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The research was aimed at determining the dependences of sustainability indicators on the

parameters of the sunflower oil transesterification with ethyl, propyl, and butyl alcohol

catalyzed by anion exchange resin AV-17-8 with OH– ions or cation exchange resin KU-

2-8 with H+ or immobilized Zn2+, Sn2+, Ni2+, Co2+, and Cu2+ ions. Such sustainability

indicators as the E-factor, atomic efficiency, mass intensity and mass productivity, reaction

mass efficiency, stoichiometric factor, etc., have been determined. We established that

sustainability indicators of transesterification catalyzed by ion exchange resins depend on

the yield of higher fatty acid esters that can be achieved by immobilized metal ions. The

unreacted alcohol regeneration significantly reduces the E-factor value and increases the

reaction mass efficiency. During the sunflower oil ethanolysis, the minimum E-factor

value is achieved at the ethyl alcohol:triglyceride molar ratio corresponding to the maximum

yield of higher fatty acid esters. The reaction mass efficiency calculated without considering

the unreacted alcohol regeneration is one of the criteria for determining its regeneration

expediency. The sustainability indicators are the additional criteria for selecting optimal

conditions of the sunflower oil transesterification with aliphatic alcohols catalyzed by ion

exchange resins. The calculated sustainability indicators indicate that the investigated ion

exchange resins as heterogeneous transesterification catalysts provide a high yield of higher

fatty acid esters. Using the researched catalysts ensures a low E-factor, making the process

environmentally friendly.
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Introduction

Methyl, ethyl, propyl, and butyl esters of higher
fatty acids are used as biofuel, raw materials for
synthesizing fatty alcohols, surface-active substances,
and plasticizers for paints, varnishes, and polymers,
etc. Triglyceride transesterification is the process of
green chemistry and green engineering. It is primarily
due to the possibility of obtaining methyl esters of
higher fatty acids used as diesel fuel, but also due to
the use of renewable raw materials. It is important
not only to reduce the waste amount, but also to
ensure the efficient use of raw materials for the
transesterification process. These requirements are
achieved primarily by using effective

transesterification catalysts.
Both basic and acidic homogeneous and

heterogeneous catalysts are used for triglyceride
transesterification with alcohols [1]. The raw materials
for transesterification processes are purified or refined
oil (rapeseed, soybean, sunflower, palm, etc.), crude
or waste cooking oil, microalgae oil, and animal fats
[1]. Methyl alcohol is the most widely used among
alcohols, although other lower aliphatic alcohols,
such as ethyl [2], butyl alcohol [3], etc., are widely
used.

Today, the only manufacturing method of
higher fatty acids esters implemented in the industry
is triglyceride transesterification with methyl alcohol
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catalyzed by potassium or sodium hydroxide or
alcoholate [4]. These catalysts provide a high yield
of methyl esters of higher fatty acids under sufficiently
mild conditions. For example, the rapeseed oil or a
sunflower and corn oil mixture transesterification
with methyl alcohol at 1 wt.% catalyst content of
potassium hydroxide, the alcohol:triglyceride molar
ratio of 6:1, a temperature of 600C, and a stirring
speed of the reaction mixture of 300 rpm provides a
methyl esters yield of more than 96.5% [5].

Despite the indicated advantages of using basic
homogeneous catalysts, triglyceride transesterification
by alcohols implemented in the industry has several
disadvantages. Foremost, it requires expensive refined
oil and anhydrous alcohol to avoid triglyceride
saponification and neutralizing of free fatty acids to
form soap. The specified side reactions significantly
complicate the products’ separation and worsen the
process’s environmental friendliness.

Currently, two methods are used to process
crude or waste cooking oil. The first method is the
two-stage oil transesterification process. At the first
stage, the esterification of oils with a high acid value,
and therefore with a high acid content, is carried
out in the acid catalysts presence. At the second
stage, triglyceride transesterification is carried out in
the presence of potassium or sodium hydroxide or
alcoholate as a homogeneous basic catalyst [6].

The previous esterification reduces free fatty
acid content by 99% in raw oil materials [7]. The
reaction catalyzed by 2% sulfuric acid as the
homogeneous catalyst is carried out with water
separation to achieve high fatty acids conversion.
The reaction temperature is 700C, and the methyl
alcohol: triglyceride molar ratio is 6:1. This method’s
disadvantages of crude or waste cooking oil
transesterification are neutralizing the acid catalyst,
and washing and drying the reaction mixture after
the esterification. Along with increasing the process
duration and equipment metal intensity, these
additional operations also cause the formation of
waste and wastewater additional amount.

Heterogeneous acid catalysts can also be used
at the first stage of the two-stage process in the used
or crude oil processing. For example, KU-2-8 cation
exchange resin is an effective esterification catalyst
[8]. The use of a heterogeneous catalyst excludes its
neutralizing and washing step before the second stage
of the transesterification process, significantly
simplifying the process and reducing the amount of
wastewater.

