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Abstract: This article describes the results of a comprehensive comparative study of the production
of fatty acid ethyl esters (FAEEs) for use as biodiesel in perfect mixing reactors (PMRs) and plug
flow reactors (PFRs). The products obtained on a laboratory scale at all stages of the separation
and purification of the FAEE phase were analyzed using the FTIR, XRF and GC-MS methods. We
compared distillation methods for the separation of stoichiometrically excessive ethanol from the
reaction mixture. Neutralization methods with H2SO4 solution and carbonation with CO2 were
applied for FAEE phase purification from the catalyst. Emulsions formed during the water flushing
stage were analyzed via the optical microscopy method. The optimal conditions of stirring speed and
temperature were selected to maintain a high level of FAEE–water phase contact area with minimum
phase separation time. The efficiency of the carbonation method for catalyst neutralization in the FAEE
phase has been proven, allowing us to consider this method as an alternative to the traditional acid
neutralization method. According to the results of experimental studies, we have developed a new
high-performance technological scheme for the production of fatty acid esters in PFRs. The synthesis
of FAEEs in a stoichiometric excess of ethanol of about 1:50 allowed us to increase the reaction rate
and productivity of the synthesis unit after the transition from a PMR to a PFR. The yield of the
product amounted to 86.7%. The purified FAEE fraction complied with most EN14214 specifications.

Keywords: biodiesel; transesterification; vegetable oils; emulsions; perfect mixing reactor; plug
flow reactor

1. Introduction

Fatty acid ethyl esters (FAEEs) are in demand in various industries, including medicine,
cosmetology, fuel, and energy complex and hydrocarbon output. In medical practice, ethyl
esters of polyunsaturated fatty acids are used to combat health problems associated with
heart failure. Ethyl esters of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
have received the most interest concerning this issue [1,2]. The anti-inflammatory properties
of ethyl esters of linoleic and oleic acids are being studied and used in cosmetology to
inhibit acne formation [1].

The main features of fatty acid esters that make this group of chemicals appealing to
researchers from different industry sectors are their lubricating and emulsifying properties.
For instance, fatty acid esters have found application as lubricants and surfactants in
drilling fluids [3–7].

In addition to the above, the fuel and energy sector remains a common area of applica-
tion relating to the use of FAEs in the 21st century, which is explained by the prerequisites
of historical development [8–10]. On the one hand, sustainable global energy develop-
ments are now on the international agenda in the context of the transition to renewable
energy technologies [11–14]. On the other hand, there is still a high exploitation level of
internal combustion engines in the world [13,15–17], the abandonment of which is not yet
possible [18–22].
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Due to the fact that most of the physical and chemical parameters of biodiesel are
close to petroleum diesel fuel, the use of biodiesel allows us to maintain the design of the
internal combustion engine without special changes. This has become the main argument
for the use of biodiesel as a step change between the consumption of petroleum-based fuels
and renewable energy sources [23–26].

Worldwide, technologies based on the processing of first- and second-generation raw
materials (or, according to the authors’ classification [27]—second- and third-generation),
which mainly include triacylglycerides (TAGs) of fatty acids from non-food and waste oils,
have become more widespread. Rapeseed oil is an acceptable biodiesel feedstock for the
Russian market due to its high production volume and low domestic consumption [28,29].
Alkaline transesterification and acid esterification in the presence of a molar excess of methanol
or ethanol remain the most common methods for processing these materials [27,30,31].

It is generally known that under the current conditions, the production and promotion
of fatty acid esters depends largely on subsidies and the policies of the states [32–35].
Subsidization can be explained by high competition with the petroleum fuel market and
the complexity of the process of obtaining pure fatty acid esters [36–38], which affects their
production cost [39–41].

Influencing the competitiveness of fatty acid esters as liquid biofuels by reducing
their production costs is feasible. This issue is technological in scope. Different directions
of scientific research can be observed in the search for a solution to the issue at hand.
While some investigations form a scientific layer devoted to the search for alternative raw
materials and synthesis methods [27,42–44], others are aimed at improving the process of
triglyceride transesterification [45–47].

In the field of catalyst investigations, both homogeneous and heterogeneous catalysts
have received research attention for biodiesel production. In an article devoted to the
systematization of modern biodiesel catalysts, the most common homogeneous catalysts
were alkaline catalysts such as NaOH, KOH or sodium methoxide and acid catalysts such
as sulfuric, sulfonic and hydrochloric acids [48].

Alkaline catalysts are the most efficient but are highly sensitive to the presence of free
fatty acids (FFAs) in the feedstock [49,50]. Moreover, the presence of water in the reaction
system can lead to saponification and decreased product yield during and after synthesis.
For this reason, the process includes a feedstock preparation stage as well as neutralization
and removal of the homogeneous catalyst [51].

The use of heterogeneous catalysts can greatly simplify the separation of reaction
products, but this type of catalyst is less efficient. Most works are devoted to the study
of calcium oxide due to its relatively low price [52–55]. Processes using zeolite catalysts
are still under development [56,57]. They often require very high temperatures (around
200 ◦C) [48,58]. There are also reports on the use of agricultural waste ashes as heteroge-
neous catalysts [59]. Nanocatalysts combine the advantages of both homogeneous and
heterogeneous catalysts, but their use in industry is limited due to their high cost. Currently,
nanocatalysts are being developed at the laboratory scale [48,58,60].

Enzyme-based biocatalysts are identified as a separate research group apart from
heterogeneous and homogeneous catalysts [27]. Enzyme catalysts, represented mainly by
lipases, may be useful in converting oil containing high FFA and water content. In addition,
the reaction proceeds under mild conditions and does not require catalyst utilization. The
main disadvantages of enzymatic catalysts are expensiveness, long synthesis time (8–60 h)
and wide variation in yield [61].

Regarding the apparatus design process, the simplest and most common method
used in the industry is the batch reactor of ideal mixing, which is a vessel with a heating
element [62,63] and a stirring device [54,64]. Continuous reactors are also widely used
in industry—flow-through apparatuses that enable a constant supply of reagents and
product withdrawal [64–66]. A promising direction for improving reactor design is the
development and introduction of membrane reactors that combine the chemical conversion
process with a membrane separation process for adding reactants or removing reaction
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products [67]. There are reports on the use of fixed-bed catalyst reactors and continuous
tubular reactors, which provide consistently high yields of the target product, meeting the
BD100 standard [64,68,69].

