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ABSTRACT

1 The paper describes transesterification of oil by methanol with use of cosolvents such as ethyl
2  acetate, tetrahydrofuran, hexane, acetone and diethyl ether at catalyst homogeneous (potassium
3 hydroxide) and heterogeneous (mixed oxides). The cosolvents dissolve oil and methanol to form
4 a single (homogeneous) phase, which increases the reaction rate. Therefore, the biodiesel
5  production will be environmentally friendly because less energy is consumed, which increases
6  sustainability. The whole binodal curve of ternary plots of oil, methanol and cosolvent was
7  determined to find the molar ratio, in which the reaction mixture forms a single phase. The ethyl
8 acetate and tetrahydrofuran have relatively small heterogeneous region, because of the similarity
9  of their electric dipole moment with methanol. After transesterification, the detailed analysis of
10 ester and also glycerol phase was carried out. For homogeneous catalyst, the highest esters
11  content in the ester phase was achieved with tetrahydrofuran. For heterogeneous catalyst, the
12 ester content was lower with cosolvent than without cosolvent, probably due to dilution of

13  reaction components by cosolvent or bonding of cosolvent to the active sites of the catalyst.

14 KEYWORDS
15 methyl ester; transesterification; cosolvents; ternary plot; heterogeneous catalyst;

16  homogeneous catalyst

17 NOMENCLATURE

18 AC Acetone

19 DEE Diethyl ether

20 DG Diacylglycerides

21 ETAC Ethyl acetate

22 EP Ester phase

23 FAME Fatty acid methyl ester
24 GC Gas chromatography
25 GP Glycerol phase
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HEX Hexane

MET Methanol

MG Monoacylglycerides

O Qil

TG Triacylglycerides

THF Tetrahydrofuran

an Acid number (mg g™

K Concentration of potassium ions (mg kg™)

wEP o Content of water in the EP (ppm)

wib... Content of water in GP (wt%)

Wester Ester content in the EP (wt%)

Wye Content of MG (wt%)

Wpe Content of DG (wt%)

Wre Content of TG (wt%)

wik . Ester content in the GP (wt%)

Wgiycerol Content of glycerol in the GP (wt%)

WK, 0, Content of potassium carbonate in the GP (wt%)
WKHCO, Content of potassium bicarbonate in the GP (wt%)
WK, HPO, Content of dipotassium phosphate in the GP (wt%)
wg Content of soap in the GP (wt%)

% Viscosity of EP (mm?s™)

p Density of EP (g cm™)

1 Introduction

Biodiesel — the mixture of methyl esters of higher fatty acids is an alternative fuel for
combustion engines. It belongs to the renewable resources of energy and can be used in
current diesel engines without any modification. The carbon balance of biodiesel is zero,
because carbon dioxide formed by combustion is removed by photosynthesis of plants and

converted back into oil. Therefore it is sustainable source of energy. Moreover, biodiesel is
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nontoxic ecological fuel, which does not contain sulphur or aromatic hydrocarbons and it is
also biodegradable (Yildiz et al., 2019).

It is usually synthesized by transesterification of triacylglycerides (TG) with low molecular
alcohols (most often methanol — MET), which is mostly catalyzed by homogeneous (Gardy et
al., 2019). The use of heterogeneous catalysts such as mixed metal oxide (Banerjee et al.,
2019) is also possible. The sources of TG are vegetable oils, animal fats or waste cooking oils
(Cordero-Ravelo and Schallenberg-Rodriguez, 2018). The use oils from algae was published
(Passell et al., 2013). The TG and methanol are immiscible liquids, i.e. heterogeneous mixture
is formed and the reaction proceeds on the interface. To increase the reaction rate (i.e. to
shorten the reaction time): (i) the reaction mixture has to be intensively stirred or (ii) a
cosolvent can be added. The cosolvents are inactive to reaction components and solve both
raw materials to single phase, i.e. homogeneous mixture is formed. The use of cosolvents
decreases the production costs by decreasing of (i) reaction time or (ii) reaction temperature.
Total production process will consume less energy and so be more sustainable.

