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The object of thE study is the pro-
cess of esterification of sunflower
soapstock fatty acids with butanol.

Soapstock is a waste of the oil
and fat industry, which is formed in
the process of alkaline neutralization
of oils. The processing of soapstock
to obtain fatty acids is promising,
since the disposal of waste is diffi-
cult and dangerous, and fatty acids
are an industrially valuable product.
Fatty acids obtained from soapstock
are an available raw material for the
production of fatty acid esters of low
molecular weight alcohols, which are
the basis of alternative biodiesel fuel.

The influence of the condi-
tions of esterification of fatty
acids from sunflower soapstock
(CAS Number 61788-66-7) with buta-
nol (CAS Number 71-36-3) in the pres-
ence of an alkylbenzenesulfonic acid
catalyst on the acid value of the reac-
tion mixture was studied. This indi-
cator reflects an increase in the con-
tent of butyl esters.

The fatty acids used, obtained
from soapstock by decomposition
with sulfuric acid, meet the require-
ments of DSTU 4860 for first-grade
fatty acids. The neutralization num-
ber of fatty acids is 186.0 mg KOH/g,
the mass fraction of moisture and
volatile substances is 1.7 %, the mass
fraction of total fat is 97.5 %, the
depth of cleavage is 67.1 % of oleic
acid.

Rational conditions for the ester-
ification process have been estab-
lished, which correspond to the max-
imum reduction in the acid value
of the reaction mixture: duration
is 12 hours, catalyst concentration
is 3.5 %. In this case, the acid value
of the reaction mass was 4.05 mg
KOH/g. The product yield was 91.5 %.
Product parameters: mass fraction
of esters - 92.7 %, mass fraction of
total glycerol - 0.20 %, mass fraction
of moisture 0.04 %, density at the tem-
perature of 15 °C - 840 kg/m>.

The results obtained make it pos-
sible to obtain a high-quality base for
biodiesel fuel using soapstock fatty
acids under rational conditions
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1. Introduction

on the atmosphere. One of the tools for reducing greenhouse

The combustion of fossil fuels contributes significantly
to greenhouse gas emissions, which have a negative impact

gas emissions and harmful substances is the use of alterna-
tive energy sources, which include liquid biofuels for motor
engines [1].




The addition of 20 % biodiesel reduces the smoke of ex-
haust gases compared to petroleum fuel from 15 to 8 %. In
addition, it reduces the integrated specific emissions of ni-
trogen oxides from 5.948 to 5.786 g/(kW-h); carbon monoxide
from 2.782 to 2.007 g/(kW-h); unburned hydrocarbons from
1.006 to 0.792 g/(kW-h). The introduction of biodiesel based
on fatty acid esters of low molecular weight alcohols in the
amount of (2-35) % into hydrocarbon fuel does not require
engine rebuilding. The advantage of biodiesel is also a higher
cetane number (for pure biodiesel not less than 51, for miner-
al diesel fuel 42-45). Biodiesel has an ignition temperature of
over 150 °C, which makes it safe to use [2].

The main method of synthesizing fatty acid esters is the
reaction of interaction of fatty carboxylic acids (or oils, fats)
and the corresponding low molecular weight alcohol in the
presence of a catalyst. The process occurs according to the
mechanism of transesterification — nucleophilic substitu-
tion with the formation of esters and water (or glycerol).
The processing of oil refining waste to obtain fatty acids
for the synthesis of esters is promising. Thus, a large-ton-
nage waste of oil refining is soapstock, which is formed at
the alkaline neutralization stage. The amount of soapstock
formed when obtaining 1 ton of refined oil is (10-20) % of
the oil mass. The fat content in soapstock can reach 70 %.
The fat components of soapstock are susceptible to oxida-
tion and pose a fire hazard, so the disposal of this waste is
a difficult issue [3].

