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Abstract
The annual global oil market is about 40 million tons, including vegetable oil-based lubricants, and modified esters currently
account for only about 10–15%. Half of these lubricants are getting into the atmosphere, water, and soil. That is why environ-
mentally friendly lubricants present a rapidly expanding branch of industrial lubricants, which will become increasingly impor-
tant over the next century. The aim of this work is to make a comparative analysis of fats. Animal fats and fish oil which are
inappropriate for food industry were selected for the investigation purposes. The base and ferment hydrolysis were made in order
to separate free fatty acids from selected fats. The produced esters, animal fats, and fish oil were studied by evaluation of their
physicochemical properties. As a result, octyl esters which were produced from animal fats and fish oil are ascribed to 22, fish fats
to 32, and animal fats to 46 classes.
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1 Introduction

Over the last centuries, the world population growth has led to
greater demand for new resources. Development of the society
has caused the depletion of fossil fuel reserves. People and
especially governments start to realize the high level of pol-
lutants and harmful substances of fossil fuel resources; there-
fore, stringent environmental requirements are being set. The
scientific community intensively explores environmentally
friendly alternative resources [21, 22, 27].

In modern market, the majority of lubricants are mineral-
based, and the rest are chemically synthesized. It is important
to note that availability of these mineral resources is rapidly
declining, and the traditional oil products emit greenhouse
gases. Though scientific studies have confirmed that synthetic
oils have a higher rate of biodegradation, their use is still
limited due to their toxicity and high price [29].

The annual global demand of oil and hydraulic fluid is
more than 40 million tons [2]. Meanwhile, bio-oil consump-
tion is only about 130 thousand tons. It is expected that by
2020, the bio-oil consumption will increase more than 3 times
and reach 420 thousand tons. Such increase of biological ma-
terial consumption is due to environmental issues and the
public perception that the majority of waste oil gets into the
environment and contaminates the soil, air, and water [33]. In
order to overcome these problems, one of the most reasonable
choices is to change the current mineral oils, i.e., oils derived
from crude or petroleum reserves, such as paraffinic, naph-
thenic, aromatic oils, to biological oils, which are biodegrad-
able, economical, and environmentally friendly [18, 23, 29].
The aim of this study is to assess the possibility of usage of
non-food animal fats (rendered animal fats and fish oil) for
production of bio- lubricants.

2 Methodology

The study examined the usage of non-food animal fats for
production of bio-lubricants. For this purpose, the scientific
research of Akerman et al. 2011 [1], Duangkaewmanee et al.
2011 [7], Salimon et al. 2011 [23], Avisha et al. 2012 [4], Bilal
et al. 2013 [5], Jinho et al. 2013 [13], Lage et al. 2016 [14],
and Saboya et al. 2017 [22] was analyzed and a research
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methodology of production of bio-lubricants from renewable
resources was created.

For the production of bio-lubricants, non-food residual fats
such as rendered animal fats and fish oil were chosen
(Table 1).

In the study leading to the paper and in order to produce
bio-lubricants, free fatty acids (FFA) were separated from the
fat and esterified with alcohols by using an acid catalyst; the
water from the reaction mixture was removed and the
unreacted alcohol was separated by distillation. A conceptual
scheme of the experiment is presented in Fig. 1.

2.1 Separation of free fatty acids

During the experiment, hydrolyses were used for FFA separa-
tion employing an alkali and enzyme catalyst. Potassium hy-
droxide was chosen as an alkaline catalyst and the lipase en-
zyme as the enzymatic hydrolysis catalyst, which decomposes
mono-, di-, and triglycerides to glycerol and FFA.

2.2 Alkaline hydrolysis

Animal fats and fish oil were filtered in order to remove car-
bon particles and other suspended impurities. Fifty grams of
fat or oil was mixed with 300 ml of KOH solution. The reac-
tion was carried out at 70 °C with stirring at 600 rpm speed. In
order to determine the optimal reaction parameters, the KOH
concentration of the solution was increased from 2 to 3M, and
the reaction time increased from 2. 5 to 3.5 h. After the reac-
tion, 200 ml of distilled water was added. The unsaponified fat
or oil was removed by adding 100 ml of hexane; the mixture
was allowed to settle and the upper layer was separated. The
lower layer was acidified with 6 N hydrochloric acid to pH 1.
FFA was extracted with hexane excess and the extract was
washed with distilled water to neutral pH. Traces of water
were removed by filtering the extract through anhydrous so-
dium sulphate layer. The solvent was separated in a vacuum
distillatory at 35 °C and 0.8 bar vacuum. The received FFA
was weighed.