Oscillatory Baffled Reactors (OBRs) are an advanced version of the continuous tube
reactor. The main changes involve the tube reaction space. The technology includes annular
baffles in the tubular reactor frame to create swirls for more intense stirring of the reaction
mixture [70]. The analog of the continuous tubular reactor is the microchannel reactor,
which provides a similar degree of conversion in less time. However, the introduction of
such reactors in industry will significantly increase the metal intensity of production and,
consequently, the final price of the product [55,71].

Another technology used in biodiesel production is reaction distillation [71–73]. This
method of biodiesel production can be considered an alternative to ideal displacement re-
actors, since the distillation apparatuses used in the process maintain continuous synthesis
due to the counter multistage flow of alcohol and oil [74].

Research exists on the use of continuous catalytic–plasma reactors. The use of plasma
was found to increase the conversion rate during the heterogeneous catalysis of the transes-
terification reaction, with a biodiesel yield of 77.2% [75].

Non-catalytic synthesis technology under the conditions of supercritical parameters
is being actively developed. This technology was designed to solve the problem of waste
utilization and reduce the cost of the final product due to the elimination of the catalyst.
However, the introduction of this technology into industrial production is a difficult task
due to the high cost of equipment and increased requirements for personnel qualification.
In an article devoted to the transesterification of palm kernel oil with supercritical methanol,
the optimal synthesis conditions were as follows: a temperature of 325 ± 5 ◦C, a pressure of
18.0 ± 0.5 MPa, and a molar ratio of methanol and oil of 42 ± 2:1. The yield of the product
was 93.7 ± 2.1% [76].

The works in the field of vegetable raw materials transesterification are united by
one goal—reducing the reaction time while maintaining high conversion rates—since
alkaline methanolysis and ethanolysis of triacylglycerides under conditions of alcohol
molar excess takes from 1 to 6 h [27,40]. Among them, we can conditionally distinguish
several directions [60,77]:

• Search and development of new homogeneous and heterogeneous catalysts;
• Modification of the synthesis reactor;
• Change in technological synthesis conditions.

In this work, we decided to consider the modification of the synthesis reactor in order
to develop a process scheme that satisfies the reaction rate under ethanol excess (1:50)
conditions. The aim of this research work is to establish the particularities of the process
steps of FAEE production in the case of excess ethanol (1:50) and select the optimal reactor
between PMR and PFR.

2. Experimental Section
2.1. Materials and Reagents

Unrefined rapeseed oil was selected as the raw material. Oleic acid (Pur.) was used as
a raw material in the etherification reaction. Potassium hydroxide was used as an alkaline
homogeneous catalyst due to its availability and cheapness. Absolute technical ethanol
with <0.5% water content was used as the reaction alcohol. Zeolite 3A molecular sieves for
ethanol drying were obtained from SORBIS GROUP (Hong Kong).

The acid value and acidity of the oil were analyzed according to ISO 660-83 via the
titrimetric method. The fatty acid composition was determined according to GOST 30418-96.
The mass fraction of moisture in oils was analyzed according to ISO 662-2019.
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2.2. Alcohol Drying

Absolute ethanol was obtained from industrial-grade ethanol containing up to 6%
percent water. The molecular sieve method was used to dehydrate the ethanol. Zeolite KA
(3A), granulated into particles of 1.6–2.5 mm diameter, was used as molecular sieves.

Technical ethanol from the tank (1) is pumped by the peristaltic pump (2) into the main
filter housing (3) filled with molecular sieves (4) (Supplementary Materials, Figure S1). The
ethanol is pumped in from the top through connection A. Due to the vertical tube inside
the housing, the alcohol enters the base of the housing and fills the filter from the bottom
to the top. As the peristaltic pump operates, the liquid level in the filter housing rises and
reaches connection B, from where the absolute alcohol is discharged. Gaskets are installed
in connections A and B with a mesh to prevent the zeolite granules from being carried away
with the flow and facilitate the unloading of the installation.

A fine mesh filter for alcohol purification from zeolite dust is installed before the tank,
which is the absolute alcohol receiver.

2.3. Synthesis of Fatty Acid Esters in Perfect Mixing Reactor

Fatty acid esters were synthesized in a system of parallel HEL reactors (Supplementary
Materials, Figure S2). Rapeseed oil in a volume of 10 mL was loaded into a 250 mL steel
reactor and heated to 80 ◦C to quickly achieve the temperature regime of the process when
mixing reagents.

While mixing at 250 rpm, 30 mL of 0.5% wt KOH solution in ethanol was poured into
the reactor at room temperature. By preheating the oil, we were able to achieve a fast 70 ◦C
temperature rise at <30 s. The synthesis was carried out at a temperature of 70 ◦C for 5 min
(since the alcohol was added), and then the steel reactor was disconnected from the system
and immersed in a cold bath to stop the process with a temperature drop.

2.4. Synthesis of Fatty Acid Esters in Plug Flow Reactor

Analogous to the synthesis of fatty acid esters in the ideal mixing reactor, the fol-
lowing process conditions were used: the volume ratio of oil to ethanol was 1:3, and the
concentration of potassium hydroxide in the reaction ethanol was 0.5%.

A laboratory unit was assembled for the synthesis of fatty acid esters in a plug flow
reactor (Supplementary Materials, Figure S3). The installation consists of a 1 L tank, where
the reaction mixture of oil and ethanol with a dissolved catalyst is dispersed at room
temperature using an overhead stirrer. With the help of a peristaltic pump, the reaction
mixture is fed into a flow reactor and lowered into a water thermostat. The temperature
in the thermostat is 77 ◦C. As the mixture flows through the reactor, a transesterification
reaction takes place. Then, the homogeneous reaction mixture enters the receiving container
through the refrigerator.

A silicone hose with a length of 10 m and a working cross-section diameter of 10 mm
was used as the reactor. The speed of the shaft of the peristaltic pump was fixed at 10 rpm.
The residence time in the reactor was measured from the moment the reaction mixture
entered the thermostat to the moment the reaction mixture entered the refrigerator.

2.5. Synthesis of Ethyl Oleate via Acid Etherification

The synthesis of ethyl oleate was carried out in a perfect mixing reactor based on the
HEL Auto MATE Reactor System (Supplementary Materials, Figure S2). For the synthesis,
200 mL of oleic acid, 100 mL of ethanol, 0.94 mL of catalyst (H2SO4), and 10 mL of benzene
were placed in a 500 mL glass reactor. The reaction mixture was stirred for 4 h at a bath
temperature of 100 ◦C. In the process, the triple azeotrope benzene–water–ethanol was
boiled, which condensed into a Dean–Stark apparatus.