The most commonly used cosolvents are organic solvents with relatively similar boiling
point to methanol. The use of several cosolvents, mostly for homogeneously catalysed
transesterification, could be found in the literature, such as acetone (AC), ethyl acetate
(ETAC), tert-butyl methyl ether dimethyl ether, di-isopropyl ether, tetrahydrofutran (THF)
(Ataya et al., 2006). Todorovic et al. published use of THF (from 0% to 50% based on the oil
mass) as a cosolvents for transesterification of sunflower oil catalysed by potassium
hydroxide (KOH) at 10 °C. They found that maximum vyield of fatty acid methyl ester
(FAME) was 90 wt% for optimum 50 wt% of THF to make the reactants completely miscible
at the reaction temperature of 20 °C (Todorovic et al., 2013). Alhassan et al. tested three types
of cosolvents (DEE, dichlorbenzene and AC) in transesterification of cotton oil with methanol

and KOH as the catalyst. The optimal volume of cosolvents added to methanol was found
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10 vol% for dichlorbenzene and AC and about 30 vol% for DEE. The authors also found that
the addition of cosolvents does not affect the properties of the fuel (Alhassan et al., 2014).
Another author, also used AC as the cosolvent for homogeneous transesterification of canola
oil with methanol catalysed by KOH and found that optimal reaction conditions were 25 wt%
of AC, 1 wt% of KOH and a molar ratio of methanol to oil of 4.5:1 (Thanh et al., 2013). Guan
et al. carried out transesterification of sunflower oil with methanol (the molar ratio methanol
to oil 6:1) by using KOH as the catalyst in the presence of various cosolvents (dimethyl ether,
tert-butyl methyl ether, DEE and THF) at 25 °C. They determined minimum molar ratio of
cosolvent and methanol for each cosolvent necessary for total dissolution of methanol and
sunflower oil. The oil was completely converted into biodiesel after 20 minutes in comparison
with 78% without cosolvents. Moreover, they found, that the addition of excess cosolvents
decreased the reaction rate due to high dilution of the reaction mixture (Guan et al., 2009).

For heterogeneous catalyst, the cosolvent is also applicable. The calcium dioxide was used
as heterogeneous catalyst of sunflower oil by methanol, where the crude biodiesel was used as
cosolvent (Todorovic et al., 2019).

The aim is to describe and compare the influence of cosolvents on the course of
transesterification and properties of both phases. The novelty especially consists in (i) the
measurement of ternary plots including binodal curve for all molar ratios of oil, methanol and
cosolvent such as tetrahydrofuran (THF), acetone (AC), ethyl acetate (ETAC), diethyl ether
(DEE), hexane (HEX) and (ii) the detailed analysis of formed ester and glycerol phase
including the ester loses (for homogeneous catalyst) after transesterification. The
measurement of ternary plots and properties of both phases, which are very often omitted, are
different from other papers. The importance lays in potential decreasing of transesterification
time and temperature, which can improve economic and environmental impact of biodiesel

production.
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2 Materials and methods

2.1 Ternary plot

The points of binodal curve at ternary plots were determined by spectrophotometric method
by measuring of the transmittance at constant wavelength 567 nm at laboratory temperature
(25 °C), for 100% of transmittance, pure oil was used. The mixture of oil and methanol (in
certain molar ratio) was added into cuvette and stirred at 25 °C. The formed heterogeneous
mixture had low transmittance. The inert cosolvent, which is miscible with both liquids, was
consecutively added (the amount added was 100 pl) until the transmittance sharply increased
(almost at 100 %), as shown at Fig. 1.

Thus, one point of the binodal curve of the ternary plot was obtained. All binodal points for
all cosolvents, i.e. ethyl acetate, THF, hexane, acetone and diethyl ether (all p.a., Penta, Czech
Republic) at different molar ratios of oil and methanol were determined by this method. The
chosen properties of cosolvents are stated in Table 1. The final plots were created in program
Origin 9.1. Note that the oil is composed of many types of triacylglycerides with very similar
properties, which are not possible to separate. Hence oil was considered as chemical

individuum with molar mass of 879.1 g mol™* (Komers et al., 2001).