2.3 Enzymatic hydrolysis

During the experiment, an aqueous solution of the lipase with
enzyme concentration of 1 g L−1 was produced. Animal fats
and fish oil were filtered off andmixed with the lipase solution
at a ratio of 1:4. The mixture was stirred for 30 h with a
magnetic stirrer at 500 rpm speed and at 30 °C temperature.
After 30 h of hydrolysis reaction, the hexane excess was
added to the mixture. After the mixture settled, the resulting
solvent layer comprising the FFA was separated from the

Table 1 Quality indicators of the rendered animal fats and fish oil used in the study

The qualitative indicator Animal fats Fish oil

Value, units Standard Value, units Standard

Acidity number 21.00 mg KOH/g LST EN ISO 660:2009 6.72 mg KOH/g LST EN ISO 660:2009

Moisture 0.51% LST EN ISO 662:2001 0.29% LST ISO 6496:2004

Visible precipitate 1.00% LST EN ISO 663:2009 0.60% LST EN ISO 5983-2:2009

Peroxide number – – 0.73 mekv·kg−1 LST EN ISO 3960:2010

Fig. 1 The principle scheme of the experiment
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glycerol and the water layer. At this phase, traces of water
were removed by anhydrous sodium sulfate, the mixture was
filtered, and the hexane was removed by distillation. The re-
ceived FFAwas weighed.

2.4 Ester synthesis

The FFA isolated during the experiment was combined
with octanol and decanol at a molar ratio of 1:3. A cata-
lyst of 3% of FFA weight was added. Amberlyst 15H
solid acid catalyst was used as a catalyst. The mixture
was stirred at 500 rpm, while maintaining 80 °C temper-
ature. Every 30 min, the acid value was measured and its
decrease was observed. The decrease of the acid in the
medium indicates the amount of the reacted acid; when
the value is constant, the reaction is stopped.

2.5 Measurement of the acid value (mg KOH · g−1)

One to 10 g of sample was taken and dissolved in 20 ml of
ethanol-acetone (1:1); if necessary, the solvent can be slightly
heated. The mixture was titrated with 0.1 M KOH solution
using a phenolphthalein indicator so that the resulting pink
color remained for more than 30 s.

Acid value is calculated according to the formula:

AV ¼ MKOH∙cM∙V
w

ð1Þ

where AV is acid value (mg KOH · g−1); MKOH is molar mass
of KOH (g · mol−1); cM is KOH molarity (mol·L−1); V is the
volume of titrant (ml); and w is sample weight (g).

The conversion of free fatty acids into the ester is calculated
according to the following formula [4]:

C ¼ AVo−AVt

AVo
∙100% ð2Þ

where C is conversion degree (%); AVO is the acid value at the
beginning of the reaction (mg KOH · g−1); and AVt is acid
value at time t (mg KOH · g−1).

After the reaction, the catalyst was separated by filtration.
Water was removed by heating the mixture to 105 °C, and
stirring vigorously. Traces of water were removed with anhy-
drous sodium sulfate. The unreacted excess of the alcohol was
separated by distillation: 195 °C – octanol; 233 °C – decanol.

The sample viscosity during the study was determined ac-
cording to DIN EN ISO 3104 + AC: 1996, viscosity index—
ASTM D2270-10, sample density—ASTM D 1298-99, pour
point—ASTMD 97-96, oxidation stability period—ASTMD
525-01, and the ash-content of the bio-lubricants—ASTM D
482-03 standard techniques.