At the end of the synthesis, the homogeneous mixture became turbid and divided
into two phases. The upper phase contained ethyl oleate, alcohol, and an admixture of
benzene. The lower phase contained the remains of the unreacted oleic acid, a catalyst, and
benzene with an admixture of ethanol. The upper phase with the reaction product was
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purified from alcohol and benzene via atmospheric distillation and the evaporation of the
solvent residues. An admixture of oleic acid was removed from the resulting ethyloleate via
crystallization. To achieve this, the mixture was placed in a freezer until a cloudy solution
formed. The solution was subjected to vacuum filtration. The experiment was repeated
until the transparency of the solution was preserved. The qualitative composition of ethyl
oleate was checked using FTIR Analysis. The degree of purity was also checked through
the use of gas chromatography.

2.6. Analysis of FAEE Composition

The composition of the mixture of fatty acid ethyl esters was determined using a gas
chromate–mass spectrometer equipped with an RTX HP-5MS (30 m × 0.25 mm) column
and a flame ionization detector (FID). Helium was used as the mobile phase. The sample
was injected at a flow rate of 0.5 mL/min. The temperature of the injector was 280 ◦C, and
the temperature of the detector was 260 ◦C. The starting oven temperature was 120 ◦C for
2 min and then increased at a rate of 5 ◦C/min to 250 ◦C, followed by holding for 10 min.
The internal standard method was used to determine the yield of the target product. A
sample of the ether fraction with a volume of 10 µL was added into 1 mL of a solvent
containing a known amount of the internal standard. Dodecane was used as an internal
standard (C12H26). The concentration of the target product was calculated according to (1)

CFAE =
SFAE
Sst

·Cst· fFAE (1)

where CFAE and Cst represent the ether and internal standard concentrations; SFAE
Sst

repre-
sents the ratio of the ether peak area to the internal standard peak area; and fFAE represents
the calibration factor required to achieve a compound relative to a standard substance.

Calibration factor fFAE was determined experimentally. The prepared alcohol solution
of dodecane and the purified mixture of FAEE was used for this purpose. The fraction
obtained after vacuum distillation was used as a sample of the FAEE mixture. fFAE was
calculated according to (2)

fFAE =
CFAESst

CstSFAE
(2)

The conversion rate in the reaction mixture was calculated as the ratio of the number
of moles of synthesized product to the theoretical amount of product obtained at 100%
conversion:

αFAE =
ϑexp

ϑ100%
·100 =

ϑexp

3·ϑoil
·100 (3)

where αFAE represents the conversion rate of the FAEE; ϑexp represents the number of
synthesized product moles; ϑ100% represents the product moles received at full product
conversion; and ϑoil represents the number of feedstock moles.

The product yield after FAEE phase separation was calculated as the ratio of the FAEE
fraction mass to the mass of the feedstock [78–80]:

γFAE =
mFAE·Moil

MFAE·moil ·3
·100 = 0.95·mFAE

moil
·100 (4)

where mFAE represents the FAEE phase mass, g; MFAE represents the molecular mass of
FAEE, 309.0 g/mol; ϑ100% represents the product moles received at full product conversion;
Moil represents the molecular mass of rapeseed oil, 884.4 g/mol; and moil represents the
rapeseed oil mass.

The molecular weight of rapeseed oil and the product were calculated based on the
fatty acid composition of the oil and the composition of FAEE:

Moil/FAEs = ∑(Mn·wn) (5)
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where Mn represents the molecular mass of triglyceride (TAG) or FAEE, and wn represents
the TGA or FAEE mole fraction content.

2.7. Analysis of the Precipitate in the Reaction Mixture

The homogeneous reaction mixture was subjected to vacuum filtration after synthesis.
To identify the qualitative composition of the precipitated substance, energy-dispersive
X-ray fluorescence spectrometry and FTIR spectroscopy methods were used. X-ray fluores-
cence spectrometry was performed on a Shimadzu EDX 7000 (Shimadzu Corporation, 1.
Nishinokyo Kuwabara-cho, Nakagyo-ku, Kyoto, Japan).

2.8. Removal of Excess Alcohol

The filtered homogeneous mixture of fatty acid esters contains not only the target
product but also a secondary glycerin fraction. For the further purification of fatty acid
esters, three different schemes for removing excess ethanol were tested.

In the first scheme, excess ethanol was distilled at atmospheric pressure in a laboratory
installation assembled on the basis of the HEL Parallel Reactor System (Supplementary
Materials, Figure S2). The rarefaction created by a stirring device—a magnetic anchor
stirrer—acted as a boiling center. During the distillation process, as the alcohol was
distilled, the temperature of the bath was raised from 100 to 120 ◦C.

In the second scheme, after distilling ethanol, a mixture of purified fatty acid esters was
separated via vacuum distillation. For this purpose, the Automated Vacuum Distillation
Analyzer Herzog HDV 623 was used. Distillation was carried out at a working pressure of
1.3 kPa.

In the third scheme, ethanol was vacuum-distilled in a laboratory unit (Supplementary
Materials, Figure S4). A maximum residual pressure of no more than 20 kPa was achieved
using a vacuum diaphragm pump NIRA NVM 2 × 2. The distillation process was controlled
so that the temperature of the liquid in the distillation cube did not exceed 60 ◦C.

2.9. Removal of the Catalyst from the Ether Fraction
2.9.1. Neutralization with Sulfuric Acid

To neutralize the KOH impurity, sulfuric acid solutions with concentrations of 50,
100, 150, and 250 g/L were passed through the FAEE mixture. To automate the process, a
laboratory setup consisting of a separating funnel and a peristaltic pump was assembled
(Supplementary Materials, Figure S5). The flushing solution was fed into the separating
funnel at a flow rate of 2.8 mL/min. Excess wash solution collecting in the lower phase
was decanted through the drain valve of the separating funnel.

2.9.2. Neutralization via CO2 Barbotage

A laboratory barbotage unit was used to carbonize potassium hydroxide (Supplemen-
tary Materials, Figure S6). The unit is a glass beaker filled that was filled with the KOH
solution so that the electrode of the pH meter (2) was freely immersed in it. For the accuracy
of the study, the same level of liquid in the beaker was maintained in all experiments.

The barbotage of the liquid phase with carbon dioxide was carried out through the
gas washer (4). The gas supply is regulated by means of a flow meter. The pH change of
the solution during carbonation is recorded using a pH meter.

