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Abstract

The widespread use of engines using petroleum products has led to increased pollution of air, soil and water. In modern
conditions, biodiesel is a good alternative to petroleum fuels, which has several advantages. Biodiesel is biodegradable,
nontoxic and environmental friendly. The use of biodiesel makes it possible to improve the ecological situation, reduce the
environmental anthropogenic impact and decrease the emissions of carbon oxides, polycyclic aromatic hydrocarbons and
sulfur oxides into the environment. Use of biodiesel facilitates storage and transportation of fuel and liquidation of accidental
or emergency spills. However, biodiesel physicochemical properties do not quite meet the requirements for auxiliary diesel
fuels. To change the properties of biodiesel, it is necessary to modify its composition. We have established the dependence of
the properties of biodiesel on its composition, as well as the dependence of certain physicochemical parameters on
temperature. Methods for changing the composition, and, consequently, the properties of biodiesel, are proposed: mixing with
individual low molecular weight esters, gene modification of oil-containing plants, both higher and microalgae.
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CIIOCOBBbI UBMEHEHUS COCTABA U CBOMCTB BUOJAU3EJBLHOI'O
TOIIJIMBA

Hayunas craTes

AHHOTAIIUSA

H_[I/IpOKOe MPUMCHCHHUC ﬂBHFaTeHeﬁ, HCIIOJIB3YIOIHUX He(bTerOﬂyKTBI, MPUBCJIO K NOBBIMICHHOMY 3arpsA3HCHUIO BO31yXa,
IIOYBHI U BOJbI. B COBPCMCHHBIX YCIOBUAX 6I/IOHI/I3GHBH06 TOIIUIUBO SBJISCTCS xopomeﬁ aHBTepHaTHBOﬁ HE(I)TﬂHOMy TOILUIMBY,
umesd pdaa npeuMyuicCTB. BI/IOHI/BGHBHOe TOIUIUBO ABJISICTCSA 6H0pa3naraeM},1M, HETOKCUYHBIM H DJKOJIOI'MYCCKHU YUCTBIM.
I/ICHOJ'H)BOBaHI/IC 6I/IOHI/I3€J'H)HOFO TOIUIMBA IIO3BOJISICT YJIYUINUTb OSKOJIOIMYCCKYHO CHUTYallMl0, YMCHBIIUTH AHTPOIIOICHHOC
BOBHCﬁCTBHG Ha OKpYXarwIllyro Cpeay U CHU3UTH BBI6pOCBI OKCHIOB YyTJjIepoda, MNOJIUIUKINYCCKUX apPOMATHYCCKUX
VTJICBOAOPOJAOB W OKCHIOB CEphl B OKPYXAlOMyI0 cpeay. Vcmons3oBanue Owoamsens o0Jerdaer XpaHCHHE U
TPAHCIIOPTUPOBKY TOIUIMBA W JIMKBUIAAIIUIO aBapHﬁHBIX 501058 aBapI/II\/’IHI)IX Pa3JIrBOB. OJ_'[HaKO (I)I/I3I/IKO'XI/IMI/I‘~I€CKI/IG CBOﬁCTBa
6I/IOHI/I3GHBHOFO TOIUIMBAa HE BIIOJIHE COOTBETCTBYIOT Tp€6OBaHI/I$IM K COBPEMCHHOMY JU3CJIIbHOMY TOIUIUBY. qTO6LI N3MCHUTH
CBOﬁCTBa 6I/IOI[I/I3GJ'IH, HGO6XOI[I/IMO HU3MCHUTH €TI0 COCTAaB. YCTaHOBJ'IeHa 3aBUCUMOCTH CBOﬁCTB 6I/IOJ_'[I/I3€J'H)HOFO TOIINIMBA OT €ro
COCTaBa, a TAKXKC 3aBUCHUMOCTb HCKOTOPLIX (1)I/I3I/IKO'XI/IMI/I‘~I€CKI/IX napamMeTpoB OT TEMIICPATYPhI. Hpez[nomeHH METOAbI
HU3MCHCHHA CoOCTaBa H, CJICAOBATCIIBHO, CBOﬁCTB 6I/IOI[I/I3GJ'IHZ CMCIIIMBAHUE C HWHAUWBUAYAJIbHBIMU HHU3KOMOJICKYJIAPHBIMHU
3(1)I/IpaMI/I, T€HHas MOZ[I/I(l)I/IKaHI/IH MacCJI0COACPKAIUX paCTeHHﬁ, KakK BBICIINX, TaK U MI/IKpOBOI[OpOCJIEfI.