The heterogeneous basic and acid catalysts are
used in the second method of higher fatty acid ester
obtaining. Here, the transesterification process occurs

in one stage. The use of heterogeneous catalysts has
significant advantages compared to homogeneous
catalysts, such as the catalyst separation from the
reaction mixture, the absence of their neutralizing,
and the catalyst reusing.

In particular, the use of Amberlyst A26 (OH)
as a heterogeneous base catalyst for of jatropha oil
transesterification with ethyl alcohol at a temperature
of 550C, the ethyl alcohol:oil molar ratio of 35:1,
and the catalyst amount of 15% provides the yield
of higher fatty acids ethyl esters of 36.31% in
540 min [2]. Amberlyst 45, as a heterogeneous acid
catalyst, makes it possible to use raw oil materials
with acid content corresponding to the acid value of
2.5 mg KOH/g and alcohols with a water content of
up to 10–20% [9]. The catalyst provides the yield of
higher fatty acid esters of 80 and 84% by methanolysis
and ethanolysis, respectively. By sunflower oil
transesterification with ethyl or 1-butyl alcohol
catalyzed by solid metal oxides, such as nickel (II)
oxide or zinc oxide, the triglyceride conversion is
over 97% [10–12]. The cation exchange resin KU-
2-8 with H+ or immobilized metal ions are effective
catalysts for the sunflower oil transesterification with
ethyl, 1-propyl, 2-propyl, and 1-butyl alcohols [13].
The catalysts provides the triglyceride conversion of
90.6% (KU-2-8) by ethanolysis, 97.6% and 99.7%
(KU-2-8/Sn2+ and KU-2-8/Ni2+, respectively) by
propanolysis, and 79.1% (KU-2-8/Ni2+) by
butanolysis. The advantages of the heterogeneous
catalysts are the possibility of their separation from
the reaction mixture by filtration and the almost
complete absence of wastewater and waste.

Green chemistry processes are important for
the chemical industry [14–16]. Sustainability
indicators are widely used for the quantitative
assessment of the environmental efficiency of
technological processes, including transesterification
[16]. The conditions of the transesterification process
significantly affect the sustainability indicators.

Therefore, it is important to research the
conditions influence of the oils transesterification
with alcohols catalyzed by ion-exchange resins as
heterogeneous catalysts on the sustainability
indicators and evaluate the efficiency of these
catalysts from the viewpoint of these indicators.

The research was aimed at studying the
conditions influence of the sunflower oil
transesterification with C2–C4 alcohols catalyzed by
ion exchange resins on sustainability indicators.

Experimental

The sunflower oil (according to the state
standard DSTU 4492:2017), ethyl alcohol (according
to the state standard DSTU 4221:2003), 1-propyl



60

Yu. Melnyk, S. Melnyk, H. Mahorivska

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2023, No. 4, pp. 58-68

alcohol (reagent grade), and 1-butyl alcohol (reagent
grade) were used as raw materials. Before use, ethyl
alcohol was dehydrated over calcined magnesium
sulfate to a water content of no more than 0.05 vol.%.
Anion exchange resin AV-17-8 with OH– ions, cation
exchange resin KU-2-8 with H+ or immobilized Zn2+,
Sn2+, Ni2+, Co2+, and Cu2+ ions were used as
transesterification catalysts. The sunflower oil
transesterification with aliphatic alcohols and the
reaction product analysis were carried out using the
methods described elsewhere [13]. The saponification
number of sunflower oil was 201±2 mg KOH/g. It
correspond the average molar mass of acids as
triglyceride component of 279±2 g/mol. The average
molar mass of sunflower oil calculated from these
data was 876±6 g/mol. The acid value of sunflower
oil was 0.50±0.02 mg KOH/g [12].

We used the sustainability indicators given in
ref. [16] to characterize the sunflower oil
transesterification with aliphatic alcohols from the
viewpoint of the process environmental efficiency.
Since ion-exchange resins, which can be easily
separated from the reaction products by filtration,
were used as a catalyst, the catalyst can be reused
[17]. So the catalyst’s mass was not considered in
the calculations. In addition, it was also taken into
account that since the reaction products after the
catalyst separation do not require neutralizing and
washing, the glycerol formed in the reaction can be
used as a target product.

The E-factor is an indicator of the process
environmental acceptability. A high value of the
E-factor indicates a large amount of generated waste
and significant environmental harm caused by the
manufacturer [16]. We calculated the E-factor value
in two ways. One is without considering the possible
regeneration of unreacted alcohol, and the second
is taking into account the regeneration of alcohol
(for example, using distillation).