Barbotage was performed using model solutions (water and alcohol) and FAEE sam-
ples before and after ethanol separation in a temperature range of 45–55 ◦C.

Specific carbon dioxide consumption per gram of catalyst was calculated according to (6)

WCO2 =
wCO2 ·τ

mKOH ·1000
(6)

where wCO2 represents the gas flow rate, mL/sec; τ represents the carbonation time, s;
mKOH represents the mass of KOH in solution, g.
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2.10. Removal of Potassium Salts from the Ether Fraction

After neutralization and carbonation, the obtained FAEE samples were subjected to
dynamic flushing with distilled water for 2 h at a water flow rate of 2.3–2.8 mL/min and
dehydration from moisture residues at a temperature of 60 ◦C. For this purpose, we used an
automated laboratory, replacing the H2SO4 solution with water (Supplementary Materials,
Figure S5). After water flashing, we heated the FAEE samples at 60 ◦C until the turbidity of
the solution disappeared.

The efficiency of purification was analyzed by examining the potassium content in the
samples, which was determined via X-ray fluorescence analysis on a Shimadzu EDX 7000
spectrometer [81].

2.11. Analysis of the Emulsion Properties of the Ester Fraction in the Purification Stage
2.11.1. Analysis of Emulsion Layer Height and Stratification Time

It is known that the sedimentation rate of particles in the laminar sedimentation regime
is described by the Stokes equation, as follows:

ϑ =
d2g∆ρ

18µ
(7)

where d represents the precipitated particle diameter, m;
∆ρ represents the density difference of the dispersed phase and dispersion medium,

kg/m3;
G represents gravitational acceleration, m/s2;
µ represents the dynamic viscosity of the medium, Pa·s.
Based on Equation (7), the dependence of the globule deposition rate on their diameter

can be represented in the following form:

ϑ ∼ kd2 (8)

The deposition rate of dispersed phase globules can also be represented as the ratio of
the average distance traveled by each globule to the time it took the globule to reach the
phase. In practice, it is difficult to obtain the values of the diameter of the globules to be
deposited and to estimate their deposition velocity. Based on this concept of velocity, it can
be said that the globule deposition rate υ will be directly proportional to the ratio of the
emulsion layer height hem to the stratification time τsep:

ϑ ∼ hem

τsep
(9)

Increasing the stirring speed will lead to a decrease in the size of emulsion droplets,
i.e., the stirring speed is inversely proportional to the diameter of emulsion globules:

d ∼ 1
ω

(10)

where ω represents the stirring speed.
Then, the time of component stratification will have the following dependence on the

stirring speed and height of the emulsion layer:

τsep ∼ khemω2 (11)

where k represents the proportionality factor.
To study the emulsion properties of fatty acid esters, two series of experiments were

carried out with purified ethyl oleate, and ether and glycerol fractions were decanted from
each other after ethanol separation. After distillation, the homogenous mixture containing
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the co-dissolved ester and glycerol fractions due to the low concentration of FAEE was also
involved in the experiment.

The essence of the experiment consisted of mixing organic samples with water in a
volume ratio of 1:1 at different temperatures and further fixing the height of the emulsion
layer and the time of separation. These experiments were designed to consider the influence
of mixing speed, temperature, and the composition of the ether fraction on the stability of
the obtained emulsion of the “water-in-oil” type.

After barbotage, the FAEE samples and ethyl oleate were thermostatted at 30 to 50 ◦C,
after which prepared water at a given temperature was added and stirred for 3–4 min at a
speed of 250–500 rpm in increments of 50 rpm. This resulted in the formation of an unstable
emulsion (Figure 1).
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Figure 1. The figure shows emulsion formation and separation.

After mixing, the height of the water layer h1, emulsion phase and water h2, and
the total height of the mixture h3 were registered, as well as the stratification time of the
emulsion layer (Figure 1). The emulsion layer height hem and ester layer height hFAEE were
calculated from the obtained data:

hem = h2 − h1 (12)

hFAEE = h3 − h2 (13)

After measuring the height of the emulsion layer, the time to the complete separation of
the emulsions was measured. The emulsification index was calculated for pure ethyl oleate
and different FAEE mixtures obtained from the ethanol removal and separation steps.

%E24 =
hem

h3
·100 (14)

2.11.2. Microscopic Emulsion Analysis

Globules of emulsion formed during flushing of ethyl esters of fatty acids were studied
using a stereoscopic microscope “LOMO” MSP-2. The emulsion was also viewed in the
lumen. The magnification range of the microscope varies from 21 to 135.

2.12. Analysis of FAEE

The Fourier Transform Infrared (FTIR) spectra of FAEE were determined by using the
FTIR spectrophotometer Nicolet 6700 (Thermo Fisher Scientific, 5225 Verona Road Madison,
Fitchburg, WI, USA). For this purpose, a zinc selenide cell was used. The FTIR spectrum
was measured in the range of 600–4000 cm−1 with a resolution of 4 cm−1.

XRF and ICP OES methods were used to identify the inorganic impurity content of the
FAEE mixtures. To avoid matrix effects in the XRF analysis, a blank FAEE sample obtained
via the deep vacuum distillation of FAEE on a Herzog HDV 623 was used.
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2.13. Analysis of Biodiesel Quality

The qualitative characteristics of the purified FAEE were analyzed and compared
with European Standard EN 14214. The density at 15 ◦C was determined according to the
ISO 3675 «Crude petroleum and liquid petroleum products—Laboratory determination of
density—Hydrometer method (IDT)». The kinematic viscosity at 40 ◦C was determined on
an Automated Multi-Range Viscometer HVM 472 according to the ISO 3104 «Petroleum
products Transparent and opaque liquids Determination of kinematic viscosity and cal-
culation of dynamic viscosity». The water content was determined according to the ISO
12,937:2000 «Petroleum products. Determination of water. Coulometric Karl Fischer titra-
tion method». The content of group I metals (Na, K), group II metals (Ca, Mg), sulfur, and
phosphorous was determined according to EN 14214.

2.14. Statistical Analysis

The amount of FAEE synthesis replication in PFR and PMR was up to 10 times.
Experiments devoted to the purification and separation of the FAEE phase were replicated
at least 3 times. The population standard deviation was calculated according to (15)

σ =

√
1
n

n

∑
i=1

(xi − µ)2 (15)

where n represents the size of the population consisting of x1, x2. . . xn;
µ represents the amount of population .
For synthesis in the PMR population, the standard deviation was 2.59%, and for

synthesis in PMR, it was 2.62%.