The esterification of fatty acids is usually carried out
using methanol or ethanol as reagents — acceptors of fatty
acid acyls. In methanol esterification, the transformation
occurs when mixing two mutually insoluble phases of oil
and methanol. In the case of butanolysis, the oil is well sol-
uble in alcohol and diffusion is not the limiting stage of the
process. Thus, methanolysis of soybean oil in the presence of
a methoxide catalyst occurs almost 15 times slower than bu-
tanolysis. The longer butanol chain improves the properties
of the final biodiesel and its mixing with conventional diesel.
But butanol is less studied in this direction [4].

Homogeneous or heterogeneous, alkaline or acidic cata-
lysts can be used in the reaction. The use of alkaline catalysts
is more common. But these catalysts lead to saponification of
the resulting esters, which causes an increase in catalyst con-
sumption, and also complicates the separation of the reaction
products. Homogeneous acid catalysts are an alternative for
the transesterification of raw materials with a high content
of free fatty acids, including when obtaining esters from fatty
acids of soapstocks. The use of acid catalysts is more effective
than basic ones if the raw materials contain more than 1 %
free fatty acids. As homogeneous acid catalysts, sulfuric,
sulfonic acids, alkylbenzenesulfonic acids, etc. are used. In
this case, the saponification reaction does not occur. How-
ever, a high temperature (above 100 °C), a high molar ratio
of alcohol/oil (about 6:1 alcohol/oil) and a longer reaction
time (3-48 h) are required compared to alkaline catalysts [5].

In addition to biodiesel, butyl esters are used for the
synthesis of higher fatty alcohols. Butyl oleate is widely used
in cosmetology, pharmaceuticals, light industry, and in the
production of building materials [6].

Thus, fatty acid esters are a valuable product that is used
as biodiesel, as well as for other industrial purposes. An im-
portant direction of research is the use of waste from the oil
and fat industry as a source of raw materials for the synthesis
of biodiesel. Considering a number of advantages of butanol
as a reagent, there are promising studies on the rational

conditions for the use of this alcohol in order to obtain esters
from the fatty acids of the refining waste.

2. Literature review and problem statement

The main direction of research is the production of meth-
yl esters of fatty acids as a basis for biodiesel. But the use of
butanol as a reagent for the production of esters is of increas-
ing interest. Therefore, there are a number of studies on the
production of butyl esters of fatty acids from various fatty raw
materials using catalysts of various natures.

The work [7] is devoted to the production of butyl es-
ters from sunflower oil. Butanolysis was carried out using
potassium butoxide. A high molar yield of butyl esters was
achieved - (93-96) %. Samples after removal of butanol un-
der vacuum with subsequent washing with water and drying
are characterized by a butyl ester content of (94-95) %. The
disadvantage of the work is the lack of data on the influence
of catalyst concentration and other process conditions on the
quality and yield of the product. The reason for this could be
the complexity of the process equipment and the duration of
the experimental butanolysis processes.

The transesterification of sunflower oil with butanol and
ethanol on alkoxide-containing dried potassium hydroxide
solutions was investigated [6]. A diesel engine operating on
mixtures based on butyl esters of fatty acids with a biocompo-
nent content of up to 80% was tested. Better energy character-
istics of butyl esters were observed compared to ethyl esters.
A gradual decrease in harmful emissions was shown with an
increase in the volume fraction of both ethyl and butyl esters.
In particular, a decrease in NOy emissions by (17-18) % was
recorded with the highest content of the biodiesel fraction.
The disadvantage of the study is the lack of results on the
influence of ethanolysis and butanolysis conditions on the
efficiency of the process and the quality indicators of the es-
ters. This can be explained by the fact that the primary task
was to compare the test results of the obtained ethyl and butyl
esters, while establishing rational process conditions requires
a long research time.

In the work [8], the transesterification of soybean and
castor oil with methanol and butanol using heterogeneous
basic catalysts for biodiesel production was investigated.
Ca0, MgO and ZnO, including those supported on y-Al,Os,
were considered as catalysts. During the transesterification
of castor oil with butanol, the MgO/y-Al,0; and ZnO/y-Al,03
catalysts showed yields of butyl esters of 97 % and 85 %, re-
spectively. However, the effect of catalyst concentrations and
process conditions on the completeness of butanolysis and
methanolysis was not shown. The reason for this may be the
high material and time costs for such studies.