2.2 Transesterification of oil

For homogeneous catalyst, 400 g of rapeseed oil (acid number 0.23 mg KOH g*, water
content 338 mg kg™ produced by Ceresol, Czech Republic) was put into the reaction vessel.
The amount of 0.8 wt% of catalyst KOH (purity 85 wt%, Lach-Ner, Neratovice, Czech
Republic) to oil was dissolved in the mixture of methanol (p.a., Penta, Czech Republic) and
cosolvents (one of the ETAC, THF, HEX, AC and DEE). The exact cosolvent amount was
added so that the reaction mixture was in single phase. The mixture was thermostated to 25°C

(at atmospheric pressure) and then poured into the reaction vessel and stirred at 200 rpm; this
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point was considered as the start of transesterification. The reaction mixture was sampled at
time intervals (10, 20, 30, 50 and 90 min) and analysed with a respect to reaction
intermediates (mono-, di-, and triglycerides) and the main reaction product (esters). The
reaction was stopped by immediate neutralization of the catalyst by addition of 5 ml of
0.2 mol dm™ hydrochloric acid (HCI).

After reaction time (90 min), the reaction was stopped by neutralization of the catalyst by
gaseous carbon dioxide (weak acid) (Hajek et al., 2012) or phosphoric acid (relatively strong
acid). For neutralization by CO,, pH was monitored and when decreased to constant value
(approximately 9), the catalyst was neutralized. For neutralization by H3PO,, the amount of
catalyst remaining after reaction was necessary to determine by potentiometric titration and an
equivalent amount of acid was added (Vavra et al., 2018). The excess of alcohol and
cosolvents was removed by distillation under reduced pressure (approximately 3 kPa) and
higher temperature (70 °C). Then, the mixture was separated by gravity for 24 h in the
separatory funnel. After separation, both formed phases (the ester and glycerol phases) were
analysed.

For heterogeneous catalyst — Mg-Al mixed oxides were synthesized from hydrotalcites by
heating (calcination) to 450 °C for 3 h, the detailed synthesis process was described (Hajek et
al., 2015). The real molar ratio Mg:Al was 4.5:1. The reaction was carried out in stainless
steel batch autoclave (300 ml, Parr company, USA) equipped with shaft stirrer. The amount
of 30 g of rape seed oil, 32 ml of methanol (PENTA s.r.0., p.a.), 12 ml of cosolvent and 1 g of
catalyst were placed to the reactor. After heating to the reaction temperature (120 °C), the
stirring was switched on (300 rpm) and the reaction, which takes 6 hours, was initiated. After
reaction time, the catalyst was removed by filtration and methanol by distillation from the

mixture (70 °C, 3 kPa). The mixture was analysed.
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2.3 Analytical method

The contents of glycerides were determined by gas chromatography with flame ionization
detector (GC-2010, Shimadzu, Japan) according to EN 14105 with the help of linear

calibration curves (monoolein, diolein and triolein were used as standards). The content of

esters in the EP (w,,, in wt%) was calculated as the difference of 100% minus the sum of

ester
concentrations of all glycerides in the EP (providing that the concentrations of other
substances in the EP are insignificant).

For homogeneous catalyst, the content (mg/kg) of potassium ions in the EP was
determined by flame photometry (Flame photometer 410, Sherwood Scientific Ltd, United
Kingdom). The flash point of the EP was measured by the Pensky-Martens closed-cup method
(EN 1SO 2719) with the instrument OB-305 (MIM Fabri, Hungary). The water content in both
phases was determined according to EN ISO 12937 (TitroLine® 7750). In the GP, the
contents of basic matter (potassium hydrogen carbonate, potassium carbonate, K;HPO, and
soaps) were determined by acidimetric titration by HCI (0.1 mol dm™) with potentiometric
identification (Kwiecien et al., 2009). The content of glycerol and esters (i.e. esters 10ss) in
the GP was determined by HPLC (Hajek et al., 2010).