3. Results and Discussions

The results of the analysis are presented below (Tables 1 and 2).

Table 1. The table shows the characteristics of rapeseed oil.

Property Result Units Method

Acid value 5.28 mg KOH/g Oil ISO 660-83
Acid content 2.57 %wt ISO 660-83
Moisture 0.063 %wt ISO 662-2019

Table 2. The table shows the fatty acid profile and molar mass of rapeseed oil.

Fatty Acid Conventional Designation %mol M (FAT), g/mol

Myristic acid C14:0 0.08 723.1
Pentadecanoic acid C15:0 0.03 765.2
7,10-Hexadecadienoic acid C16:2 0.09 795.2
Palmitoleic acid C16:1 0.41 801.2
Palmitic acid C16:0 7.69 807.2
cis-10-Heptadecenoic acid C17:1 0.11 843.3
Margaric acid C17:0 0.08 849.3
Linoleic acid C18:2 7.60 879.3
Oleic acid C18:1 75.25 885.3
Stearic acid C18:0 3.67 891.4
Gondoic acid C20:1 2.45 969.5
Arachidic acid C20:0 0.97 975.5
Erucic acid C22:1 0.69 1053.6
Behenic acid C22:0 0.49 1059.7
Nervonic acid C24:1 0.18 1137.8
Lignoceric acid C24:0 0.21 1143.8

Total 100.00 884.4
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It can be deduced from the presented results that the raw material used in the work is
oleic-type oil.

In previous work, a change in the technological parameters of the transesterification
process was carried out using a perfect mixing reactor. For this purpose, the molar ratio
of oil to alcohol was increased, leading to excess ethanol [82]. Based on the results of the
previous work, an assumption was made that it is possible to realize a plug flow reactor
operating under optimal conditions without resorting to reducing the channel cross-section
to the size of a microreactor.

3.1. Perfect Mixing (PMR) and Plug Flow (PFR) Reactors

For the plug flow reactor, the fundamental value in the design issue is the residence
time of the reaction mixture in the reactor. Tests of FAEE synthesis in a plug flow reactor
have shown that the maximum conversion of feedstock can be achieved in 5 min [82]. The
most difficult task in the work on the PFR unit was to match this value with the pump
capacity, length, and cross-section of the reactor. As a heterogeneous system consisting of
oil and a KOH alcohol solution that enters the reactor at the beginning of the process, it is
important to maintain a turbulent flow regime to prevent the stratification of the mixture.

In some works, this problem is solved by adding static mixers [69]. If pump power
is sufficient, it is also possible to create turbulent flow due to the velocity of the liquid
flow; however, this will lead to an increase in the length of the reactor. Such solutions
require more space and volumes of initial reagents; therefore, it is difficult to realize them
in laboratory practice.

With a passage section diameter of 10 mm and a reactor length of 10 m, the power of
the peristaltic pump was sufficient to keep the residence time of the reaction mixture at the
level of 5 min. In this case, the reaction liquid overcame the part of the reactor immersed in
the thermostat in 6 min with the peristaltic pump running at 10 rpm. However, this power
was insufficient to establish a turbulent regime in the reactor. To solve this problem, phase
mixing was carried out in tank 1, which was installed in front of the reactor.

The capacity of the unit was 5 L/h or 4.07 kg/h, and the conversion of rapeseed oil
was 86.7%.

In the case of the perfect mixing reactor, it was more difficult to achieve the same per-
formance. Under optimal synthesis conditions, the total volume of the reaction mixture in
one experiment is only 40 mL. Using four parallel reactors, it is possible to produce 160 mL
of the reaction mixture in one run, but considering the cost of experiment preparation, the
productivity of this synthesis method will remain low.

In comparison to a PFR, scaling up the process in a PMR involves some difficulties. As
the volume of the reactor and the volume of the reaction mixture increase, more stirring and
heating costs will be required. Thus, by increasing the volume of the reaction mixture to
120 mL (30 mL of oil to 90 mL of alcohol), a decrease in feedstock conversion was observed.
The histogram shows the results of FAEE synthesis at different stirring speeds when using
120 mL of reaction mixture at 70 ◦C for 1.5 h (Figure 2). With the increase in stirring speed,
a linear increase in conversion was observed, and it reached 71% at 500 rpm. Nevertheless,
this result was achieved with the prolonged stirring of the mixture, which contradicts our
original goal of accelerating the process.
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3.2. Qualitative Analysis of the Precipitate after Synthesis

The precipitate formed during the synthesis process is yellow in color and has an oily
consistency (Figure 3).
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The results of XRF and FTIR analyses of the feedstock, the reaction mixture before
and after filtration, and the separated precipitate are presented in Figures 4 and 5 and
Table 2. Based on these results, we assume the phospholipidic nature of the precipitate
formed since unrefined oil was used in the synthesis process. The findings concerning the
phospholipids in rapeseed oil are evidenced by the detection of phosphorus, potassium,
and calcium present in it via the XRF method (Table 2). It is known that phospholipids can
include metals such as calcium and potassium [83].

The transition of phospholipids to the precipitate is also indicated by the disappearance
of the P peak in the XRF spectrogram of the FAEE mixture after filtration (Figure 4c).

It was not possible to determine the vibrations of the P-O groups on the FTIR spectra
since their vibrational ranges coincide with the vibrations of the C−O groups, which are
also present in the structure of triacylglycerides and fatty acid esters [84]. We can only
note the presence of −OH groups in the spectrogram of the precipitate, as well as the
shift of the spectral band of valence vibrations of the −C=O bond, which is attributed to
the characteristic vibrations of the carbonyl group in the compounds under consideration.
In general, the shifts of characteristic spectral bands of oxygen-containing groups in the
spectrum of the precipitate remain close to the spectrogram of rapeseed oil (Table 2).
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The XRF analysis of the FAEE reaction mixture before and after filtration shows a
significant decrease in potassium, which is difficult to attribute to the potassium contained
in the phospholipids of the oil (Table 3). Partial precipitation of the catalyst through
the participation of KOH in phospholipids hydrolysis or dialysis can be assumed [85].
Additional studies are required to correctly interpret this phenomenon. Nevertheless, the
absence of phosphorus and calcium in FAEE is encouraged, as these impurities in fuel will
negatively affect ash content and emissions composition. According to European standard
EN 14214, the content of P and Ca in FAEE is normalized not more than 10 and 5 mg/kg.