The process of butanolysis of rapeseed oil was investi-
gated using eggshells with a size of (0.315-0.1) mm as a het-
erogeneous catalyst, with a CaO content of 89.01 % [9]. The
shell was previously calcined at 850 °C for 4 h. The optimal
process conditions were determined: molar ratio of 1-buta-
nol to oil 11.3:1, catalyst amount 7.41 %, reaction duration
11.81 hours at 110 °C. Under the specified conditions, the
yield of the obtained esters reaches 98.78 %. The disadvan-
tage of the work is the long energy-consuming preparation of
the catalyst, the need for a significant amount of catalyst to
achieve high process efficiency, the lack of data on the influ-
ence of process conditions on product quality indicators. The
objective reason for this is the study of the principle possibil-



ity of using this catalyst, as well as significant material and
time costs to establish the dependence of product quality on
process conditions.

In the work [10], rational conditions for obtaining butyl
esters from mahua oil using acidic and basic catalysts were
investigated. The molar ratio of butanol to mahua oil 6:1,
2% concentrated sulfuric acid were identified as optimal
conditions. At the same time, the content of free fatty acids
in the product was 1.1 % (in the initial raw material this
indicator was 19.8 %). In the second stage, the molar ratio of
butanol to oil 6:1, 1.5 % potassium hydroxide, process tem-
perature 80 °C, duration 90 min. and stirring speed 500 rpm.
were determined as optimal conditions with a butyl ester
yield of 94.8 %. The work obtained important data on the
production of butyl esters, but the disadvantage is the study
of different rational conditions and different response func-
tions for acidic and basic catalysts. After all, it is known that
acid catalysts require a higher temperature and duration of
the process than alkaline ones. But a significant advantage
of acid catalysts is the possibility of using them in the pro-
cessing of waste oils, oil and fat waste with a high content of
free fatty acids. Also, a disadvantage is the high cost of the
mahua oil used - 9 USD/kg. For example, the cost of sunflow-
er oil - 1.7 USD/kg. The objective reason is the prevalence of
this oil in India, where the study was conducted, as well as
significant time and material costs for considering all process
parameters for both catalysts.

Enzyme catalysts are also used to obtain butyl esters. The
synthesis of butyl esters of fatty acids from sunflower oil with
1-butanol using homogeneous lipase Rhizomucor miehei [11]
was studied. The process was carried out in a continuous
installation consisting of a cascade of a stirred tank reactor
and a continuous centrifugal contact separator. The yield of
butyl esters was obtained up to 93 % with a process duration
of 8 hours. However, there is no data on the influence of the
main process conditions (catalyst concentration, duration) on
the completeness of the process and on the parameters of the
reaction mixture. The reason for this may be the fundamen-
tal verification of the operation of this installation for obtain-
ing butyl esters and the significant duration of the research.

The use of residual fatty acids obtained in the process
of palm oil refining for the production of butyl esters was
investigated [12]. Immobilized lipases (Novozym 435 and Li-
pozyme RM IM) were used as catalysts. The maximum con-
version (above 90 %) was achieved with a biocatalyst amount
of up to 2.0 % and a stoichiometric excess of n-butanol of up
to 10 %. The disadvantage is the lack of data on the influence
of the process duration on the parameters of the reaction mix-
ture, in particular, the acid value, which reflects a decrease in
the content of free fatty acids in the mass. The reason for this
could be the reduced stability of enzyme catalysts compared
to chemical ones.

In the work [13], the enzymatic synthesis of fatty acid
esters from macauba acid oil (Acrocomia aculeata) using
fermented dry babassu cake (Orbygnia oleifera) with lipase
activity from Rhizomucor miehei was considered. The re-
actions were carried out under the influence of ultrasonic
irradiation using different alcohols. Higher yields of the ester
were obtained using butanol. The content of butyl esters of
about 80 % was achieved after 70 hours with a molar ratio of
alcohol:oil of 5.47:1, at 40 °C. Therefore, a biocatalyst made
from agricultural waste was used. But the disadvantage is the
low content of butyl esters, the duration of the process. The
reason for this may be the low temperature stability of the

catalyst and the impossibility of increasing the temperature
to increase the efficiency of the process.