The heterogeneous catalyst was characterised by XRD and TGA to confirm the successful

synthesis (Hajek et al., 2015).

3 Results and discussion

3.1 Ternary plots

The main reaction components methanol and oil are immiscible liquids (i.e. heterogeneous
system is formed), so the transesterification proceeds on the interphase. The addition of
cosolvent, which is miscible with oil and also with methanol, forms the homogeneous mixture

(single phase).
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Firstly, the ternary plots for methanol, rapeseed oil (Oil) and all cosolvents (ETAC, THF,
HEX, AC and DEE) were determined at constant temperature 25 °C (Fig 2). Moreover, the
molar ratio of oil to methanol 1:6, which is the most often used, was also marked in the plots
(red line). The chosen properties of cosolvents (Rumble, 2019) including the minimum molar
ratio of components for the mixture in the single phase are stated in Table 1.

The aim was to find the molar ratio between methanol, oil and cosolvent, so that the
reaction mixture was in single phase (homogeneous). The binodal curve of ternary plots was
completely determined, which enabled to find homogeneous region for any molar ratio of
methanol to oil. This is the difference from paper published by Todorovic et al., where
authors used sunflower oil and determined single “region” only for one molar ratio of
methanol to oil at 60 °C (Todorovic et al., 2013). Authors Khang et al. determined the ternary
plot for methanol, oil and THF (in volume percent), but only for quite narrow part of binodal
curve: from 0.1 to 0.25 vol% of coconut oil in mixture (Khang et al., 2014). The ternary plots
especially for THF as cosolvent with different types of oil such as canola, soybean and palm
were determined (in volume percent) at 23 °C. Another authors used visual indication of
cloud point, which is less precisely than indication by transmittance. Moreover, they used
volume ratio methanol/oil from 0.1 to 0.9, so without determination of the lowest ratios. The
superimposition of ternary diagrams revealed that for some oils were virtually identical.
Authors carried out on transesterification of soybean oil, but without any analysing of product
in detail (Boocock et al., 1996).

The heterogeneous region was smaller for ETAC, THF and DEE in comparison with HEX
and AC (Fig 2). The reason is the electric dipole moment, which corresponds to the polarity of
chemical substances (Table 1). The dipole moments for ETAC (1.78 C m), THF (1.63 C m)
and DEE (1.15 C m) have similar value as the methanol itself (1.69 C m), so these solvents are

relatively miscible, i.e. small amount of cosolvent has to be added to reaction mixture to form
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single phase. The dipole moments of cosolvents HEX (0.08 Cm) and AC (2.91Cm) are
significantly different from dipole moment of methanol (1.69 C m), which has smaller single
region, i.e. large amount of cosolvent has to be added to reaction mixture so it was
homogeneous. Todorovic at al. published lower molar ratio so that the mixture was
homogeneous, but at higher temperature (60 °C) and standard pressure. This finding corresponds
with the fact that solubility usually increases with increasing temperature, i.e. heterogeneous
region is smaller. However, there is not described in detail how the molar ratio was found out,
especially for DEE which has boiling point at 34.5 °C (at standard pressure), i.e. at 60 °C has to

be huge amount of this matter in gas phase (Todorovic et al., 2013).

3.2 Transesterification — homogeneous catalyst

The transesterification with addition of cosolvent was tested at homogeneous catalyst (KOH).

The course of transesterification, i.e. the dependency of the content of formed ester (w

ster ) ON
time was determined for cosolvents and compared with the course without cosolvents under
the same reaction conditions (Fig. 3). The relatively low temperature (25 °C) was chosen
because (i) the reaction mixture is not possible to heat more than the boiling point of less
volatile component, e.g. boiling point of DEE is 34.5 °C (at standard pressure) (ii) the reaction
rate decreases with decreasing temperature so at lower temperature the courses are better
comparable (reaction is relatively slow).