Table 3. The table shows the results of the XRF and FTIR analysis.

Components, %
K P Ca

Rapeseed oil 0.007 0.051 0.009
Unfiltered FAEE 0.536 0.047 0.033
Filtered FAEE 0.369 bdl bdl

3.3. Ethanol Separation

The removal of excess alcohol from the homogeneous reaction mixture is one of
the longest and most important stages of the FAEE production process. The separation
efficiency and quality of the ester fraction, as well as the recycling of alcohol to the synthesis
unit, will depend on this stage.

Excess ethanol, together with fatty acid esters, promotes co-dissolution of the ester
and glycerol phases; therefore, the complete removal of ethanol from the system should
lead to their separation [68]. Nevertheless, the atmospheric distillation of ethanol was
observed to maintain the homogeneous state of the mixture (Supplementary Materials,
Figure S7). This result can be explained by the fact that the intensification of atmospheric
distillation requires heating the reaction mixture to temperatures above 78 ◦C. Strong
heating, coupled with a decrease in the concentration of one of the reactants, leads to a
shift in the reaction equilibrium toward the starting substances, and as a result, product
loss occurs. The concentration of FAEE becomes insufficient to separate the product into a
separate phase.

It is possible to isolate esters from such a mixture by creating a deep vacuum; otherwise,
the fatty acid esters would undergo decomposition. Distillation at 1.3 kPa enabled the isolation
of a fraction of fatty acid esters from the homogeneous mixture after ethanol distillation, but
the distillation residue presumably underwent polymerization in the presence of alkali. This
conclusion can be drawn from the increase in the gelatinization point of the distillation residue
and the change in consistency from a liquid to a gel-like consistency.

At lower vacuum, it becomes possible to create mild distillation temperature condi-
tions. Thus, at a residual pressure of 20 kPa, the vapor temperature of ethanol was kept in
the range of 30 to 40 ◦C, and the liquid temperature did not rise above 56 ◦C. As a result
of distillation, the separation of the distillation residue into glycerol and ether phases was
observed (Supplementary Materials, Figure S7).

Based on the results obtained, it can be concluded that the vacuum distillation of
ethanol is the most efficient of the considered separation methods. Separation under
atmospheric pressure is possible under mild temperature conditions, but this process will
take much longer than the vacuum distillation method. The extraction of the ester fraction
via a deep vacuum may be effective due to the lack of need for the further purification of
FAEE from the catalyst; however, the chemistry of the changes in the distillation residue
requires further research and subsequent technological solutions for the processing of
this material.

The vacuum distillation of alcohol may be economically viable. This option sup-
ports high distillation rates and efficient separation at low mixture heating costs and
lower vacuum compared to FAEE distillation. The atmospheric vaporization of ethanol
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can be an alternative to using a vacuum, but this option will be slower and will affect
unit performance.

It is also worth noting that during the vacuum distillation of ethanol, most of the
catalyst passes into the glycerol phase. Thus, XRF and ICP OES analysis of the FAEE phase
showed the content of KOH to be 0.06%.

3.4. Material Balance

The material balance of synthesis and separation units for plug flow and ideal mixing
reactors is presented in Tables 4 and 5. The largest mass losses are observed at the separation
unit, which can be explained by the evaporation and entrainment of ethanol vapor in the
receiver tank, which is unavoidable under laboratory practice conditions.

Table 4. The table shows the material balance of the synthesis block.

Reactor Input, %wt Output, %wt

Oil Ethanol Total
Input

Reaction
Mix Sediment Loses Total

Output

PFR 28.0 72.0 100 98.1 0.1 1.7 100
PMR 28.1 71.9 100 96.0 0.3 3.7 100

Table 5. The table shows the material balance of the separation block.

Reactor Input, %wt Output, %wt

Distillation Residue

Total
Input Ethanol FAEE

Phase
Glycerol

Phase Loses Total
Output FAEE Yield

PFR 100 58.7 24.4 5.7 11.2 100 86.7
PMR 100 60.5 19.8 10.8 8.9 100 73.2

The FAEE phase output in PFR exceeded PMR by 1.23 times, with a small difference in
the sum of losses (0.3%) (Table 4). It is worth noting that unrefined rapeseed oil containing
2.57% FFA was used in the work. Since the oil was not subjected to any purification, the
yield values are lower compared to alkaline transesterification in other studies [27,50,61].
Nevertheless, the yield in PFR falls within the statistical range of 85 to 99% [61]. This result
can be improved by choosing a different catalyst, such as alkoxides, or by improving the
quality of the feedstock.

3.5. Catalyst Removal

Tests of KOH carbonation on different media gave the following pH change dynamics
(Figure 6).

In the experiment with an aqueous solution of potassium hydroxide, two pH jumps to
plateau values of neutral medium were observed on the graph. This is explained by the
formation of potassium hydrogen carbonate in an aqueous medium. In the experiments
with organic medium, such a result was not observed due to the almost complete absence
of water in the component system.

The constancy of the hydrogen index values at the end of the experiments in all three
cases indicates the successful progress of the carbonation reaction. It is worth noting that in
the FAEE medium, the pH drop was slowed down, and the start of the pH jump coincided
in time with the results of pure aqueous and alcoholic KOH solutions. In the mixture of
FAEE before ethanol distillation, this jump occurs earlier.
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Due to the removal of excess ethanol from the reaction mixture, the carbonation of the
FAEE phase proceeds with less CO2 consumption (Figure 7a). However, it was difficult
to carry out experiments in the FAEE phase medium because the surface of the glass
membrane of the pH meter quickly clogged. For this reason, we carried out further tests in
an alcohol ether medium (FAEE+ethanol).
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Figure 7b shows that heating the solution to a temperature above 45 ◦C is of no
practical value, as the carbonation time fluctuates around one value.

Figure 7a reflects the frugality of the KOH neutralization process in different solvent
mediums with a decreasing CO2 flow rate. Compared to purely aqueous and alcoholic
media, FAEE mixtures show a marked decrease in the consumption of LCO2/g KOH when
the gas flow rate was reduced to 20 mL/sec. However, it is difficult to determine the
optimal CO2 rate for the process from histogram Figure 7a. To answer this question, we
performed additional experiments at gas flow rates of 5 and 10 mL/s. Comparing the
specific flow rate and carbonation time on histograms Figure 8a,b, it can be seen that when
the gas flow rate decreases to 5 mL/s, the carbonation time remains almost unchanged.
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Figure 8. (a) Dependence of CO2 consumption on gas flow rates; (b) dependence of carbonation time
on gas flow rates.