3 Study results and their review

The bio-lubricants in the global market must comply with the
requirements of ISO 15380 2011 standard, which specifies the
main parameters of the bio-lubricants and their values. The
most important of these characteristics are viscosity and den-
sity. The latter parameter limits are not defined, but its value
must be specified in the technical characteristics of the bio-
lubricants. This standard does not indicate the pour point,
oxidation stability, and the ash-content level. The standard
states that these values should be determined by the consumer
and the manufacturer has to meet the user’s needs.

For the production of bio-lubricants, FFA were separated
from animal fats and fish oil, esterified with long-chain alco-
hols, and four different synthetic esters were produced: fish oil
octyl ester (FOOE), animal fats octyl ester (AFOE), fish oil
decyl ester (FODE), and animal fats decyl ester (AFDE); and
their quality characteristics were examined: viscosity at 40
and 100 °C temperatures, density at 15 °C and room temper-
ature, oxidation stability, the pour point, the ash- content; and
the viscosity index was calculated. The primary fat and oil
quality characteristics were also studied and compared with
the properties of the produced esters and the requirements of
the standard.

3.1 Synthesis of synthetic esters

FFA were separated from animal fats and fish oil by alkaline
and enzymatic hydrolysis. In order to study the effect of the
alkaline hydrolysis process parameters on the FFAyield, a test
was carried out by changing the reaction time from 2.5 to
3.5 h, with the KOH concentration from 2 and 3 M. The data
of the FFA yield is presented in Fig. 2.

The data in Fig. 2 shows that 20–30%more FFA is extract-
ed from animal fats than from fish oil hydrolyzed under the
same conditions. It is also noted that enzymatic hydrolysis of
30-h duration provides 10–15% higher FFA yield than alka-
line hydrolysis lasting 2 h and 30 min.

The results show that increasing the concentration of KOH
from 2 to 3 M without changing the reaction time (2.5 h)
increased the FFA yield by 10%, though the influence of the
change in the concentration of KOH did not practically affect
the FFA yield when the reaction time was increased by an
hour. The maximum FFA yield of 84 and 52% of the animal
fats and fish oil was achieved from the alkaline hydrolysis
with 3 M KOH when the reaction time was 3.5 h.

While comparing the FFA yield during the enzyme hydro-
lysis with the results presented by Avisha et al. article of 2012
[4], and the results of the study when the oils used in food
production were hydrolysed in identical conditions and 92%
FFA yield was obtained, it is noted that during the study the
animal fats FFA yield is up to 40%, and fish oil - up to 60%
lower. Based on these results, it can be stated that enzymatic
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hydrolysis is not suitable for animal fats and fish oil FFA
isolation.

Comparing the FFA yield of the alkali hydrolysis to the
results obtained by Salimon et al. 2011 [24] study, when the
FFA was separated from the barn jatropha (Jatropha curcas)
seeds, and the oil was hydrolyzed with ethanolic KOH, it was
observed that animal fats and fish oil FFA yield was 10–40%
lower, which indicates that using the alkaline hydrolysis the
vegetable oil hydrolysis easier than animal fats or fish oil.

While carrying out the hydrolyses during the experiment,
fat molecules failed to split into FFA and glycerol, but after the
reaction oils can be easily extracted with hexane and re-hy-
drolyzed. During the hydrolysis reaction, in order to obtain
FFA, glycerol is formed as waste, but it can be used for the
synthesis of mono- and diglycerides, which can be used in
production of bio-lubricants [33]. Glycerol has a wide appli-
cability in cosmetics, pharmaceutical, and food industries [12,
30, 32, 34]. A high caloric hydrogen gas, which can be pro-
duced from glycerol by pyrolysis, can be used for combined
heat and power generation or as a fuel for transport [10].

During the ester production reactions, while using FFA,
isolated from animal fats and fish oil, as well as octanol and
decanol, the acid value of samples, taken at different

experimental period, was determined by titration and the con-
version ratio was calculated, which indicates the percentage of
FFA merged with alcohol. The FFA ratio change in time is
shown in Fig. 3.

The data in Fig. 3 shows that fish oil and animal fat FFA
reaction with decanol is the fastest in the first 30 min and
reached 52–53% of FFA conversion into esters. The continu-
ation of the reaction results in the reaction rate fall by about
two times. After 2 h from the beginning of the reaction be-
tween fish oil and decanol, the conversion of the FFA into
ester was 80% and then there was no decrease of acidity,
which means that the reaction stopped.