KJI]O'-IeB])Ie CcJIoOBa: 6I/IOHI/136J'H)HOG TOIUIMBO, OKpYXKarollas cpeaa, (1)I/I3I/IKO'XI/IMI/I‘~I€CKI/IC CBOﬁCTBa, COCTaB 6I/IOHI/13€J'IH,
TCHHAsI MHXKCHCPUS.
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1. Introduction

The active development of industry, agriculture and the transport sector make the problem of using fuel resources of
current interest. For diesel engines of tractors and other agricultural machines, trucks and cars diesel oil is mainly consumed.
The major disadvantage of using petroleum based fuel is atmospheric pollution. Petroleum originating fuels are regarded as
environment-hostile due to their influence on carbon dioxide accumulation in the atmosphere leading to the development of the
greenhouse effect. Moreover, petroleum resources are constantly decreasing, and their renewal is very slow. Continued growth
in world oil prices and a growing shortage of oil products lead to the need for alternative motor fuels. It is critical to focus on
renewable resources and development of new technologies [1-8].

Currently, biodiesel is becoming popular as an alternative environment friendly fuel. The consumption of biodiesel has
experienced an impressive growth during the last years. Biodiesels are mono-alkyl esters of vegetable oils or animal fats that
are produced by trans-esterification reactions with alcohols. Biodiesels can be the fuel of the future as economical, eco-
friendly, and renewable energy source.

The advantages of biofuel over the conventional diesel fuel:

— raw materials for the synthesis of biodiesel are vegetable oils, the components of which are not hydrocarbons, but esters
of glycerol and aliphatic carboxylic acids;

— in the molecules of esters there are oxygen atoms, which contributes to a more complete combustion of fuel, low carbon
dioxide and carbon monoxide emissions;

— aromatic and sulfur-containing substances are practically absent in oils, therefore, emissions of polycyclic aromatic and
unburned hydrocarbons and sulfur to the atmosphere are reduced;

— biodiesels have a higher flash point, high cetane numbers and good lubricating properties;

— biodiesel is biodegradable, nontoxic and suitable for sensitive environments. This reduces the environmental
anthropogenic impact, facilitates storage and transportation of fuel and liquidation of accidental or emergency spills.

However, the wider use of biofuels based on vegetable oils is constrained by the differences of their physicochemical
properties from those of petroleum diesel fuels, which can lead to deterioration in the operation of a diesel engine that uses
biodiesel. Despite all the advantages, biodiesel is used at best as an additive to commercial oil. This is due to the fact that the
esters that make up biodiesel have a relatively high molecular weight comparing to hydrocarbons from petroleum fuels, and
accordingly a higher density, viscosity. These differences can degrade the performance of an engine using such fuel, and
increase the varnish and deposit deposition. A higher molecular weight of the components leads to a deterioration in the low
temperature properties of the fuel. The high viscosity of biodiesel requires modernization of the engine (for example, adding a
device for heating the fuel before it enters the combustion chamber). The presence of unsaturated components determines
higher iodine number, and causes a greater reactivity of biodiesel esters and reduces their storage stability. Therefore, much
attention is paid to finding the best ratio of biodiesel and petroleum fuel to produce mixed fuel having such performance
characteristics that would not require modernization of the engine [9-12].

However, in order to improve the physicochemical and operational characteristics, the modification of biodiesel
composition seems the most promising and rational.