The increase in the specific consumption of CO2 for the neutralization of KOH with
increasing gas flow rate can be justified by the fact that gas losses increase. Since the
carbonation reaction takes place on the surface of the gas globule, the increase in gas flow
leads to a decrease in the time of globule passage through the solution layer.

These details suggest that the optimal gas consumption is still outside the range under
consideration.

In the process of FAEE phase purification via neutralization in the presence of H2SO4
solution, an intermediate layer of stable emulsion was formed at the interface (Supplementary
Materials, Figure S8). This effect was repeated during the subsequent flushing of the FAEE
phase with water to purify it from sulfuric acid impurities.

One could explain this effect by the presence of the glycerol phase, the release of which
from the homogeneous medium is observed in the illustrated example (Supplementary
Materials, Figure S8). However, in subsequent repetitions of the experiment with purified
FAEE phases, the same effect was observed, and it persisted when the FAEEs were washed
with water (Supplementary Materials, Figure S9).

It should be noted that in the process of flushing with water, emulsion formation
was also observed after the carbonation of the FAEE phase. However, in contrast to the
sulphuric acid purification method, here, the emulsion phase was more easily separated and
completely disappeared as the process progressed (Supplementary Materials, Figure S9).



Processes 2024, 12, 788 17 of 24

3.6. Emulsion Properties of Esters

The results of mixing and centrifugation of different FAEE-containing fractions with
water, as well as their microscopic analysis, are shown in Figure 9. In all three cases, a
stable emulsion was formed in the systems containing active KOH, which did not separate
completely even when the centrifuge speed was increased to 6000 rpm.
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In the case of the FAEE phase, it was possible to partially partition the system, but the
emulsion layer was still preserved and concentrated in the interface. This result indicates
the necessity of pre-neutralizing KOH in the FAEE phase.

The most stable emulsion was formed with the glycerol phase, as confirmed by the
smallest diameter of emulsion layer globules, with an average diameter of 0.20 um. The
content of the glycerol phase also influenced the increase in emulsion stability (Figure 9a).
This may indicate the presence of reaction intermediates in the glycerol phase, which are
good emulsifiers.

The result presented in Figure 9b can be explained by the presence of alkali in the sys-
tem. Thus, the experiments with emulsion height and stratification time involved purified
ethyl oleate and FAEE phase that underwent carbonation. In this series of experiments, the
phenomenon of a stable emulsion was not observed. This assumption correlates with the
results obtained by washing the FAEE phase with sulfuric acid solutions. It can be assumed
that the formation of the emulsion layer in the experiments with sulfuric acid was due to the
reaction of the solvent water with the alkaline medium of FAEE-containing KOH. The point
is that the use of aqueous H2SO4 solutions does not preclude water contact with the FAEE
mixture, which maintains an alkaline pH (~10) due to KOH. Perhaps, this effect can be
compensated by increasing the concentration of H2SO4 to the optimum value. For example,
at an acid concentration of 250 g/L, the intermediate emulsion layer was practically absent.
Nevertheless, whether the observed effect is purely physicochemical or whether there are
side reactions of saponification and hydrolysis is a question of future research.

3.7. Delamination Time and Temperature

The isotherms of the stratification time variation for ethyl oleate–water and FAEE–
water systems (Supplementary Materials, Figures S10b and S11b) correlate with a quadratic
function, which can be compared with the dependence obtained in (13). It should be noted
that this dependence holds only in the considered range of stirring speeds. At further
increases of this index, a linear equilibrium will be established, at which the separation
time will be equal to the maximum.
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The isotherms of the emulsion layer height change have a less obvious dependence,
which can be considered as a quadratic function or as two linear segments with different
angular coefficients. The data obtained during the experiments are not sufficient to form
definite conclusions. We can assume that the quadratic relationship will persist until the
extremum point is reached. After this value, further increasing the stirring speed will not
lead to a decrease or increase in separation time. This assumption is supported by the
extreme points after 450 rpm.

It can be seen that heating promotes emulsion breaking, but with increasing temper-
ature, the influence of heating decreases and heating the mixture above 40–45 ◦C can be
considered inexpedient (Supplementary Materials Figures S10 and S11). As the temperature
increases, the influence of stirring speed on the emulsion stratification time decreases. Thus,
the selection of the optimum temperature minimizes the influence of the mixing speed on
emulsion formation.

Analysis of the obtained FAEE–water isotherm graphs showed that temperature
has a less active influence on emulsion formation compared to the model system ethyl
oleate–water. For FAEEs, mixing in the speed range of 400–450 rpm is optimal since a
further increase in mixing speed has little effect on the height of the emulsion layer and
stratification time.

Combining the conclusions based on the above graphs suggests that for a range of
speeds of 400–450 rpm, providing the required phase contact area for extraction, heating
the mixture to a temperature of 40–45 ◦C would be appropriate.

It is also worth noting that the stirring speed had a greater effect on the carbonized
FAEE mixture than on pure ethyl oleate. The hem in FAEE–water system at optimum
temperature and stirring speed was 1.5 times higher than the hem in ethyl oleate–water
system. Moreover, the FAEE–water emulsion showed much greater time stability under
the same conditions. Whereas the ethyl oleate–water system took 25 s to separate, the
FAEE–water system took 20 min to separate. Reducing the stirring speed could reduce this
value, but in such a case, the contact surface area of the phases would be reduced. Such a
result, in comparison with pure ethyl oleate, indicates the presence of emulsifier impurities
in the carbonized FAEE phase. These may include saponification products of free fatty
acids, as evidenced by FTIR spectrometry (Figure 10). 
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The selection of a suitable demulsifier may be appropriate to facilitate the separation
of the FAEE–water system, which is a separate research vector.

3.8. FT IR and GCMS Analysis of FAEE

When analyzing the IR spectrum of the FAEE mixture obtained as a result of synthesis
and purification, characteristic spectral bands confirming the qualitative composition of
the mixture can be distinguished (Figure 10). First of all, it is the band of valence vibrations
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of the carbonyl group (1737 cm−1), the shift of which coincides with the narrow range
for esters of long-chain fatty acids (1736–1744 cm−1). Additionally, the spectral bands of
valence vibrations of the C-O bond are characteristic of FAEEs. The most intense band
is around 1170 cm−1 (1178 cm−1), and a less strong band is present around 1245 cm−1

(1243 cm−1). In the IR spectra of vegetable oil triacylglycerides, these bands are shifted and
located around 1164 cm−1, 1236 cm−1, and 1100 cm−1 [86].