In addition, the transesterification was stopped by neutralisation of remained catalyst by
two types of acids: gas CO, as weak acid (Hajek et al., 2012) and by concentrated HsPO,4 as a
relatively strong acid (Vavra et al., 2018). After separation, the properties of the ester phase

and glycerol phase were determined including ester losses in the GP.

The highest content of ester in the EP (W, ) for all reaction times was achieved with THF

(more than 90 wt% after 90 min of reaction). The complete transformation of oil to ester was
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not achieved because low temperature (25°C) was chosen. The EP, formed by
transesterification with cosolvents ETAC and DEE, has slightly less ester content than the EP
formed without cosolvents (approximately 85 wt%). The lowest ester content was achieved
with acetone and hexane, because huge amount of these cosolvents had to be added so that the
mixture was in the single phase (table 1). This caused decreasing of concentration of oil and
methanol decrease and thereby decreased of reaction rate. However, Alhassan et al. carried out
the transesterification with diethyl ether and acetone as cosolvents at 60 °C (at standard
pressure) with bath reactor equipment by condenser unit. They achieved high yield of esters
90-100 wt%, which depended on concrete reaction conditions (Alhassan et al., 2014). Higher
content of ester was caused by higher temperature. Although authors used condenser unit, the
boiling point of reaction mixture had to be similar as boiling point of the least volatile
component i.e. diethyl ether (boiling point 34.5 °C at standard pressure). Therefore, the reaction
mixture cannot be heated to 60 °C with diethyl ether (real temperature has to be much lower),
or diethyl ether has to be present in vapour and not in liquid phase (it is not specified how much
the reactor was filled with liquid phase and how much “empty” space remained for gas phase).
Similarly for acetone (boiling point at 56.5 °C).

The properties of the EP are stated in Table 2. The content of mono-, di- and triglycerides is
relatively high, which is consistent with the ester content; higher content of glycerides means
lower content of esters. The density (p) of EP was in the range 0.82-0.89 g cm’ for all types of
cosolvents and ways of stopping. The viscosity (1) was determined 5.1-5.5 mm?s™, which
was slightly higher than for methyl esters prepared without cosolvents (4.9 mm? s™), because
the EP contains glycerides, which increase the viscosity. Moreover, viscosity is slightly lower
for stopping by phosphoric acid than by gas carbon dioxide. The acid number (an) is less than
0.4 mg KOH g, because both ways of catalyst neutralisation ensure low acid number, i.e. the

transformation of soap (formed by side reaction) to higher fatty acid does not proceed (Vavra et

10
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al., 2018). The flash point of the EP was more than 120 °C for all cosolvents, which means
almost no methanol or cosolvent were presented. The content of water in the EP (WEP,,,.) was
higher than for transesterification without the cosolvent (650 ppm), because the cosolvents
contain small amount of water, which was presented in reaction mixture and remained after
methanol removal by distillation. The highest water in the EP was for AC because (i) AC
contains the highest water content and (ii) there was added the most amount from all cosolvents.
The content of potassium ions (K) was also quite high. Note: The content of wEF, ... and K were
determined directly in EP after separation without any purification steps. Their content strongly
depends on the purification process and are not usually determined (Alhassan et al., 2014).

Moreover, the distribution of methyl esters according to higher fatty acid in the EP for
cosolvents was determined (Table 3). The content of methyl esters of linolenic acid is
approximately the same for THF and DEE and slightly higher for AC and ETAC than without
cosolvent. On the other hand, the content of methyl esters of linoleic acid was almost the
same for all cosolvents and also without cosolvent (ca 21 %). The content of the methyl esters
of oleic acid was the highest, which corresponds with the fatty acid profile of rapeseed oil.
The highest differences were for methyl esters of palmitic acid, where without cosolvent it
was 5.2 %, but for DEE the content was almost double (10.4 %). The differences in
distributions of methylesters are probably caused by the different polarity of cosolvents and
esters. The composition of the GP as a side product was also determined (Table 4).