This scientific research has the purpose to analyze the correlation between the physicochemical and operational properties
of biodiesel and its composition, and choose effective methods that allow changing and improving its characteristics.

2. Methods

The synthesis of individual esters of aliphatic acids and methyl alcohol was carried out according to the esterification
reaction; sulfuric acid was used as a catalyst. The synthesis of biodiesel was carried out according to the transesterification
reaction. Potassium hydroxide was used as a catalyst. The following vegetable oils were used as a raw material for synthesis:
rapeseed, linseed, corn, sunflower, camelina, and radish oil. Physico-chemical properties of biodiesel were determined in
accordance with GOST R 52368-2005. "Diesel fuel EURO. Technical conditions". The fatty acid composition of biodiesel was
determined by Crystal 2000m gas chromatograph. Chromatek Analytic software was used to process the results of
chromatographic analysis.

3. Discussion

The study of the structure of biodiesel components and the relationship between the structure and the physicochemical and
operational properties of fuels is necessary for the understanding how to change the composition of biodiesel. The components
of biodiesel are methyl fatty acid esters. These acids are components of triacylglycerols of the vegetable oils used for biofuel
synthesis.

Biodiesel is usually produced from oils of those plants that are common for a particular region. Thus, sunflower oil is one
of the most common in Russia, in European countries rapeseed oil is of more interest, soybean oil is widely used in the USA,
coconut or palm oil or non-food jatropha oil are used in countries with a tropical climate (India, Indonesia, Philippines), castor
oil — in Brazil. Presently, non-edible oils, such as rancid and used deep-frying oils, microalgae lipids, etc. becoming
increasingly important [13], [14].

Various plants produce oils differ in amount of triacylglycerols and their fatty acid composition. Besides of that, the
variety of the terrain and climatic conditions affects the fatty acid composition of the oil of the same plant. Therefore, the
biodiesel fuel synthesized from them will differ in the composition and in physicochemical and operational properties.
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In the course of our investigation, several biodiesel samples from various vegetable oils obtained from agricultural crops
growing in the middle zone of the Russian Federation, were synthesized by transesterification with methyl alcohol, and
analyzed. The scheme of transesterification reaction is presented below.

CH,OCOR! (le >OH R'COOCH,

nocorz + O <NOH__ o+ RICOOCH,
|

"H,0COR? CH ,OH R3’COOCH,

The compositions of synthesized biodiesels are presented in table 1.

Table 1 — The composition of biodiesel synthesized from various oils

- The content of methyl esters of higher fatty acids in biodiesel samples synthesized from
B'Od'e.S?I oils of, %

composition radish sunflower corn rapeseed camelina linseed
C13H,7COOCH; 10,64 4,56 - 0,33 0,29 7,56
C14HsCOOCH; - - - - - 3,65
C15H;,CO0OCH; 11,85 8,61 8,31 3,99 5,65 6,46
C15H,0COOCH; - 0,60 - - - -
C17H35CO0OCH; 3,53 4,77 6,17 - - 2,25
C17H33CO0OCH; 31,82 49,25 47,09 59,53 67,46 7,89
Cy17H;,CO0OCH; 24,59 18,90 37,43 20,29 2,39 23,32
C17H,oCOOCH; 9,38 8,42 0,53 6,03 - 46,73
C19H3COOCH; - 3,43 0,15 4,32 17,9 2,14
C19H;,COOCH; - 0,34 0,32 0,66 1,6 -
C»H43COOCH, - 1,73 - 0,25 0,59 -

Biodiesel produced from rapeseed and corn oils is characterized by high content of oleic and linoleic acid esters (around
80%), while linseed and radish-oil based biodiesel is rich in low molecular esters (myristic acid ester) and polyunsaturated
esters (linoleic and linolenic acid esters).

Transesterification of oil and fats using short chain alcohols, results in monoesters having viscosity that is closer to
petroleum based diesel fuel [15]. The properties of biodiesel samples from various vegetable oils are presented in table 2.