The E-factor was calculated using the following
equation:

w
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m
   (1)

where mw is the mass of waste produced during the
sunflower oil transesterification (kg); and mp is the
mass of the reaction products (higher fatty acids esters
and glycerol) (kg).

The atom economy indicator characterizes
environmental sustainability by minimizing the
theoretical amount of waste [16]. The effectiveness
of its application is significantly limited since atom
economy does not consider the yield of the target

product. Therefore, it is more appropriate to use the
atom efficiency indicator, which is the product of
the atom economy and the yield of the target product.

Atom efficiency (AE) was calculated using the
following equation:
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where Mi is the average molar mass of higher fatty
acid esters and triglyceride, respectively, (g/mol); i

is stoichiometric coefficients of ester, triglyceride and
alcohol, respectively; and  is the yield of higher
fatty acid esters (%).

Mass intensity (MI) and mass productivity
(MP) were calculated according to the following
equations:
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where mi is the sum of the masses of all substances
used in the process (kg).

A mass intensity of 1 kg/kg is an ideal value.
The higher value of MI means less perfection in the
process considering the environment.

Reaction mass efficiency (RME) was
determined by the following equation:
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Since the use of studied catalysts allows
regenerating unreacted alcohol, its excess amount
we considered as a solvent, and the solvent’s mass
should not be considered when calculating atom
utilization (AU) [16]. Therefore, AU was calculated
according to the following equation:
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where mp,i is the sum of the all products masses
(kg); and ma is the mass of unreacted alcohol (kg).

Solvent and catalyst environmental impact
parameter (f) was determined by the following
equation:
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where me is the mass of obtained higher fatty acid
esters.

Stoichiometric factor (SF) was calculated
according to the equation

a,exc

e,t

AE m
SF 1 ,

m
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where ma,exc is the alcohol mass excess over its
stoichiometric quantity (kg); and me,t is the mass of
higher fatty acid esters provided their yield of 100%
(kg).

Results and discussion

We used the experimental results concerning
the sunflower oil transesterification with C2–C4

alcohols catalyzed by ion exchange resins to calculate
sustainability indicators (Table 1).

As can be seen from Table 1, the waste mass
significantly depends on the yield of higher fatty
acid esters. Obviously, the influence of a catalyst on
sustainability indicators is primarily determined by
the yield of esters of higher fatty acids achieved in
the presence of the studied catalyst (Table 2). In the
case of incomplete oil conversion, the above-
mentioned intermediate reaction products remain
in the esters of higher fatty acids after the separation
of glycerol and unreacted alcohol. However, they

should be classified as waste since their properties
do not correspond to the properties of the esters of
higher fatty acids. It is evident that the increase in
the amount of waste results in the deterioration of
the values of sustainability indicators (Table 2).

We used the experimental results [13,15] to
determine the dependences of sustainability indicators
on the reagents molar ratio and catalyst content.

The dependence E-factor vs. the ethyl
alcohol:triglyceride molar ratio catalyzed by 2 wt.%
H-cation exchange resin KU-2-8 without the alcohol
regeneration after ethanolysis shows a minimum (Fig.
1,a). The minimum E-factor is 0.121 at the ethyl
alcohol:triglyceride molar ratio of 5:1. This
corresponds to the reagents optimal molar ratio of
(4–5):1 [13]. However, considering the low boiling
point of ethyl alcohol, it is advisable to regenerate
the alcohol from the reaction products. On this, the
minimum of the E-factor (0.022) is by the
regeneration of unreacted alcohol at the ethyl alcohol:
triglyceride molar ratio of 5:1. In this case, the E-
factor is approximately six times lower than without
alcohol regeneration. When the molar excess of ethyl
alcohol increases, the E-factor remains practically
unchanged (Fig. 1,a). Such results are because a
significant amount of unreacted ethyl alcohol remains
in the reaction products by high molar alcohol excess

Reagents, g Products, g Waste, g 
Catalyst , % 

mtg,0 ma,0 mcat mg me without alcohol regeneration, mw with alcohol regeneration, mw' 

The ethyl alcohol:triglyceride molar ratio is 4:1, the reaction temperature is 353 К 

KU-2-8/H+ 88.3 55.665 12.200 1.357 5.152 51.747 12.323 7.851 

KU-2-8/Zn2+ 66.9 54.037 11.800 1.317 3.785 38.018 25.351 19.229 

KU-2-8/Sn
2+

 82.5 54.016 11.800 1.318 4.667 46.876 15.590 10.791 

KU-2-8/Ni
2+

 51.9 53.857 11.800 1.313 2.928 29.409 34.633 27.225 

KU-2-8/Co2+ 51.4 54.225 11.800 1.321 2.921 29.339 35.085 27.667 

KU-2-8/Cu2+ 45.1 53.894 11.800 1.314 2.546 25.569 38.893 30.912 

The 1-propyl alcohol:triglyceride molar ratio is 4:1, the reaction temperature is 353 К 