The vibration band of the -OH groups with a spectral band at 3359 cm−1 present in
the spectrum of the crude mixture of FAEE indicates the presence of potassium hydroxide
and the presence of glycerol since the spectrum contains the bands of C-O bond vibrations
characteristic of alcohols at about 1116 cm−1 and 1038 cm−1 (Figure 10). In the IR spectrum
of the evaporated aqueous extract obtained at the flushing stage, the intensity of these
bands increases, while in the IR spectrum of the purified FAEE mixture, the band of the
-OH groups disappears, and the bands of the C-O bond shift to the range corresponding to
fatty acid esters.

It is also worth noting the presence of a 1559 cm−1 spectral band in the spectra of the
initial mixture and the aqueous extract, confirming the presence of carboxide ions in the
analyzed mixture (Figure 10b,c). This indicates the presence of impurities of potassium salts
of fatty acids, which are also removed from the FAEE mixture at the flushing stage [87].

The GC FID spectra of the FAEEs are presented in Figure 11.
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Figure 11. GC FID spectra of FAEE: 1—palmitic acid ethyl ester; 2—linoleic acid ethyl ester; 3—ethyl
oleate; 4—stearic acid ethyl ester; 5—arachidic acid ethyl ester.

The resulting composition of the FAEE mixture corresponds to the fatty acid composi-
tion of the feedstock (Table 2).

From the GC FID spectra we can see that the main component of the resulting FAEE
mixture is the ethyl ester of oleic acid. The molecular mass of FAEE calculated from GC MS
results is 309 g/mol.

3.9. Biodiesel Quality

The results of the properties analysis of the purified FAEE are summarized in Table 6.
The table shows that the physical and chemical properties and composition of the obtained
biodiesel meet the requirements of the European standard EN 14214.



Processes 2024, 12, 788 20 of 24

Table 6. The table shows the qualitative characteristics of the purified FAEEs.

Property Result EN 14214 Limits Units

Ester content 97.83 96.5 min % (mol/mol)
Density, 15 ◦C 877 860–900 kg/m3

Kinematic viscosity, 40 ◦C 3.9 3.5–5.0 mm2/s
Sulfur content bdl * 10 max mg/kg
Water content 254 500 max mg/kg
Linolenic acid ester content bdl 12 max % (mol/mol)
Group I metals (Na, K) bdl 5 max mg/kg
Group II metals (Ca, Mg) bdl 5 max mg/kg
Phosphorous content bdl 10 max mg/kg

* bdl—below detection limit.

3.10. Process Flow

Despite a large number of research works devoted to the modernization of the trans-
esterification process, few of the existing developments are practically implemented in
production [25]. In part, this could be due to the complex implementation of the proposed
solutions or the lack of elaboration of the full technological cycle.

Summarizing the results of the conducted research, we can draw up a technological
flowchart of the FAEE production process in a plug flow reactor (Supplementary Materials,
Figure S12).

This block diagram is based on the experience of using a laboratory unit, in which the
block of preliminary mixing of reagents was involved (Supplementary Materials, Figure S3),
but we do not deny the possibility of technological solutions that would allow excluding
this block from the scheme, for example—static mixers.

Depending on the quality of the recovered ethanol from the distillation block, the
recycle stream can be directed to the ethanol pretreatment block or directly to the blending
block with the KOH catalyst.

The efficiency of the presented scheme will largely depend on matching the capacity of
the synthesis, separation and purification units so that the separation and purification units
keep pace with the synthesis rate in the plug flow reactor. To optimize the scheme, one
could hypothesize combining the distillation unit with carbonization by supplying CO2
instead of air to the column. However, this hypothesis requires additional experiments since
it is not known how potassium carbonate can affect the potassium distribution between the
glycerol and FAEE phase [88].

4. Conclusions

According to the results of this work, the regularities of changes in the physicochemical
properties of FAEE were established while conducting comparative studies on synthesis in
PMRs and PFRs:

(1) Synthesis of fatty acid esters in a plug flow reactor showed positive results when
unrefined rapeseed oil was used as a feedstock. At the oil/ethanol volume ratio of 1:3,
KOH concentration of 0.5% and reactor residence time of 6 minutes, a product yield
of 86.7%mol were achieved. In this case, the synthesis unit productivity was 5.0 L/h
or 4.07 kg/h in laboratory conditions, which in terms of FAEE phase equals 1.0 kg/h.
The scaling of the process in PMR did not give such a result, which becomes a strong
argument in favor of PFR application.

(2) Vacuum distillation of ethanol at residual pressure up to 20 kPa, as well as atmospheric
evaporation in a mild temperature regime can be identified as rational methods of
separation of excess ethanol within the investigated technological scheme.

(3) Neutralization of the catalyst in FAEE phase by CO2 carbonization is considered as an
alternative to the wet method of neutralization with acid solutions. On the one hand,
this method eliminates the need to utilize acid waste water in the production process
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scheme. On the other hand, the use of carbonization in the FAEE purification process
will increase CO2 consumption in the biodiesel production chain.

(4) For the speed range of 400–450 rpm, providing the necessary phase contact area for
extraction, heating the mixture to a temperature of 40–45 ◦C would be reasonable.

(5) FTIR analysis of FAEE phase before and after purification testifies to successful purifi-
cation of FAEE from impurities of catalyst and soap.

The phenomenon of stable emulsion phase in FAEE–water systems is considered in
this article from the position of a physicochemical phenomenon caused only by the surface
tension of substances. However, this point requires alternative consideration from the
position of chemical interaction of fatty acid esters with the water phase in order to identify
the risk of product loss to hydrolysis and saponification.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pr12040788/s1, FigureS1: Laboratory unit for continuous ethanol drying
on zeolite; Figure S2: Auto-MATE Reactor System with perfect-mixing reactors; Figure S3: Laboratory
unit for the synthesis of FAEE in the PFR; Figure S4: Ethanol separation unit; Figure S5: FAEE flushing
unit; Figure S6: Laboratory barbotage unit; Figure S7: The ethanol separation results; Figure S8: H2SO4
flushing results; Figure S9: Water flushing results; Figure S10: Dependences of emulsion height and
separation time on the stirring speed in ethyloleate-water system; Figure S11: Dependences of emulsion
height and separation time on the stirring speed in FAEE phase-water system; Figure S12: Principal
technological scheme of FAEE production in PFR.
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