Table 2 — Physico-chemical parameters of biodiesel samples obtained from various oils

Parameter Values for the samples received from oils of:
radish sunflower corn rapeseed camelina linseed

Density15°C, kg/m® 876 880 880 882 884 888
F o aanatic ylscosity 7,41 6,50 6,77 6,77 6,48 6,77
orematic ylscosity 4,94 5,08 4,97 5,00 - 4,44
Cetane number - 53 52 53 - 53
Pour point, °C -12 -7 -8 -8 -11 -9
Cloud point, °C +3 -1 -1 0 -4 -3
Flash point,

(in a closed crucible), °C 121 140 152 161 158 153

Analysis of the data of tables 1 and 2 shows a correlation between the fatty acid composition and the physicochemical
properties of biodiesel.

Not all biodiesel fuel parameters meet the requirements for commercial diesel fuel, a slow temperature properties, density,
and viscosity. It is possible to improve biodiesel characteristics by using mixtures of biodiesel and petroleum fuels. Another
way is addition of low molecular weight esters. Blending of different methyl esters can show significant improvement in
biodiesel properties. It allows reduce biodiesel viscosity and density; make the fractional composition wider, bringing it closer
in properties to oil fuel, and increase biodiesel stability. These low molecular esters are obtained by the esterification reaction
from petroleum or renewable plant components.

With the introduction of low molecular weight esters, the low temperature properties of biodiesel are also improved, and
the advantage in terms of lubricity and environmental properties is preserved [16].

Thus, biodiesel from sunflower, rapeseed and corn oils with high content of esters of linoleic and oleic acids have close
values of density, viscosity, pour point and cloud point.
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The highest content of linolenic acid esters (with three double bonds in the radical) of biodiesel from linseed and radish
oils result in the lowest viscosity.
The temperature dependence of the density of biodiesel fuels synthesized from various oils is presented at Fig. 1.
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Figure 1 — Experimental dependence of the density of biofuels synthesized from various oils on temperature

It is known, that the dependence of density on temperature is linear for vegetable oils and petroleum diesel fuels. The same
result was obtained for synthesized biodiesel fuels (Fig. 1). The difference in the densities of the biodiesel samples differ in
their fatty acid composition is clearly seen, but the angle of inclination of the trend lines is almost the same.

The viscosity dependence of the density of biodiesel fuels synthesized from various oils is presented at Fig. 2.
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Figure 2 — Experimental dependence of the kinematic viscosity of biofuels synthesized from various oils on temperature

The viscosity of vegetable oils has an exponential dependence on temperature [17], while a power function is best suited
for hydrocarbons from petroleum diesel fuels. The dependencies presented in Fig. 2 for synthesized biodiesel fuels are also
best described by an exponential function. This difference is apparently due to the fact of different chemical nature of biodiesel
and vegetable oils molecules. Vegetable oils are esters in nature, and oils contain hydrocarbons. This fact determines different
intermolecular interactions and thus different types of viscosity dependence on temperature.
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As biodiesel is a multi-component mixture, it was a subject of interest to analyze properties of individual components.
Using esterification reaction of higher acids and methyl alcohol, we synthesized and analyzed several samples of methyl esters
of individual fatty acids. Formulas of esters and their physicochemical parameters are presented in Table 3.