KU-2-8/H+ 64.7 36.099 10.200 0.926 2.446 25.684 19.095 13.681 

KU-2-8/Zn2+ 85.7 36.950 10.450 0.948 3.320 34.858 10.171 6.216 

KU-2-8/Sn2+ 92.7 35.835 10.200 0.927 3.481 36.550 6.931 3.541 

KU-2-8/Ni
2+

 97.0 35.988 10.200 0.924 3.659 38.416 5.037 1.996 

KU-2-8/Co2+ 92.4 36.677 10.450 0.943 3.551 37.280 7.239 3.735 

KU-2-8/Cu2+ 82.0 71.302 20.664 1.839 6.130 64.367 23.309 14.638 

AV-17-8 53.5 36.692 10.450 0.943 2.057 21.595 24.433 18.007 

The 1-butyl alcohol:triglyceride molar ratio is 10:1, the reaction temperature is 383 К 

KU-2-8/H+ 54.2 108.062 94.770 2.878 6.139 67.266 132.305 52.349 

KU-2-8/Zn2+ 51.7 53.402 45.855 2.015 2.894 31.713 66.665 27.794 

KU-2-8/Sn
2+

 49.2 108.227 95.580 4.076 5.574 61.076 141.232 59.104 

KU-2-8/Ni2+ 54.6 110.652 97.200 4.157 6.334 69.395 136.280 54.363 

KU-2-8/Co2+ 42.0 110.050 96.390 4.129 4.846 53.098 152.624 67.929 

KU-2-8/Cu
2+

 24.4 108.755 95.580 4.087 2.780 30.460 175.182 86.310 

 

Table  1

The input data for the sustainability indicators calculation. The catalyst content is 2 wt.%
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without its regeneration.
The dependence E-factor vs. the catalyst

amount at the ethyl alcohol:triglyceride molar ratio
4:1 has an identical character both with regeneration
and without ethyl alcohol regeneration (Fig. 1,b).
The minimum of the E-factor in both cases is when
the catalyst content is 2 wt.%. The E-factor is 0.138
and 0.217, respectively. An increase in the content
of the cation exchange resin KU-2-8 with H+ ions
of more than 3 wt.% leads to a sharp increase in E-

factor (by 30–40 times). This result is primarily
associated with a sharp decrease in triglyceride
conversion and a low yield of higher fatty acid esters.
Ethyl alcohol is an «environmentally friendly»
substance manufactured by using renewable raw
materials. This fact should be considered together
with the low E-factor of the sunflower oil ethanolysis.

The E-factor dependences on the
alcohol:triglyceride molar ratio by the sunflower oil
butanolysis and ethanolysis catalyzed by 2 wt.%

Table  2

Sustainability indicators of sunflower oil transesterification with C2–C4 alcohols catalyzed by ion exchange resins. The
catalyst content is 2 wt.%

Catalyst Ef AE, % MI MP, % RME, % AU, % f SF 

The ethyl alcohol:triglyceride molar ratio is 4:1, the reaction temperature is 353 К 

KU-2-8/H+ 0.138 80.3 1.217 82.2 87.9 87.9 1.338 1.054 

KU-2-8/Zn2+ 0.460 60.8 1.606 62.2 68.5 68.5 1.766 1.053 

KU-2-8/Sn2+ 0.209 75.0 1.302 76.8 82.7 82.7 1.432 1.053 

KU-2-8/Ni2+ 0.842 47.2 2.071 48.3 54.3 54.3 2.277 1.054 

KU-2-8/Co2+ 0.858 46.8 2.088 47.9 53.8 53.8 2.295 1.052 

KU-2-8/Cu2+ 1.099 41.0 2.383 42.0 47.6 47.6 2.621 1.053 

The 1-propyl alcohol:triglyceride molar ratio is 4:1, the reaction temperature is 353 К 

KU-2-8/H+ 0.486 59.0 1.679 59.6 67.3 67.3 1.839 1.064 

KU-2-8/Zn2+ 0.163 78.3 1.266 79.0 86.0 86.0 1.387 1.065 

KU-2-8/Sn2+ 0.088 84.6 1.173 85.2 91.9 91.9 1.285 1.066 

KU-2-8/Ni2+ 0.047 88.6 1.120 89.3 95.5 95.5 1.226 1.065 

KU-2-8/Co2+ 0.091 84.4 1.177 84.9 91.6 91.6 1.289 1.066 

KU-2-8/Cu2+ 0.208 74.9 1.331 75.2 82.8 82.8 1.457 1.070 

AV-17-8 0.761 48.8 2.033 49.2 56.8 56.8 2.227 1.066 

The 1-butyl alcohol:triglyceride molar ratio is 10:1, the reaction temperature is 383 К 