The reaction of animal fats FFA with decanol lasted for
2.5 h and 82% conversion was achieved.

During the fish oil and animal fats FFA esterification with
octanol reactions, no significant reaction rate fluctuation was
observed; the reaction rates remained constant. Fish oil and
animal fats FFA reaction with octanol lasted for 2.5 h and 82%
and 83% conversion of FFA into esters was achieved. During
the study conducted by Bilal S., Mohammed-Daba I.A., Nuhu
M. et al., when methanol was used in the esterification reac-
tion, and KOH was used as a catalyst, 65% degree of conver-
sion was achieved after a 3-h reaction [5]. According to the

Fig. 2 Animal fats (a) and fish oil
(b) FFA yield

Fig. 3 The FFA ratio change in
time
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obtained results, it can be stated that the use of Amberlyst 15H
for the catalysis of the esterification reaction is more advanta-
geous, because 18% higher degree of conversion can be
achieved. However, when using KOH catalyst, after the ester-
ification reaction which lasted for 6 h, 97% conversion of FFA
into the ester was achieved [5]. Given the fact that FFA is an
additive for increasing the lubricity of bio-lubricants, it can be
stated that the use of Amberlyst 15H in FFA esterification
reaction as a catalyst, is appropriate as a higher degree of
conversion is achieved in a shorter period of time, which re-
duces energy costs and shortens the production time, in addi-
tion, Amberlyst 15H is easily separated after the reaction and
can be used repeatedly.

3.1.1 Viscosity testing results

Viscosity is the most important feature when choosing a lu-
bricant for hydrodynamic lubrication. High-viscosity oils, due
to their intermolecular forces, require more energy for move-
ment of lubricated parts of machinery; and if the oil viscosity
is too low it is unable to reduce the friction between the sur-
faces, therefore, equipment or its parts can be damaged [31].
Bio-lubricants according to their kinematic viscosity at 40 °C
are divided into viscosity grades as presented in Table 2.

The kinematic viscosity of synthetic esters produced during
the study, animal fats and fish oil, and ISO 15380:2011 vis-
cosity class ranges are shown in Fig. 4.

From the data in Fig. 4, we can see that the viscosity of the
animal fats is 45.45 mm2 s−1; and fish oil – 32.36 mm2 s−1, so
they can be attributed to 46 and 32 viscosity grades respec-
tively. The viscosity of the synthetic esters produced during
the study is half lower than animal fats and one-third lower
than fish oil viscosity. However, animal fats octyl ester and
fish oil octyl ester of can be attributed to an ISO 15380 22
2011 viscosity grade. The viscosity of animal fats and fish oil
decyl esters, produced during the study, does not fit into the
viscosity classification range. The animal fats decyl ester oil
viscosity is 7%, and fish oil 11% lower than the minimum
threshold of 22nd viscosity grade. It is important to note that
the difference is not significant, and the viscosity of these
esters can be modified by additives in order to meet the stan-
dard bio-lubricant viscosity requirements.

During the ester production experiment, it was observed
that after the decanol esterification reaction, the amount of
the unreacted alcohol was two times lower than the used al-
cohol excess, which could have reduced the viscosity of the
decyl esters. As the alcohol unreacted during distillation could
not be isolated, it is considered that an azeotropic mixture was
formed, which could be separated by adding an additional
solvent, which would decrease the interaction of the compo-
nents of the mixture [20].

The bio-lubricant viscosity at 100 °C is a very important
characteristic, since the oil is used not only to reduce the
friction between the lubricated parts of a mechanism, but also
to cool the surfaces heated by friction and throttling [31], as

Table 2 ISO 15380 2011
comparative analysis of
environmentally friendly
lubricant viscosity grades

Viscosity grade 22 32 46 68

Min. Max. Min. Max. Min. Max. Min. Max.