Table 3 — Physicochemical parameters of methyl esters of individual fatty acids

Substance Formula Pl\gier::ill% P%fr‘]'t‘”% Vljgggjl,ty’ I?fgfgy I\Cl:L? rtT?QSr Fﬁ; IS;%?S;’ '
' ' mm°/s kg/m”) [1]

C;H;5COOCH; -40 193 1,18 881 33,6 1313
CyH;9COOCH; -12,8 228 1,71 876 47,2 1625
C11H23CO0OCH; 5 266 2,41 873 61,4 1940
C13H2;,COOCH; 18,5 286 3,23 - 66,2 2254
C15H3;,CO0CH; 30,5 416 4,36 - 74,5 2550
C17H3sCOOCH; 39 442 4,74 - 86,9 2859
C17H33CO0OCH; -20 216 4,40 877 55 2828
C,7H3;CO0OCH; -35 207 3,56 888 42,2 -
C17H2sCOOCH; <-35 207 3,14 901 - -

Increasing chain length results in higher melting point and higher cetane number. Increasing unsaturation results in lower
melting point and lower cetane number. The presence of a double bond reduces the melting and boiling points of methyl esters
of unsaturated acids in comparison with the corresponding derivatives of saturated acids. Therefore, an increase in the fraction
of unsaturated fuel components improves its low temperature properties.

The use of fuels with a very high concentration of unsaturated components is undesirable since heating of such type
biodiesel accelerates the polymerization reaction, which can lead to the formation of deposits or to a deterioration in the quality
of the lubricating oil. Increasing unsaturation leads to decreased oxidative stability and makes biodiesel less resistant to
oxidation during storage. This effect increases with the number of double bonds in the chain of fatty acids (from one in oleic
acid to three in linolenic). Therefore, for example, linseed oil with high contents of linolenic acid is not the most suitable raw
material for biodiesel synthesis. The presence of high contents of monounsaturated oleic or palmitoleic acids in biofuel is most
preferred.

The introduction of low molecular weight to improve properties of biodiesel is promising, but this will require the creation
of a separate technology for carrying out the esterification reaction between low molecular weight alcohols and acids, as well
as expanding the raw material base of biodiesel production, including through refined products.

However, the composition of biodiesel can be changed in another way. The length of the carbon chain, the degree of
unsaturation and branching can be changed both by plant breeding and genetic engineering approaches, and by chemical
treatment of biodiesel to split some double bonds or form branched isomers. However, there is very little research in this
direction.

The desaturation of stearic acid (C18:0) to oleic acid (C18:1) is catalyzed by stearoyl-acyl carrier protein desaturase
(SAD).The biological switch of oleic acid to linoleic acid is facilitated by fatty acid desaturase 2 enzyme (FAD?2). Further
desaturation of oleic acid to linoleic acid (18:2) is catalyzed by FAD2 in the endoplasmic reticulum and FADG in the plastid,
whereas linoleic acid desaturation to y-linolenic acid (C18:3) is catalyzed by FAD3 in the endoplasmic reticulum and
FAD7/FADS in the plastid [18].

The changes in oil composition of edible seeds, especially the oleic and linoleic acid content can be modified genetically
by silencing the FAD genes. High level of oleic acid in oil is one of the favored traits in oil engineering due to its high stability
and several applications. Mutations in FAD2-1 genes have been reported to increase seed oleic acid content [19].

A rapeseed plant is genetically modified to produce oil with the desired balance of medium chain fatty acids and
monounsaturated fatty acids. The activity of desaturases is reduced by introducing a stop codon into the coding sequence of the
FAD?2 gene to reduce the level of linolenic acid and linoleic acid, as well as to increase the level of oleic acid. The activity of
the 9-stearoyl-acyl-ACP desaturase gene is modified with the Macadamia integrifofia gene to increase palmitoleic acid levels.

Modern DNA transfer technologies could ensure the transfer of genes that control the synthesis of low molecular weight
triacylglycerols from species such as Cuphea to other, more traditional oilseeds. The chain lengths of fatty acids are
determined by acyl-ACP thioesterases, which release the fatty acid chain from the fatty acid synthase. The activity of ketoacyl
ACP synthase is reduced using the introduction of a stop codon in the coding sequence. The substrate specificity of palmitoyl
thioesterase is altered by increasing levels of short- and medium-chain fatty acids by transforming the Cuphea gene with
specificity for short chain lengths [20].

Esters with more branched carbon chain can also improve the low-temperature properties of biodiesel.