KU-2-8/H+ 0.713 49.7 2.802 35.7 58.4 58.4 3.058 1.527 

KU-2-8/Zn2+ 0.803 47.4 2.926 34.2 55.5 55.5 3.193 1.512 

KU-2-8/Sn2+ 0.887 45.0 3.119 32.1 53.0 53.0 3.404 1.533 

KU-2-8/Ni2+ 0.718 46.8 2.800 35.7 58.2 58.2 3.055 1.499 

KU-2-8/Co2+ 1.172 38.5 3.634 27.5 46.0 46.0 3.966 1.527 

KU-2-8/Cu2+ 2.597 22.4 6.270 15.9 27.8 27.8 6.842 1.529 

 

a                                                                    b

Fig. 1. The E-factor vs. the ethyl alcohol: triglyceride molar ratio (a) and the catalyst content in the reaction mixture (b):

 – without alcohol regeneration, and  – with alcohol regeneration
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cation exchange resin KU-2-8 with immobilized Ni2+

ions are different (Fig. 2,a). In particular, the
butanolysis E-factor is almost an order of magnitude
higher than the ethanolysis E-factor. Suppose that
the E-factor is calculated without considering the
alcohol regeneration. In that case, a slight decrease
to 1.717 is observed when the alcohol: triglyceride
molar ratio increases from 6:1 to 8:1. When the butyl
alcohol:triglyceride molar ratio increases to 10:1, the
E-factor increases by less than 5% (Fig. 2). The high
E-factor (1.7–2.0) is due to the low triglyceride
conversion, which does not exceed 55%, even with
the butyl alcohol:triglyceride molar ratio of 10:1.
Since the unreacted butyl alcohol from the reaction
mixture is regenerated by distillation, it is more
appropriate to focus on the E-factor calculated
considering the alcohol regeneration. In this case,
the E-factor decreases linearly from 1.196 to 0.718
in the range of the butyl alcohol:triglyceride molar
ratio of (6–10):1.

The E-factor dependence on the amount of
cation exchange resin KU-2-8 with immobilized Ni2+

ions as a catalyst by the sunflower oil butanolysis at
the butyl alcohol:triglyceride molar ratio 10: 1 has a
pronounced minimum (Fig. 2,b). A high value of
E-factor by catalyst content of 1–8 wt.% is due to a
low triglyceride conversion and therefore a low yield
of butyl esters of higher fatty acids. The minimum
E-factor (0.718) of the sunflower oil butanolysis is
observed at the optimal catalyst content of 2 wt.%
(Fig. 2,b).

The transesterification atom efficiency
calculated from the molecular masses of triglyceride,
alcohol, and the corresponding ester, is 0.909, 0.913,
and 0.916 for ethyl alcohol, 1-propyl alcohol, and
1-butyl alcohol, respectively. The atom efficiency,

which also relates to the yield of the higher fatty
acid esters, is lower and primarily determined by the
yield of higher fatty acid esters (Table 2).

The mass intensity of the sunflower oil
ethanolysis catalyzed by 2 wt.% H-cation exchange
resin KU-2-8 has a minimum reached when the
ethyl alcohol: triglyceride molar ratio is 5:1
(Fig. 3,a). A further slight increase of this indicator,
despite the 100% yield of ethyl esters of higher fatty
acids, is obviously associated with the use of an ethyl
alcohol significant excess. The qualitative dependence
of the mass intensity on the butyl alcohol:triglyceride
molar ratio is similar. However, the mass intensity
of the sunflower oil butanolysis catalyzed by 2 wt.%
cation exchange resin KU-2-8 with immobilized Ni2+

ions is significantly higher than the ideal value of
this indicator. The mass intensity of the triglyceride
transesterification with butyl alcohol ranges from
2.717 to 3.013. Such high mass intensity is caused
by a significant molar excess of alcohol over the
theoretical and incomplete triglyceride conversion,
which does not exceed 55%. The dependence of
mass intensity on the catalyst content for ethanolysis
at a molar ratio of ethyl alcohol:triglyceride=4:1 and
butanolysis at a molar ratio of butyl
alcohol:triglyceride=10:1 is shown in Fig. 3,b.

Comparison of the calculated E-factor values
with those reported in the literature [16] demonstrates
the high environmental friendliness of the process,
especially when using a molar ratio of ethyl
alcohol:TG=(5–6):1 with ethyl alcohol regeneration
(Table 3).