Kinematic viscosity 40 °C, mm2 · s - 1 19.8 24.2 28.8 35.2 41.4 50.6 61.2 74.8

Kinematic viscosity 100 °C, mm2 · s - 1 4.1 – 5.0 – 6.1 – 7.8 –

Fig. 4 Viscosity change of
synthetic esters and animal fats
and fish oil at 40 °C
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the viscosity of the heated bio-lubricants decreases. The ISO
15380 2011 bio-lubricant quality standard regulates the min-
imum viscosity values at 100 °C, these values are given in
Table 2.

The kinematic viscosity at 100 °C for the synthetic
esters, produced during the study, animal fats and fish
oil; and the ISO 15380: 2011 viscosity ranges are present-
ed in Fig. 5.

Figure 5 illustrates that viscosity at 100 °C of four samples:
AFOE, FOOE, AF, FO satisfies the standard requirements;
and viscosity of AFDE and FODE samples is below the lower
limit by 7 and 13% respectively. It is important to note that the
differences are not large, which means that the viscosity can
be increased by additives resistant to temperature fluctuations.
By the way, these were the samples with the lowest viscosity
at 40 °C and could not be attributed to the ISO 15380 2011
standard classification. It can be noted that in AFOE and
FOOE samples, which can be attributed to 22 viscosity grade,
viscosity exceeds the threshold set for the grade by 17 and
26%, and FOOE viscosity by 1% exceeds the threshold of
grade 32, which is a much higher viscosity grade. The viscos-
ity of filtered animal fats and fish oil, which can be respec-
tively attributed to 46 and 32 grades, at 100 °C, meets the
requirements of the standard and is higher: 55 and 53% re-
spectively. These results demonstrate that AFOE, FOOE, AF,

and FO can be assigned to the environmentally friendly lubri-
cant viscosity grades of ISO 15380 2011.

The ISO 15380 2011 bio-lubricant standard does not in-
clude the viscosity index parameter, but this characteristic is
very important because a high viscosity index indicates a low
viscosity variation depending of temperature, therefore, bio-
lubricants are more stable and ensure proper lubrication, even
with rising temperature [25]. According to Brazilian National
Petroleum Agency (ANP), the viscosity index of synthetic
basic oils (synthetic esters) must be higher than 120 [22].

As it can be seen from results presented in Fig. 6, decanol
esters have the lowest viscosity indices, but as mentioned
above, in order to use them the viscosity has to be improved
by additives. The data indicates that fish oil has the highest
viscosity index, i.e., 217, and animal fats viscosity index is 9%
lower. It can be stated that unsaturated fatty acids in fish oil are
more resistant to the rise of temperature than the saturated
fatty acids in animal fats. The viscosity of octyl ester, which
was produced during the study, exceeds the ANP viscosity
threshold by 27–63%. The FOOE viscosity index is 33%
higher than AFOE. According to Salimon et al. 2012 [25],
hydrocarbons with more carbon atoms in the chain have a
higher viscosity index; therefore, it could be presumed that
FFA of fish oil have longer chains than animal fats. The vis-
cosity indices of the AFOE and FOOE produced during this

Fig. 5 Trends of synthetic esters
and animal fats and fish oil
viscosity at 100 °C

Fig. 6 Viscosity index variation
of synthetic esters and animal fats
and fish oil
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study are respectively 42 and 14% lower than the viscosity
index of sunflower oil octyl ester which is 226 [17].

It was found that the sunflower oil contains about 70%
mono- and polyunsaturated fatty acids [16], so it can be stated
that the fish oil used in the study has about 60% of unsaturated
fatty acids.

Density study results The density value must be specified in
bio-lubricant documentation; however, there are no bio-
lubricant density value restrictions. Knowing the density and
volume of bio-lubricant, it is possible to calculate the mass,
which is important for bio-lubricant transportation and supply
in the system [7]. Considering this, lower density is desired.
Mineral oil density at 15 °C ranges from 832 to 1125 kg m−3

[28].
The results presented in Table 3 reveal that the density of

the produced esters is 20–50% lower than of animal fats,
which make them more attractive due to lower transportation
costs. It can be noted that the animal fats esters are character-
ized by 5–10% less density compared to fish oil esters. It is
also evident that density of esters produced from longer chain
alcohol is lower, which is confirmed by the results presented
in literature: density of castor oil methyl ester is 930 kg m−3

[6] and density of castor oil octyl ester is 910 kg m−3 [22].
Based on these results, it can be stated that in order to produce
lower density bio-lubricants long-chain alcohols should be
used for FFA esterification.