Thus, a plant (for example, rapeseed) can be genetically modified so that it produces an oil with triacylglycerol molecules
containing residues of saturated acids with an average chain length and acids with 16-18 carbon atoms with one double bond in
the radical (for example, palmitoooleic and oleic acid). Polyunsaturated fatty acid residues (as linoleic, linolenic and
arachidonic) should be absent or present in a small amount.
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Genetically modified rapeseed produces oil with a specific fatty acid composition comparing to unmodified ones (Table

4):
Table 4 — The content of methyl esters of fatty acids in biodiesel synthesized from genetically modified and unmodified
rapeseed oil
Content of esters in samples
Ester synthesized from rapeseed oil, %
unmodified modified
C;H15COOCH; - 5
CyH19COOCH; - 5
C11H,3COOCH; - 15
013H27COOCH3 0,33 <1
C15H3,COOCH; 3,99 <1
Cl7H35COOCH3 - <1
C15H20COOCH; and C17H33COOCH; 79,82 70
C17H33COOCH; 2,09 <1
C17H3:COOCH; 6,03 <1
C19H3sCOOCH; 4,32
C,1Hy1COOCH;Z 4,60
others

The pour point of biodiesel produced from modified rapeseed oil is significantly lower (-20 °C comparing to -8 °C for
unmodified rapeseed).

The more promising direction for producing of high-quality biodiesel is the use of oils obtained from the processing of
microalgae.

Algae species capable of accumulation large amount of lipids are found in many taxonomic groups. However,
Chlorophytae represent the biggest group within which the species with the average content of 25.5% of lipids in dry biomass
have been identified [3].

The cultivation of microalgae can be organized in photobioreactors that provide a controlled environment (composition of
the nutrient medium, temperature, illumination), which will make it possible to obtain oil with a constant fatty acid
composition, independent from the growing area and climatic factors.

The algae are potentially more efficient in oil production in comparison to common oil seed crops due to the higher
productiveness per area [21].

Genetic modification is part of the strategy to increase lipid production with algae. Target genes are lipid biosynthetic
genes, lipid storage genes and lipid degradation genes. It is possible to alter lipid content by these genes modification. Another
interesting aspect is the modification of the lipid characteristics. This could increase the quality of the lipids with regards to
suitability as diesel fuel feedstock. The target genes are genes of fatty acid modifying enzymes, such as desaturases and
thioesterases [22], [23].

Another possible approach to increasing the cellular lipid content is blocking metabolic pathways that lead to the such as
accumulation of energy-rich storage compounds, starch. It was shown that starchless algae mutants accumulate increased
levels of triacylglycerols during nitrogen deprivation [22].

4. Conclusion

The need to protect the environment makes it more common to use biodiesel instead of petroleum products. Vegetable oil
products are preferred for producing of biofuels. Since the fatty acid composition of vegetable oil esters can vary, the
physicochemical characteristics of biodiesel can also vary in a certain range. For a number of parameters, they do not meet the
requirements of European standards.

Experimentally it has been shown that there is a correlation between the fatty acid composition and the physicochemical
characteristics of biodiesel. The density, viscosity and low temperature characteristics of biodiesel depend on the ratio of
medium and long chain fatty acid radicals, as well as on the degree of unsaturation.

Saturated unbranched radicals in the composition of biodiesel molecules worsen its low-temperature properties, but
increase the oxidative stability and cetane number of biodiesel. The presence of double bonds improves the low-temperature
properties of biodiesel, but reduces its oxidative stability. Thus, the presence of high contents of monounsaturated acids, as
oleic or palmitoleic acids in biofuel is mostly preferred. The fatty acid composition of biodiesel can be changed by adding
separately synthesized low molecular weight esters [24], [25]

Another way to change the composition of triacylglycerols in vegetable oil is modifying of oil-producing organisms
(plants or microalgae) by genetic engineering methods. The target genes are those that determine the degree of unsaturation or
the chain length of fatty acids.
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