The mass productivity dependences for
reactions involving ethyl and butyl alcohol are
opposite to their mass intensity. These dependences
are naturally based on the calculation formula for

à                                                                                 b

Fig. 2. The E-factor vs. the butyl alcohol: triglyceride molar ratio (a) and the catalyst content in the reaction mixture (b):

 – without alcohol regeneration, and  – with alcohol regeneration
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mass intensity (Fig. 4). The mass productivity
indicator of the sunflower oil ethanolysis catalyzed
by 2 wt.% H-cation exchange resin KU-2-8 reaches
almost 90% under optimal conditions (Fig. 4,a). It
was found that changing the catalyst content for the
sunflower oil ethanolysis at the ethyl
alcohol:triglyceride molar ratio of 4:1 significantly
affects mass productivity (Fig. 4,b). When increasing
the catalyst amount in the reaction mixture to

4 wt.%, there is a sharp (up to 13.1%) decrease in
mass productivity. This value is even 1.38–2.72 times
lower than the mass productivity indicator for
triglyceride transesterification with butyl alcohol.
Obviously, the sharp decrease in the mass productivity
of the sunflower oil ethanolysis due to a significant
decrease in the triglyceride conversion and
consequently the ethyl esters yield of higher fatty
acids are associated with an increase in the catalyst

à                                                                            b

Fig. 3. The mass intensity vs. the alcohol; triglyceride molar ratio (a) and the catalyst content in the reaction mixture (b):

 – ethyl alcohol, and  – butyl alcohol

Catalyst Catalyst content Ethyl alcohol: triglyceride molar ratio Temperature, К Ef 

KU-2-8/Sn2+ 2 wt.% 4:1 353 0.209 

KU-2-8/H+ 2 wt.% 4:1 353 0.138 

KU-2-8/H+ 2 wt.% 5:1 353 0.022 

KU-2-8/H+ 2 wt.% 6:1 353 0.023 

NaOH [16] 1 wt.% 6 : 1 353 0.131 

 

Table  3

The E-factor of vegetables oil triglycerides transesterification with ethyl alcohol

a                                                                              b

Fig. 4. The mass productivity vs. the alcohol:triglyceride molar ratio (a) and the catalyst content in the reaction mixture (b):

 – ethyl alcohol, and  – butyl alcohol
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content in the reaction mixture.
The reaction mass efficiency is important for

assessing the process environmental impact. This
indicator allows us to simultaneously consider the
reaction stoichiometry, the yield, and the atom
economy indicator. Given that the reaction mass
efficiency is related to the E-factor (Eq. (5)), its
dependence on the ethyl alcohol: triglyceride molar
ratio (catalyst is H-cation exchange resin KU-2-8,
2 wt.%) and the content of the catalyst at the ethyl
alcohol:triglyceride molar ratio of 4:1 will be inverse
to the dependence on the E-factor (Fig. 5). If the
regeneration of unreacted ethyl alcohol is not taken
into account when calculating the reaction mass
efficiency, then the dependence of the reaction mass
efficiency on the alcohol:triglyceride molar ratio will
have an extremum with a maximum of 89.2%. This
extremum is reached at the alcohol:triglyceride molar
ratio of 5:1. A further increase in excess alcohol,
despite the ethyl esters yield of 100%, decreases the
reaction mass efficiency to 79.0% when the
alcohol:triglyceride molar ratio increases to 8:1. It is
evident that the reaction mass efficiency is one of
the criteria for determining the expediency of
regenerating unreacted alcohol. When regenerating
unreacted ethyl alcohol, the reaction mass efficiency
also reaches its maximum value at the ethyl
alcohol:triglyceride molar ratio of 5:1. However, with
a further increase in the molar alcohol excess, the
reaction mass efficiency remains practically
unchanged (Fig. 5,a).

The dependence of the reaction mass efficiency
on the catalyst amount shows a maximum when the
cation exchange resin content in the reaction mixture
is 2 wt.%. In this case, the reaction mass efficiency
weakly depends on whether the regeneration of

unreacted ethyl alcohol is taken into account
(Fig. 5,b). The regeneration of unreacted alcohol
increases the reaction mass efficiency by only 6% in
the reaction mixture’s investigated range of catalyst
amount.

We do not consider catalyst consumption when
calculating sustainability indicators. Consequently,
the dependence of the solvent and catalyst
environmental impact parameter practically does not
differ from the dependence observed for mass
intensity (Fig. 6). The catalysts are H-cation exchange
resin KU-2-8 (ethyl alcohol) and cation exchange
resin KU-2-8 with immobilized Ni2+ ions (butyl
alcohol). The catalyst content is 2 wt.%, the ethyl
alcohol:triglyceride molar ratio is 4:1 and the butyl
alcohol:triglyceride molar ratio is 10:1; the reaction
temperature is 353 K (ethyl alcohol) or 383 K (butyl
alcohol). When calculating the solvent and catalyst
environmental impact parameter, we attribute only
higher fatty acid esters as target products [16].
Therefore, the solvent and catalyst environmental
impact parameter is slightly higher than the value of
mass intensity.