The topical direction is the study of fat-containing waste
for the production of butyl esters. A method of using fat
waste generated at a tannery for the production of methyl
and butyl esters has been proposed [4]. The corresponding
animal fat esters were obtained. The yield was 99.2 % for
methyl esters and 98.9 % for butyl esters. The produced butyl
esters were characterized by better cetane number, heat of
combustion and calorific value, density, dynamic viscos-
ity, kinematic viscosity and flash point. For example, the
kinematic viscosity for butyl esters was 3.6 mm?/s, and for
methyl esters - 4.1 mm?/s. The calorific value of biodiesel
with the addition of butyl esters was 39.2 MJ/kg, and for
methyl esters — 38.4 MJ/kg. Thus, the possibility of produc-
ing high-quality esters from fat-containing waste has been
demonstrated, but there is no data on the influence of process
conditions on the quality indicators of the resulting product.
This requires samples of raw materials with identical quality
indicators, which is difficult to ensure when using produc-
tion waste.

Animal wastewater sludge was studied as a raw materi-
al for obtaining butyl esters of fatty acids [14]. The studied
wastewater contained 84.3 % lipids. The sediment was ester-
ified with butanol, catalyzed by 4-dodecylbenzenesulfonic
acid. The optimized conditions determined the molar ratio of
1-butanol:total number of fatty acid chains to be 1.66:1, the
catalyst concentration was 10 % at 105 °C for 3 hours. The
yield of butyl esters of fatty acids was 95 %. The disadvantage
is the high concentration of the catalyst. The objective reason
for this may be the desire to minimize the duration of the
process.

A relevant direction is the use of waste from the oil and
fat industry for the production of fatty acid esters. Thus, in
the work [3], rational conditions for the decomposition of
sunflower soapstock with sulfuric acid to obtain fatty acids
were determined: temperature (90-95) °C, duration 40 min.
Under these conditions, the yield of fatty acids is 79.0 %, the
neutralization number is 180.0 mg KOH/g. The obtained fatty
acids can be used as raw materials for the production of es-
ters. The work investigated only the production of fatty acids,
but further studies on their use for the esterification reaction
are advisable.

Thus, butyl esters are obtained from oils, fats and oil
and fat raw materials with different contents of free fatty
acids using catalysts of different nature. Butyl esters have a
number of advantages from the point of view of application
as biodiesel fuel. A particularly relevant direction is the pro-
duction of butyl esters using production waste, in particular,
from soapstock fatty acids. But there is not enough data on
the rational conditions for obtaining esters from such raw
materials. Therefore, the unresolved issue remains the estab-
lishment of the influence of technological conditions of the
process of esterification of soapstock fatty acids on the physi-
cochemical parameters of the product, in particular, the acid
value, which reflects the efficiency of the process.

3. The aim and objectives of the study

The aim of the study is to determine the influence of
technological conditions for esterification of sunflower soap-
stock fatty acids with butanol on the acid value of the reaction
mixture. This will allow effective use of soapstock fatty acids



to obtain butyl esters, which are the basis of biodiesel, and to
predict the acid value of the product depending on the pro-
cess conditions (duration and catalyst concentration).

To achieve the set aim, the following objectives were
solved:

- to determine the conditions for fatty acids esterification
with butanol (duration, catalyst concentration), which cor-
respond to the minimum acid value of the reaction mixture;

- to investigate the quality indicators of the obtained
product.

4. Materials and methods

4.1. The object and hypothesis of the study

The object of the study is the process of esterification
of sunflower soapstock fatty acids with butanol. The main
hypothesis of the study is that increasing the process dura-
tion and catalyst concentration increase the efficiency of the
process by reducing the acid value of the reaction mixture.
The assumption is made that with increasing the process
duration, a larger amount of water is removed from the re-
action mixture, and the efficiency of the process increases.
A simplification is made - during the study, fatty acids with
standard parameters were used, and the possibility of using
acids of lower quality was not taken into account. Standard
research methods were used in the work.