Results of pour point study The temperature limit for bio-
lubricant pour point is not defined, though it indicates the
lowest temperature of the working environment of bio-lubri-
cants. The pour point must be as low as possible in order to
ensure the possibility of supplying bio-lubricants even for
starting equipment operation at low temperature [26].

The identified pour points indicate that fish oil and esters
made from them set at temperatures lower than 0 °C, and
animal fats and their esters lost fluidity at positive temperature
range. This proves that animal fats contain more saturated
fatty acids than fish oil. Although animal fats do not have
good low temperature properties, its application possibilities
remain and they can be used in warmer climates, the internal

equipment lubrication and are suitable for plastic lubricant
production, because their thickening required less thickener
[11, 19].

The pour point of FOOE is 50% lower than of FODE, due
to the alcohol chain length. It is noted that alcohol having
more carbon atoms in its chain increases the pour point tem-
perature. The pour point temperature significantly depends not
only on the length of the alcohol chain, but also on its
branching—the wider is the spatial structure of hydrocarbon
groups, the lower pour point can be expected [3, 22].

With the consideration of these results and the fact that the
pour point, as specified by ISO 15380: 2011 standard, is set by
a user, a manufacturer may choose the components for bio-
lubricant production to meet customer satisfaction.

Results of oxidation stability study Oxidation stability is an
important indicator describing the quality of bio-lubricants.
The oxidation stability of bio-lubricants depends on how
much unsaturated fatty acid esters it contains. Double hydro-
carbon connections exposed to oxygen in air rapidly oxidizes,
forms resin, and increases the bio-lubricant viscosity [15].

The study results indicate that the produced esters have
better oxidation stability than pure fats. Fish oil oxidation
started faster, and animal fats oxidation stability was by 35%
higher. Although animal fat oxidation stability was greater
than that of fish oil, this trend decreases while producing es-
ters. It appears that AFOE oxidation stability is 10% lower
than FOOE, and AFDE stability is 30% less FODE. It is ap-
parent that decanol esters have 15–40% greater oxidation sta-
bility than octanol esters, and for this reason, a longer chain
alcohol improves the oxidation stability of bio-lubricants.

In Erhan et al. 2006 [9] study, soybean oil, sunflower oil, and
commercial bio-lubricant oxidative stability was researched.
Comparing the results of this study with results of other re-
searchers, the FODE known for the highest oxidative stability
has 9% higher stability than the studied bio-lubricants in the
market. The comparison of animal fats and fish oil with soybean
oil, animal fats, and fish oils showed respectively 91 and 76%
better oxidation stability. This is based on the fact that vegetable
oils are high in polyunsaturated acids, which reduce the oxidation
stability of bio-lubricants.

Table 3 Results of bio-lubricant property study

Characteristics AFOE FOOE AFDE FODE AF FO

Density at room
temperature, kg·m−3

854.50 ± 0.02 875.25 ± 0.04 841.50 ± 0.06 850.75 ± 0.2 905.50 ± 0.05 916.25 ± 0.01

Density at 15 °C
temperature, kg·m−3

855.95 ± 0.06 877.20 ± 0.04 843.70 ± 0.07 851.70 ± 0.03 906.25 ± 0.06 918.50 ± 0.02

Pour point, °C 9.00 ± 0.00 − 6.00 ± 0.00 9.00 ± 0.00 − 3.00 ± 0.00 24.00 ± 0.00 − 12.00 ± 0.00
Oxidation stability, min. 21.60 ± 2.97 24.17 ± 1.11 31.20 ± 0.04 44.71 ± 1.81 24.23 ± 0.25 8.57 ± 0.02
Ash, w% 0.02101 ± 0.00324 0.04184 ± 0.00627 0.03391 ± 0.00184 0.04782 ± 0.00793 0.05737 ± 0.00682 0.12010 ± 0.00354
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Results of ash content study According to ISO 15380 2011
standard, the ash content in bio-lubricants is analyzed and its
value is set by the user.