The GP contains, besides glycerol (w ), the formed soaps (ws), the products of catalyst

glycerol

neutralisation, water (wéP,.,) and esters (wSk.,). The product of catalyst neutralisation
depends on the type of neutralisation: carbonates (wy,co, and wyyco,) Were formed by
neutralisation of CO, and phosphates (wg,upo,) Dy H3POs. The ester loss (determined as
content of ester in the GP) was higher for transesterification stopped by H3PO, for all

cosolvents except ETAC. This is different from our previous finding regarding

11
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transesterification without cosolvent, where the ester content in the GP was higher just for
transesterification stopped by CO, (Vavra et al., 2018). Therefore, the presence of cosolvents
in reaction mixture changes the amount of losses according to the way of transesterification
stop. The content of soaps was higher than without cosolvent (approximately 15 wt%), which
indicates a side reaction process. The reason is probably that the reaction proceeds in a single
phase. Note: the total summa of weight percent is not exactly 100%, because (i) the GP
contains small amount of other substances, such as methanol and vegetable dyes, which were
not determined and (ii) every analysis has some error (the highest error has glycerol
determination, because its concentration is high). However, the composition is not possible to

compare with other studies, because the GP is usually omitted.

3.3 Transesterification — heterogeneous catalyst

The Mg-Al mixed oxides with molar ratio Mg/Al 4.5 were used as heterogeneous catalyst.
This molar ratio was chosen because the activity of transesterification was quite high and not
significantly changed by molar ratio increasing. The structures of Mg-Al hydrotalcite (as
precursor) and also mixed oxides were confirmed by XRD analysis, where the characteristic
diffraction lines were found (Fig. 4). The temperature stability of hydrotalcite was described
by thermogravimetric analysis with mass detection (Fig. 5). Hydrotalcite are usually
decomposed in two or three consecutive steps (Yang et al., 2002). Our catalyst was
decomposed in two steps. In the first step (100-250 °C), only mass signal of water was found
and therefore the surface water was desorbed. During the second step (250-500 °C)
carbonates from anion layer and another water were desorbed, for this reason mass signal of
carbone dioxide and water were determined. The third did not occur. The total loss of mass
during the TGA analysis was approximately 46%.

The content of ester in the ester phase was 42 wt.% for tetrahydrofuran, 39.5 wt% for ethyl

acetate and diethyl ether and 29.6 wt% for hexane and acetone, which is lower than without

12
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cosolvent (72 wt%). The decreasing is much lower than for homogeneous catalyst (section
3.2). The probable reason for so low ester content is (i) bonding of cosolvent to the active
sites of catalyst, which are not available for transesterification or (ii) dilution of reaction
components (methanol and oil) by cosolvent, which corresponds with the fact that hexane and

acetone had to be added in higher amount than acetate and diethyl ether.

4 Conclusions

The work described the use of various cosolvents (form single phase) for transesterification of
oil by methanol. At first, the ternary plots including binodal curve for all molar ratios of oil to
methanol were determined. The lower molar ratios (mixture was in single phase) were
determined for ethyl acetate, tetrahydrofuran and diethyl ether, because their dipole moments
are relatively similar to dipole moment of methanol. The formation of esters and also final
content of ester in the ester phase was similar for all cosolvents except ethyl acetate.
However, the highest ester content was achieved for tetrahydrofuran (93.2 wt%). The use of
cosolvents does not significantly change the distribution of methyl esters according to higher
fatty acid (except methyl esters of palmitic acid). It was also found, that the cosolvents change
the amount of ester losses, which depends on the way of transesterification stop. The use of
cosolvent can decrease the production cost and improves the total energy balance of biodiesel
production, because it proceeds at lower temperature and shorter time. On the other hand, the
ester yield is slightly lower, because saponification is more intensive.