4. 2. Researched materials and equipment used in
the experiment

The following materials and equipment were used in the
study:

- fatty acids from sunflower soapstock (CAS Num-
ber 61788-66-7);

- p.a.-grade butanol-1 (CAS Number 71-36-3);

- linear alkylbenzenesulfonic acid, class A (CAS Num-
ber 27176-87-0).

4. 3. Methods for determining organoleptic and
physicochemical parameters of initial fatty acids

The parameters of the initial fatty acids sample were de-
termined using the methods given in [3].

4. 4. Methods for conducting the esterification pro-
cess

The required amount of fatty acids, butanol and catalyst
(alkylbenzenesulfonic acid) were placed in a two-necked
round-bottom flask, to which a Dean Stark nozzle and a
condenser cooled by running water were attached. The con-
denser was used to return the evaporated butanol to the flask.
The flask was placed in a flask heater, and a thermometer
was placed in the flask. The process was carried out at the
boiling point of the flask contents (122+2) °C. The molar
ratio of butanol:fatty acids in all experiments was 6:1. The
duration of the process and the concentration of the catalyst
were used in each corresponding experiment according to
the experimental plan. After the end of the process, samples
were taken from the flask to determine the acid value.

4. 5. Methods for determining the quality parame-
ters of the resulting product

The parameters of the obtained product were determined
according to standard methods intended for the analysis of
fatty acid esters:

- mass fraction of esters — according to EN 14103 (gas
chromatography method);

- mass fraction of total glycerol - according to EN 14105;

- mass fraction of moisture - according to EN ISO 12937;

- density at the temperature of 15°C - according to
EN ISO 3675.

4. 6. Research planning and processing of results

The full factorial experiment of the second order was ap-
plied. Mathematical processing of the results was performed
in the software package StatSoftStatistica v6.0 (USA), where
the “General Regression Models” module was used. Accord-
ing to this module, the coefficients of the regression equation,
standard error, estimated values of the response function
were calculated, and variance analysis was performed. In
each experiment, two repetitions were performed.

5. Results of establishing the rational conditions for
esterification of sunflower soapstock fatty acids with
butanol

5.1. Determination of butanolysis conditions that
correspond to the minimum acid value of the reaction
mixture

The fatty acids used in the study were obtained from sun-
flower soapstock by decomposition with sulfuric acid, accord-
ing to the method given in [3]. The parameters of the experi-
mental fatty acids in comparison with the standard parameters
(according to DSTU 4860) are presented in the Table 1.

Table 1
Organoleptic and physicochemical parameters of fatty acids
Characteristics
Name of parameter Standards according to
Test sample | DSTU 4860 (for fatty
acids of the first grade)
Color at the temperature
of 20 °C Brown Brown
Specific for . .
Odor fatty acids Specific for fatty acids
Mass frac'tlon of moisture 17 not more than 2.0
and volatile substances, %
Mass fraction
of total fat, % 97.5 not less than 97.0
Depth Of. clea.vage, % 67.1 not less than 55.0
oleic acid
Presence of mineral acids None Not allowed

Therefore, the experimental sample of fatty acids meets
the requirements of DSTU 4860 for first-grade fatty acids.

The influence of the duration of the process of esterifi-
cation of fatty acids with butanol and the concentration of
the catalyst (alkylbenzenesulfonic acid) on the acid value of
the reaction mixture (response function), which corresponds
to the completeness of the reaction, was established. The
influence of the following variation factors on the response
function (at four levels) was investigated:

- x; — esterification process duration (from 2 to 17 hours);

- X, — catalyst concentration (from 0.5 to 5.0 %).