In this study, the ash content value of the animal fats and
fish oil, and the produced esters varies from 0.02 to 0.12 mass
% range. The greatest ash content was in fish oil, and animal
fats ash content was 52% lower. The ash content of fish oil
esters is 50–60% less than in the primary fat. The ash content
of animal fats esters is 40–60% less than of animal fats. It is
also noted that ash content of decanol esters is higher than of
octanol esters. This shows that in order to produce a lower ash
content bio-lubricants, it is appropriate to use shorter-chain
alcohol for the esterification reaction.

Though the ash content of the tested bio-lubricant compo-
nents is not high, the amount of ash is strongly influenced by
additives modifying rheological, tribological and other properties
[8].

3.1.2 Summary of the results

The study revealed that the maximum FFA yield is obtained
using alkaline hydrolysis, when the concentration of the catalyst
KOH is 3 M, and the reaction time is 3.5 h. However, for the
FFA, extraction is recommended to use 2 MKOH, as during the
same reaction time only 1% lower yield is achieved. The opti-
mum duration of the esterification reaction is 2.5 h, and during
this reaction time, 80–82% FFA conversion to ester is achieved.

The analysis of the viscosity of the produced bio-lubricants
and the filtered fat shows that animal fats octyl ester and fish
oil octyl ester can be attributed to 22, fish oil to 32, and animal
fats to 46 15380 ISO 2011 viscosity grades. Meanwhile, the
highest viscosity index was of fish oil and fish oil octyl ester.
The density of the investigated bio-lubricants density ranges
from 843 to 918 kg m−3.

It was found that fish oil and their esters had the lowest pour
point, and the pour point temperature of animal fats, which even
in the room temperature are in a solid form, can be reduced by
producing them from lower molecular weight esters.

It was determined that fish oil and its decyl ester have the best
oxidation stability and, in order to increase the oxidation stability
of bio-lubricants, it is appropriate to use esters in their composi-
tion. Fish oil has the largest ash content, and the ash content of
their esters is higher than of animal fats esters; in order to reduce
the ash content in bio-lubricants, it is appropriate to choose ani-
mal fats for their production.

It is recommended to further study the produced bio-
lubricants and improve their quality with additives.

4 Conclusions

1. The comparative analysis shows that the fat containing
large amounts of unsaturated acids decreases the pour

point of the produced bio-lubricants; saturated acids im-
prove oxidation stability and lubricity properties of bio-
lubricants. For these reasons, animal fats, containing a lot
of saturated fatty acids, and fish oil containing more un-
saturated acids were chosen for bio-lubricant production.

2. During the study by enzymatic and alkaline hydrolysis,
free fatty acids were separated from fats and were esteri-
fied with octanol and decanol using a heterogeneous cat-
alyst having acidic properties. Four different synthetic es-
ters were obtained: animal fats octyl ester, fish oil octyl
ester, animal fats decyl ester, and fish oil decyl ester.

3. The comparative analysis of the quality indicators of the
produced esters and pure fat showed the following:

– Animal fats and fish oil octyl esters can be attributed
to 22, fish oil to 32, animal fats to 46 viscosity grades
of ISO 15380 2011;

– The highest viscosity index is of fish oil, animal fats
and fish oil octyl esters 217, 197, and 195,
respectively;

– Bio-lubricant density ranges from 843 to 918 kgm−3;
– Fish oil and fish oil esters of pour point range − 12–−

3 °C, have better low temperature properties;
– Oxidation stability of the produced esters is 60–80%

higher compared to fish oil;
– Ash content of fish oil esters is 30–50% higher than

of animal fats esters.

4. For extraction of free fatty acids, we recommend to use
3.5-h duration alkaline hydrolysis, with aqueous 2 M
KOH catalyst solution. The optimum duration of the es-
terification reaction is 2.5 h. During this reaction time,
80–82% conversion of free fatty acids into ester is
achieved. It is recommended to further explore and devel-
op the produced bio-lubricants. These lubricants can be
used in maintenance of fishery, forestry, and agriculture
equipment, as these are economy sectors most sensitive to
indecomposable biological pollutants that can travel
through the food chain.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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