The stoichiometric factor by a molar excess of
alcohol should be greater than 1. Therefore, it is a
significant indicator of the sunflower oil
transesterification [16]. Figure 7 shows that the
stoichiometric factor during the ethanolysis and
butanolysis of triglycerides naturally increases with
increased alcohol molar excess. The catalysts are H-
cation exchange resin KU-2-8 (ethyl alcohol) and
cation exchange resin KU-2-8 with immobilized Ni2+

ions (butyl alcohol). The catalyst content is 2 wt.%,
the reaction temperature is 353 K (ethyl alcohol) or
383 K (butyl alcohol). With the same molar ratio of
alcohol:triglyceride (from 6:1 to 8:1) of reagents,

a                                                                                b

Fig. 5. The reaction mass efficiency vs. the ethyl alcohol: triglyceride molar ratio (a) and the catalyst content in the reaction

mixture (b):  – without alcohol regeneration, and  – with alcohol regeneration
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the stoichiometric factor of sunflower oil butanolysis
is 7.3 to 11.2% higher than its ethanolysis. This result
is due to the higher molecular weight of butyl alcohol.

Martinez-Guerra and Gude [16] claimed that
the sustainability indicators of triglyceride
transesterification with ethyl alcohol catalyzed by
sodium hydroxide indicated low process
environmental safety. Our results suggest that cation
exchange resin KU-2-8 with H+ or immobilized
metal ions as a catalyst provides good sustainability
indicators and high triglyceride conversion.

Conclusions

It was shown that the yield of higher fatty acid
esters achieved by the transesterification of sunflower
oil with ethyl, 1-propyl, and 1-butyl alcohol catalyzed
by anion exchange resin AV-17-8 with OH– ions,
cation exchange resin KU-2-8 with H+ or
immobilized metal ions significantly affects the
sustainability indicators.

It was established that the dependence of the
E-factor, mass intensity, mass productivity, and
reaction mass efficiency on the reaction mixture’s
catalyst amount is extreme by the sunflower oil
butanolysis and ethanolysis. The optimal conditions
of these processes can be determined using these
sustainability indicators considering their
environmental friendliness.

It was determined that by etanolysis of
sunflower oil catalyzed by cation exchange resin KU-
2-8 with H+ ions and by regeneration of unreacted
alcohol, the E-factor is 0.022–0.025, indicating the
high environmental efficiency of the process. The
E-factor reaches a minimum at the ethyl
alcohol:triglyceride molar ratio, corresponding to the
maximum of the yield of higher fatty acid esters.
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ÎÖ²ÍÞÂÀÍÍß ²ÍÄÈÊÀÒÎÐ²Â ÑÒÀËÎÑÒ²
ÒÐÀÍÑÅÑÒÅÐÈÔ²ÊÀÖ²¯ ÒÐÈÃË²ÖÅÐÈÄ²Â
ÀË²ÔÀÒÈ×ÍÈÌÈ ÑÏÈÐÒÀÌÈ Â ÏÐÈÑÓÒÍÎÑÒ²
²ÎÍÎÎÁÌ²ÍÍÈÕ ÑÌÎË

