progressive

soybean oil transesterification reaction and its correlation with 1H NMR spectroscopy methods. Energy Fuels 2007, 21, 2475–2480.
[CrossRef]

61. Osmieri, L.; Alipour Moghadam Esfahani, R.; Recasens, F. Continuous biodiesel production in supercritical two-step process:
Phase equilibrium and process design. J. Supercrit. Fluids 2017, 124, 57–71. [CrossRef]

62. Roze, F.; Pignat, P.; Ferreira, O.; Pinho, S.P.; Jaubert, J.N.; Coniglio, L. Phase equilibria of mixtures involving fatty acid ethyl esters
and fat alcohols between 4 and 27 kPa for bioproduct production. Fuel 2021, 306, 121304. [CrossRef]

63. Farobie, O.; Matsumura, Y. A comparative study of biodiesel production using methanol, ethanol, and tert-butyl methyl ether
(MTBE) under supercritical conditions. Bioresour. Technol. 2015, 191, 306–311. [CrossRef]

64. Teixeira, L.S.G.; Assis, J.C.R.; Mendonça, D.R.; Santos, I.T.V.; Guimarães, P.R.B.; Pontes, L.A.M.; Teixeira, J.S.R. Comparison
between conventional and ultrasonic preparation of beef tallow biodiesel. Fuel Process. Technol. 2009, 90, 1164–1166. [CrossRef]

65. Ehiri, R.C.; Ikelle, I.I.; Ozoaku, O.F. Acid-catalyzed transesterification reaction of beef tallow for biodiesel production by factor
variation. Am. J. Eng. Res. 2014, 3, 174–177.

66. Da Rós, P.C.M.; Silva, G.A.M.; Mendes, A.A.; Santos, J.C.; de Castro, H.F. Evaluation of the catalytic properties of Burkholderia
cepacia lipase immobilized on non-commercial matrices to be used in biodiesel synthesis from different feedstocks. Bioresour.
Technol. 2010, 101, 5508–5516. [CrossRef]

67. Knothe, G. A comprehensive evaluation of the cetane numbers of fatty acid methyl esters. Fuel 2014, 119, 6–13. [CrossRef]
68. Ramírez-Verduzco, L.F.; Rodríguez-Rodríguez, J.E.; Jaramillo-Jacob, A.R. Predicting cetane number, kinematic viscosity, density

and higher heating value of biodiesel from its fatty acid methyl ester composition. Fuel 2012, 91, 102–111. [CrossRef]
69. Yanowitz, J.; Ratcliff, M.A.; McCormick, R.L.; Taylor, J.D.; Murphy, M.J. Compendium of Experimental Cetane Numbers. In

National Renewable Energy Lab Technical Report NREL/TP-5400-67585; National Renewable Energy Laboratory: Golden, CO, USA,
February 2017. [CrossRef]

70. Official Mexican Standard. NMX-F-101-SCFI-2012. Foods—Vegetable or Animal Fats and Oils—Determination of Free Fatty
Acids—Test Method. Official Gazette of the Federation. Mexico. 2012. Available online: http://www.economia-nmx.gob.mx/
normas/nmx/2010/nmx-f-101-scfi-2012.pdf (accessed on 13 January 2023).

71. Kusdiana, D.; Saka, S. Effects of water on biodiesel fuel production by supercritical methanol treatment. Bioresour. Technol. 2004,
91, 289–295. [CrossRef]

72. Xu, J.; Jiang, Z.; Li, L.; Fang, T. A review of multi-phase equilibrium studies on biodiesel production with supercritical methanol.
RSC Adv. 2014, 4, 23447–43455. [CrossRef]

http://doi.org/10.1016/j.renene.2021.02.042
http://doi.org/10.1016/j.jclepro.2022.131451
http://doi.org/10.1016/j.renene.2022.04.096
http://doi.org/10.1016/j.jclepro.2022.131153
http://doi.org/10.1007/s12155-022-10401-9
http://doi.org/10.1016/j.biortech.2021.126405
http://doi.org/10.1007/s11157-022-09618-z
http://doi.org/10.3390/fermentation7040268
http://doi.org/10.1016/j.esd.2022.06.004
http://doi.org/10.29047/01225383.20
http://doi.org/10.1016/j.fuel.2021.122706
http://doi.org/10.1016/j.supflu.2022.105814
http://doi.org/10.1016/j.fuel.2015.08.003
http://doi.org/10.1021/ef060657r
http://doi.org/10.1016/j.supflu.2017.01.010
http://doi.org/10.1016/j.fuel.2021.121304
http://doi.org/10.1016/j.biortech.2015.04.102
http://doi.org/10.1016/j.fuproc.2009.05.008
http://doi.org/10.1016/j.biortech.2010.02.061
http://doi.org/10.1016/j.fuel.2013.11.020
http://doi.org/10.1016/j.fuel.2011.06.070
http://doi.org/10.2172/1345058
http://www.economia-nmx.gob.mx/normas/nmx/2010/nmx-f-101-scfi-2012.pdf
http://www.economia-nmx.gob.mx/normas/nmx/2010/nmx-f-101-scfi-2012.pdf
http://doi.org/10.1016/S0960-8524(03)00201-3
http://doi.org/10.1039/C4RA00532E


Processes 2023, 11, 742 15 of 15

73. Seames, W.; Luo, Y.; Ahmed, I.; Aulich, T.; Kubátová, A.; Štávová, J.; Kozliak, E. The thermal cracking of canola and soybean
methyl esters: Improvement of cold flow properties. Biomass Bioenergy 2010, 34, 939–946. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.biombioe.2010.02.001

	Introduction 
	Materials and Methods 
	Materials 
	Transesterification 
	Quantification 

	Results and Discussion 
	Fatty Acid Ethyl Esters (FAEEs) 
	Fatty Acid Butyl Esters (FABEs) 
	Fatty Acid Alkyl Ester Properties 

	Conclusions 
	References