The obtained research results were processed in the Stat-
SoftStatistica v6.0 package (USA). To describe the obtained
dependence, the second-degree polynomial was used:



y=b,+b -x, +b,-x,+b, X +b,,- X,

@

where y - acid value of the reaction mixture, mg KOH/g;
by - free term of the equation; x; — esterification process
duration, hours; x, - catalyst concentration, %; by, b, b1,
by, — coefficients of the corresponding elements of the poly-
nomial.

The experimental research planning matrix, experimen-
tal (y.) and calculated (y.) values of the acid value are pre-
sented in the Table 2.

Research design matrix and response function value (acid value of the

reaction mixture)

Fjaet <Fap. (n, n-m-1), then the additional inclusion of the factor
x; in the model does not significantly increase the proportion of
explained variation of the characteristic y, therefore, it is inap-
propriate to include it in the model. The regression coefficient
in this case is statistically insignificant. Using Fisher’s private
F-test, the significance of all regression coefficients was checked
under the assumption that each corresponding factor x; was
introduced into the regression equation last.

The results of the analysis are shown in the Table 3. The
characteristics are given for the following parameters: the
free term of the equation; the terms of the
equation relating to the duration of the pro-
cess and the concentration of the catalyst, the
first (L) and the second stage (Q).

Table 2

The regression equation reflecting the dependence of the
acid value of the reaction mixture on the process duration
and catalyst concentration, in natural variables, has the form:

y=11.964-0.518-x, —1.648-x, +0.012-x; +0.186-x.. (2)
The significance of the coefficients of

the regression equation was assessed on
the basis of variance analysis using Fisher’s

Variation factors Accord{ng_to t.he Table 3, in all cases the
Acid value of Acid value of actual F-criterion is higher than the tabulated
. Process Catalyst . R . R L .
Experiment| o % ) reaction mixture | reaction mixture | value (2.46). This indicates that all coefficients
,X; |concentration, X, ; e o
No. Coded Coded Ye, mg KOH/g Y, mg KOH/g of the equation are significant. It is important
level | OUS | o % (experimental value)| (calculated value) | ¢ note that the Table 3 shows the original
1 =) 5 R} 05 1075 10.20 inlij a}clljustfeq ci)effi(;?er%ts offdeterm%nation.
5 1 5 05 5 s67 543 ike t le original coe: icient of determination,
the adjusted coefficient allows to assess the
3 -1 2 +0.5 3.5 7.12 7.49 .
, . 2 " s 97 10 correspondence of the regression model to the
- : - original data, as well as to compare models
> 0.5 U -1 0.5 8.11 8.17 with different numbers of independent vari-
6 05| 7 | -05 2 6.75 6.40 ables. The value of the adjusted coefficient of
7 -0.5 7 +0.5 3.5 5.54 5.46 determination varies in the range from 0 to 1,
8 -0.5 7 +1 5 5.03 5.37 but is always slightly less than the original
9 +0.5 | 12 -1 0.5 6.78 6.77 value. With a good fit of the model and the
10 +0.5 | 12 | -05 2 4.56 4.99 data, the original and adjusted coefficients of
11 +0.5 12 | +05 3.5 4.05 4.06 determination should be close in value and
12 105 | 12 +1 5 4.06 3.96 close to 1, which is demonstrated by the data
13 +1 [ 17 [ 1] os 551 5.98 in the Table 3. . .
4 |+ | 17 [ 05| 2 3.95 421 oy anatyzing the critical points of edua-
15 +1 17 | 405 | 35 3.67 3.27 Tor,l( ) in the environment of the atsoltota-
tistica v6.0 package (USA), the esterification
16 +1 17 +1 5 3.51 3.18 . . .
conditions were determined, which corre-

spond to the minimum of acid value: dura-
tion — 12 hours, catalyst concentration - 3.5 %. In this case,
the acid value of the reaction mixture was 4.05 mg KOH/g.
The product yield under these conditions was 91.5 %.
The graphical dependence of the acid value of reaction
mixture on the duration of esterification and catalyst concen-
tration was constructed (Fig. 1).