For heterogeneous catalyst, the ester content was lower with cosolvent than without

cosolvents, probably due to dilution of reaction components.
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Figure caption

Fig. 1: The dependency of transmittance on time for determination of points of binodal curve

Fig. 2: The ternary plots of methanol, oil with various cosolvents: ETAC (A), THF (B), HEX
(C), AC (D), DEE (E) at 25 °C and atmospheric pressure; the molar ratio of oil to

methanol 1:6 is marked by red line

Fig. 3: The dependency of content of ester in the EP (w,, ) on the reaction time for various

cosolvents at 25°C and 0.8 wt% of catalyst to oil
Fig. 4: The diffractogram of Mg-Al hydrotalcites (HT) and mixed oxides (HTc)

Fig. 5: TGA of Mg-Al hydrotalcites
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Table 1: The chosen properties of cosolvents and methanol including the minimum molar ratio of

components for the mixture is in the single phase

Type of cosolvent Methanol ETAC THF AC DEE HEX

Boiling point at standard

pressure, °C 64.7 77.1 66 56.5 34.6 68.5

Density (20 °C), g cm® 0.79 0.89 0.89 0.79 0.71 0.66
Dynamic viscosity (20 °C), 059 045 055 032 024 031
mPa s ' ' ' ' ' '

Electric dipole moment, C m 1.69 1.78 1.63 291 1.15 0.08
Relative permittivity (20 °C), - 32.7 1.37 7.58 20.7 4.33 1.89
Water content, wt% 0.03 0.02 0.03 0.25 0.15 0.05

Molar ratio oil:MET:cosolvent,

- 1:6:55 1:6:6 1:6:245 1:6:5 1:6:15
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Table 2. The properties of the EP after transesterification with various cosolvents

Type of cosolvent ETAC THF AC DEE HEX
Way of stop CO, H3PO4| CO, HzPO4| CO; | HPOs | CO, HzPO, | CO, H3PO4

W, (Wt%) 1235 1255 | 518 459 | 406 | 439 | 11.10 10.75 | 3.92 3.85
Wpg (WE%0) 785 755 | 228 247 | 433 | 460 | 3.82 241 | 440 421
W, (Wt%) 899 866 | 126 131 | 558 | 511 | 251 237 | 508 495
W, (WE%) 708 712 | 913 916 | 860 | 859 | 826 845 | 8.6 870
p (gcm™) 084 088 | 082 088 | 086 | 089 | 089 089 | 0.87 0.88
v (mm? s 545 529 | 520 511 | 538 | 526 | 550 538 | 541 532
an (mgKOHg™1) | 0.10 025 | 024 024 | 011 | 031 | 031 030 | 012 0.25
wEP ... (ppm) 800 700 800 650 900 | 700 | 1000 1100 | 1000 800
K (mg kg™) 97 84 72 60 250 | 240 66 57 220 230




Table 3. The distribution of methyl esters according to higher fatty acid in the EP

Type of Methyl esters of higher fatty acids (100%)
cosolvent Linolenic (%) Linoleic (%) Oleic (%) Palmitic (%)
Without 11.00 21.70 62.10 521
THF 11.10 20.07 64.77 4.07
AC 14.50 21.11 58.41 5.98
DEE 10.78 21.37 57.49 10.35
ETAC 13.37 21.03 62.92 2.68
HEX 13.40 21.50 58.03 7.07




Table 4. The composition of the GP after transesterification with various cosolvents

Type of

ETAC THF AC DEE HEX
cosolvent

Wayofstop CO, H3PO, | CO, HiPO4, | CO; | HPO4 COs, HsPO, | CO, H3PO,4

Wgiycerol (Wt%) | 67.5 685 |43.8 461 | 415 | 713 | 659 602 | 56.1 705
wsh, (wt%) | 3.8 28 |90 133 | 59 6.4 7.2 131 | 71 5.9
wéP... (wt%) | 041 048 [ 024 0.68 | 088 | 104 | 069 0.79 | 0.85 0.99

wg (Wt%) 333 356 [303 319 | 292 | 184 | 287 222 | 283 195
Wk,co, (Wt%) | 3.1 - 4.8 - 55 - 5.6 - 5.2 -
Winco, (Wt%) | 019 - | 045 - 0.43 - 0.36 - 0.51 -
Wk, npo, (Wt%) | - 1.9 - 238 - 0.6 - 2.38 - 1.1