Þ.Ð. Ìåëüíèê, Ñ.Ð. Ìåëüíèê, Ã.ß. Ìàãîð³âñüêà

Ìåòîþ äîñë³äæåíü áóëî âñòàíîâëåííÿ âïëèâó ïîêàç-
íèê³â ïðîöåñó òðàíñåñòåðèô³êàö³¿ òðèãë³öåðèä³â ñîíÿøíè-
êîâî¿ îë³¿ åòàíîëîì, ïðîïàíîëîì ³ áóòàíîëîì íà ³íäèêàòîðè
ñòàëîñò³. ßê êàòàë³çàòîð âèêîðèñòîâóâàëè àí³îí³ò ÀÂ-17-8
àáî êàò³îí³ò ÊÓ-2-8 ó Í-ôîðì³ ÷è ç ³ììîá³ë³çîâàíèìè ³îíà-
ìè Zn2+, Sn2+, Ni2+, Co2+, Cu2+. Ç-ïîì³æ ³íäèêàòîð³â ñòàëîñò³
âèçíà÷åíî òàê³ ïîêàçíèêè ÿê Å-ôàêòîð, àòîìíà åôåêòèâí³ñòü,
ìàñîâà ³íòåíñèâí³ñòü òà ìàñîâà ïðîäóêòèâí³ñòü, åôåêòèâí³ñòü
ðåàêö³éíî¿ ìàñè, ñòåõ³îìåòðè÷íèé ôàêòîð òîùî. Âñòàíîâëå-
íî, ùî âïëèâ ³ììîá³ë³çîâàíîãî ³îíà ìåòàëó íà ïîêàçíèêè
ñòàëîñò³ çíà÷íîþ ì³ðîþ âèçíà÷àºòüñÿ âèõîäîì åñòåð³â âè-
ùèõ æèðíèõ êèñëîò, ÿêèé ìîæå áóòè äîñÿãíóòèé ïðè êà-
òàë³ç³ òðàíñåñòåðèô³êàö³¿ äîñë³äæåíèìè ³îíîîáì³ííèìè ñìî-
ëàìè. Ïîêàçàíî, ùî ðåãåíåðóâàííÿ íåïðîðåàãîâàíîãî ñïèð-
òó äàº çìîãó ³ñòîòíî çíèçèòè çíà÷åííÿ E-ôàêòîðó òà ï³äâè-
ùèòè åôåêòèâí³ñòü ðåàêö³éíî¿ ìàñè. Âñòàíîâëåíî, ùî ïðè
åòàíîë³ç³ ñîíÿøíèêîâî¿ îë³¿ ì³í³ìàëüíå çíà÷åííÿ E-ôàêòî-
ðó äîñÿãàºòüñÿ ïðè îïòèìàëüíîìó ç òåõíîëîã³÷íî¿ òî÷êè çîðó
ñï³ââ³äíîøåíí³ òðèãë³öåðèä:åòàíîë. Ïîêàçàíî, ùî çíà÷åííÿ
åôåêòèâíîñò³ ðåàêö³éíî¿ ìàñè, ðîçðàõîâàíå áåç âðàõóâàííÿ
ðåãåíåðóâàííÿ íåïðîðåàãîâàíîãî ñïèðòó, º îäíèì ç êðèòåð³¿â
äîö³ëüíîñò³ éîãî ðåãåíåðóâàííÿ. Ïîêàçàíî, ùî ³íäèêàòîðè
ñòàëîñò³ ìîæóòü áóòè äîäàòêîâî çàñòîñîâàí³ äëÿ âèáîðó îï-
òèìàëüíèõ óìîâ ðåàêö³¿ òðàíñåñòåðèô³êàö³¿ ñîíÿøíèêîâî¿ îë³¿
àë³ôàòè÷íèìè ñïèðòàìè, êàòàë³çîâàíî¿ ³îíîîáì³ííèìè ñìî-
ëàìè. Ðîçðàõîâàí³ ïîêàçíèêè ñòàëîñò³ ñâ³ä÷àòü ïðî òå, ùî
äîñë³äæåí³ ³îíîîáì³íí³ ñìîëè ÿê ãåòåðîãåíí³ êàòàë³çàòîðè
òðàíñåñòåðèô³êàö³¿ çàáåçïå÷óþòü âèñîêèé âèõ³ä åñòåð³â âè-
ùèõ æèðíèõ êèñëîò. Âèêîðèñòàííÿ äîñë³äæåíèõ êàòàë³çà-
òîð³â çàáåçïå÷óº íèçüêå çíà÷åííÿ E-ôàêòîðà, ùî ðîáèòü
ïðîöåñ åêîëîã³÷íî ÷èñòèì.

Êëþ÷îâ³ ñëîâà: òðàíñåñòåðèô³êàö³ÿ, ñîíÿøíèêîâà îë³ÿ,
ñïèðò, ³îíîîáì³ííà ñìîëà; ³íäèêàòîð ñòàëîñò³.
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The research was aimed at determining the dependences
of sustainability indicators on the parameters of the sunflower oil
transesterification with ethyl, propyl, and butyl alcohol catalyzed
by anion exchange resin AV-17-8 with OH– ions or cation
exchange resin KU-2-8 with H+ or immobilized Zn2+, Sn2+, Ni2+,
Co2+, and Cu2+ ions. Such sustainability indicators as the E-
factor, atomic efficiency, mass intensity and mass productivity,
reaction mass efficiency, stoichiometric factor, etc., have been
determined. We established that sustainability indicators of
transesterification catalyzed by ion exchange resins depend on
the yield of higher fatty acid esters that can be achieved by
immobilized metal ions. The unreacted alcohol regeneration
significantly reduces the E-factor value and increases the reaction
mass efficiency. During the sunflower oil ethanolysis, the minimum
E-factor value is achieved at the ethyl alcohol:triglyceride molar
ratio corresponding to the maximum yield of higher fatty acid
esters. The reaction mass efficiency calculated without considering
the unreacted alcohol regeneration is one of the criteria for
determining its regeneration expediency. The sustainability
indicators are the additional criteria for selecting optimal
conditions of the sunflower oil transesterification with aliphatic
alcohols catalyzed by ion exchange resins. The calculated
sustainability indicators indicate that the investigated ion exchange
resins as heterogeneous transesterification catalysts provide a high
yield of higher fatty acid esters. Using the researched catalysts
ensures a low E-factor, making the process environmentally
friendly.

Keywords: transesterification; sunflower oil; alcohol; ion
exchange resin; sustainability indicator.
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