private F-test. The private F-test is based on
a comparison of the increase in factor vari-

ance due to the influence of the additionally

included factor with the residual variance

per one degree of freedom for the regres-
sion model as a whole. The actual value of

the F-test was compared with the tabular
one at the 5% or 1 % level of significance

and the number of degrees of freedom: n
and n-m-1 (m is the number of equation

terms (without a free term), n is the number
of experiments). The 5% level of signifi-

cance was used in the work. If Fp,e >Fqp,

(n, n-m-1), then the additional inclusion
of the factor x; in the model is statistically
justified and the pure regression coefficient
b; at the factor x; is statistically significant. If

Table 3
Results of variance analysis
Parameter Sum of | Degrees of Mean Fovalue Significance
squares, SS | freedom, df | square, MS level, p-value
Free term of the 137.9371 1 137.9371 | 828.4834 | 0.000000
equation
Process duration, 7.0297 1 7.0297 | 422222 | 0.000044
hours (L)
Process duration, 1.5438 1 15438 | 92725 | 0.011145
hours (Q)
Catalyst 6.8665 1 6.8665 | 41.2416 | 0.000049
concentration, % (L)
Catalyst 2.8140 1 2.8140 | 16.9016 | 0.001726
concentration, % (Q)
Error 1.8314 11 0.1665 - -
Coefficient of determination R>=0.971.
Adjusted coefficient of determination R’ 4 =0.961
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Fig. 1. Dependence of the acid value of reaction mixture on
the duration of esterification and catalyst concentration

According to the Fig. 1, it is determined that with an in-
crease in the duration and concentration of the catalyst, the
acid value of the reaction mixture decreases. The duration
of the process has a more significant effect on the decrease
in the values of the response function. After increasing the
duration of the process over 12 hours and the catalyst con-
centration over 3.5 %, the decrease in the acid value slows
down significantly, and further increase in these factors is
inexpedient. Therefore, the rational conditions for esterifica-
tion of fatty acids with butanol are the following: duration —
12 hours, catalyst concentration — 3.5 %. In this case, the acid
value of the reaction mixture was 4.05 mg KOH/g. The yield
of the obtained product is 91.5 %.

5.2.Study of quality parameters of the obtained
product

As a result of the esterification reaction, the product
was obtained, which consists of butyl esters of fatty acids,
the remainder of alcohol and a small amount of fatty acids.
The product was subjected to drying in the vacuum at the
temperature of 95 °C for 1 hour in laboratory conditions. The
qualitative parameters of the product obtained under rational
conditions and dried were investigated (Table 4).

Table 4
Product quality parameters
Name of parameter Characteristics
Mass fraction of esters, % 92.7
Mass fraction of total glycerol, % 0.20
Mass fraction of moisture, % 0.04
Density at the temperature of 15 °C, kg/m?3 840

In industry, the product obtained after transesterifi-
cation of oils and fats (or esterification of acids) is sent to
vacuum distillation to remove alcohol and separate esters.
The distilled alcohol is used for subsequent esterification
reactions.

The EN 14214 standard sets requirements for finished
fatty acid methyl esters used for diesel engines. The mass
fraction of esters must be at least 96.5 %, the mass fraction
of total glycerol must not exceed 0.20 %, the mass fraction of
moisture must not exceed 0.05 %, the density at the tempera-
ture of 15 °C must be (860-900) kg/m?3.

Thus, the product obtained under the developed rational
conditions is a high-quality raw material for further distilla-
tion and obtaining purified butyl esters, which are used as
biodiesel fuel.

6. Discussion of the results of establishing the rational
conditions for esterification of sunflower soapstock
fatty acids

The work investigated the effect of the conditions for
esterification of fatty acids from sunflower soapstock with
standard parameters (Table 1) with butanol in the presence
of an alkylbenzenesulfonic acid catalyst on the acid value of
the reaction mixture. The acid value of the mixture decreases
as the reaction progresses and reflects the degree of conver-
sion of the reactants. The following esterification conditions
(variation factors) were investigated: process duration and
catalyst concentration (Table 2). The full factorial experiment
of the second order was used. The adequacy of the calculated
mathematical model and the significance of the regression
coefficients were confirmed by variance analysis (Table 3).
According to the Table 3, for all parameters the actual F-cri-
terion is higher than the tabulated value (2.46). This indicates
that all coefficients of the equation are significant. The orig-
inal and adjusted coefficients of determination are close in
value and close to 1.

Based on the Fig. 1, it is determined that increasing the
duration of the process causes a more significant decrease
in the acid number of the reaction mass than increasing the
concentration of the catalyst. During the course of the buta-
nolysis reaction, water is released, which causes a shift in the
reaction towards the formation of fatty acids and alcohol. Wa-
ter is removed from the reaction mixture (using a Dean Stark
nozzle), therefore, with an increase in the reaction time, more
complete removal of water and more efficient conversion
of reagents into esters occur. Based on the analysis of the
critical points of the regression equation (2) in the StatSoft-
Statistica v6.0 (USA) software package, rational conditions
for esterification of fatty acids of sunflower soapstock were
determined: process duration — 12 hours, catalyst concentra-
tion - 3.5 %. In this case, the acid value of the reaction mass
was 4.05 mg KOH/g. Product yield — 91.5 %. The parameters
of the obtained product: mass fraction of esters — 92.7 %, mass
fraction of total glycerol - 0.20 %, mass fraction of moisture
0.04 %, density at the temperature of 15 °C - 840 kg/m? (Ta-
ble 4). The mass fraction of esters in the obtained product is
less than for distilled methyl esters according to EN 14214
(not less than 96.5 %). Thus, a high-quality product was ob-
tained, which can be used for distillation and separation of
butyl esters directly.

Existing scientific studies [4, 6-14] present data on the
production of butyl esters of fatty acids from oils and various
fat-containing raw materials, including industrial waste. For
example, in [7], the production of butyl esters by butanolysis
of sunflower oil with an alkaline catalyst was considered.
The possibility of obtaining butyl esters from the sludge of
animal wastewater containing a lipid component with an
acidic catalyst [14] has been shown. Therefore, the same prin-
ciple as in existing studies was used to obtain esters in this
work. This work differs from other studies [4, 6-14] in that
fatty acids obtained from the waste of alkaline neutralization
of sunflower oil - soapstock — were used as raw materials.
Soapstock is a high-tonnage waste, the disposal of which is a



problem. Therefore, this work solves the issue of establishing
rational conditions for esterification of fatty acids from sun-
flower soapstock. The developed rational conditions allow
obtaining butyl esters, which after final industrial processing
can be used as biodiesel fuel.

The use of certain rational conditions for esterification is
limited by the intervals of variation of factors, as well as the
qualitative parameters of the initial fatty acids, since fatty ac-
ids with standard indicators were used for the work. The use
of acids with non-standard parameters requires additional
research.

The disadvantage of the work is the lack of research on
the influence of esterification conditions on other quality
parameters of the obtained product, except for the acid value.
Also, important parameters are the content of moisture, glyc-
erol, alcohol, etc.

Further research on the influence of other conditions
(temperature, molar ratio of alcohol and fatty acids) on the
efficiency of esterification is promising. Also important are
studies on the influence of the conditions of extraction of fat-
ty acids from soapstock on the yield and quality parameters
of esters.

7. Conclusions

1. The rational conditions for esterification of sunflower
soapstock fatty acids with butanol were determined: duration —
12 hours, catalyst concentration - 3.5 %. Under these conditions,
the acid value of the reaction mixture was4.05mg KOH/g.
The yield of the obtained product was 91.5 %.

2. The qualitative parameters of the obtained product were
investigated: mass fraction of esters — 92.7 %, mass fraction
of total glycerol - 0.20 %, mass fraction of moisture - 0.04 %,
density at the temperature of 15 °C — 840 kg/m?3. Therefore, the
obtained product has a high concentration of butyl esters and
can be sent to vacuum distillation under production conditions
to obtain esters, which are directly used as biodiesel fuel.
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