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ABSTRACT
7 The paper is focused on the use of methanol (M) or ethanol together with butanol (B) in the
8 transesterification of rapeseed oil (O) under homogeneous (KOH) and heterogeneous catalysis
9 (Mg-Fe mixed oxides). The advantage of using butanol consists in the formation of
10  homogenous reaction mixture (increases the reaction rate, i.e. decreasing of reaction time) and
11  higher caloric value of formed esters. The novelty consist in the use of mixture of alcohols. The
12 ternary plots of reaction components (alcohols and oil) were measured at 25 and 60 °C. For
13 homogeneous catalyst, the influence of (i) the molar ratios of reaction components, (ii) the
14  temperature, (iii) the amount of catalyst and (iv) the way of transesterification stopping on the
15  course of transesterification was studied. The properties of esters phase and also glycerol
16  phase were determined including ester loss in the glycerol phase. The ester yield was 97 %
17  after 10 min of reaction for 60 °C and the ratio O:M:B was 1:6:2, which is significantly
18  decreasing of time in comparison with methanol only (90 min). However, the content of

19  potassium ions was higher, because butyl ester caused higher solubility of potassium ions. For
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heterogeneous catalyst, the synthesized materials were characterised by chosen method and

tested in transesterification with methanol, butanol and their combination.

KEYWORDS

transesterification; biodiesel; esters; butanol; methanol

fatty acid methyl ester

gas chromatography

the ester phase, the glycerol phase

diacylglycerides,
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substances are referred to as glycerides

concentration of potassium ions (mg kg™)

reaction temperature (°C)

water content in the EP (ppm)

ester content in the GP (wt.%)

ester content in the EP (wt.%)
glycerol content in the GP (wt.%)

glycerol content in the EP (wt.%)

content of inorganic salts in the GP (wt.%)

content of MG, DG and TG in the EP (wt.%)

NOMENCLATURE

B butanol

BE butyl ester

E ethanol

FAME

GC

M methanol

ME methyl ester

@) oil

EP, GP

TG, DG, MG triacylglycerides,
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t reaction time (min)
water

W

Wester

Wylycerol
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Wg soap content (wt.%)
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water content in the GP
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Xg, Xg, X, X0 mole fraction of butanol, ethanol, methanol and oil in the mixture (-)

xEP butyl esters content in the EP (mol.%)
xEE x &b distribution of methyl esters in the EP and GP in mole percent (mol.%)
1. INTRODUCTION

The mixture of methyl esters of higher fatty acids (biodiesel) is a biofuel for combustion
engines made from biomass. It is produced by the transesterification of triacylglycerides (TG)
contained in vegetable oils or animal fats by low molecular alcohols. The transesterification
has to be catalysed under mild reaction conditions, without any catalyst it proceeds only under
higher temperature and pressure — at the supercritical fluid [1]. A basic homogeneous catalyst
is the most often used [2] [3]. However, the heterogeneous or enzymatic catalysis is also
applicable to ester preparation [4] [5].

The most often used alcohol is methanol, the use of other types of alcohols, such as
ethanol [6] or butanol is less common. Methanol and ethanol are immiscible with TG, i.e. the
heterogeneous mixture is formed and the transesterification proceeds only on the interface.
This is in contrast to butanol, which is miscible with TG. To increase the reaction rate (i.e. to
shorten the reaction time) for methanol or ethanol, the reaction mixture has to be intensively
stirred to increase the interface area. Other possibility is the formation of a single phase by
addition of another solvent (called cosolvent), which is inactive to oil and alcohol. The use of
several cosolvents, mostly for homogeneously catalysed transesterification, was published,
such as dimethyl ether [7], di-isopropyl ether, tetrahydrofuran [8], [9], acetone, methyl tert-
butyl ether [10]. Butanol (most often 1-butanol) can be also used as a cosolvent for
transesterification with methanol/ethanol, because dissolves TG and methanol/ethanol.
Moreover, butanol reacts with oil to form butyl esters. The use of butanol was published
almost only as the reaction component for many types of catalysts, such as homogeneous

basic catalyst KOCH3; or KOH [11], homogeneous acid catalyst [12] [13] or heterogeneous
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catalyst [14]. However, the detailed analysis of both phase including ester loss are very often
omitted. For enzymatic catalysis (Thermomyces lanuginosa), methanol together with butanol
was published, but without determination of homogeneous region [15]. The transesterification
with only butanol usually proceeded at higher temperature (100-115 °C) and higher molar
ratio of oil to butanol than for methanol [16], because it is less reactive than methanol.
However, the synthesized butyl esters have higher caloric value than methyl esters
(approximately about 7-10%) [17].

Almost all papers dealing with transesterification are focused only on the use of single
type of alcohol (some of them with inactive cosolvents) and none of them on the combination
of both alcohols. The novelty of the paper consists in the use of butanol, which was employed
as a cosolvent and also as the reaction component in the transesterification of oil, together
with methanol or ethanol. The relevance of butanol use consists in (i) shortening of the
reaction time and (ii) slightly higher caloric value, because the main product is a mixture of
methyl or ethyl esters with butyl esters. The purpose of ternary plots was to find the region,
where the reaction components were presented in a single phase. The parameters, which can
influence the course of transesterification and properties of ester (EP) and also glycerol phase
(GP), such as the molar ratios of oil, methanol and butanol, the reaction temperatures, the
catalyst amount and the way of transesterification stopping, were studied. The attention was
also paid to the distribution of esters according to alcohols and loss of esters in the GP, which
is often omitted in papers. The use of two types of alcohols together, including determination
of ternary plots, has not been published yet regarding homogeneously or heterogeneously

catalysed transesterification. Its description is the main aim of the paper.
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2. MATERIALS AND METHODS
2.1. Ternary plot

The ternary plot was determined by measuring of transmittance by spectrophotometric
method at wavelength 450 nm at two temperatures (25 and 60°C). The transmittance of pure
oil was 100%. The oil and methanol (or ethanol) were stirred together and heterogeneous
system with low transmittance was formed. Butanol, which is miscible with both liquids, was
successively added and transmittance was monitored. When the transmittance rapidly
increased, the system became homogeneous, which was one point of binodale curve of
ternary plot. This method was used for determination of each binodal point. The molar ratios
of components were used for formation of the final plot in program Origin 9.1. The rapeseed

oil (molar mass 879.1 g mol™) was considered as a chemical individuum.
2.2. Transesterification of oil

Homogeneous catalyst: The rapeseed oil (free of erucic acid, acid number 0.2 mg KOH g™,

water content 650 mg kg and density 920 kgm™ (15°C), produced by Lukana, Czech
Republic) was put into the reaction vessel and thermostated to the reaction temperature. The
catalyst KOH (purity 85 wt.%, Lach-Ner, Neratovice, The Czech Republic) was dissolved in
mixture of methanol (p.a., Penta, The Czech Republic) with butanol (purity 99.5%, Penta, The
Czech Republic) and mixture were also thermostated to the temperature of reaction. The
mixture of alcohols with catalyst was quickly added into the reaction vessel. Throughout the
reaction time, the reaction mixture was sampled and the content of mono-, di- and
triacylglycerides was determined. The reaction was stopped by catalyst neutralization by (i)
gas carbon dioxide as a week acid [18] or (ii) phosphoric acid as a strong acid [19]. The acids
had been dosed approximately for 5 min until the pH fell to the minimum value, which was

approximately 8 for carbon dioxide and 10.5 for phosphoric acid. The paddle stirrer was set to
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300 rpm during the reaction and neutralization. The alcohols excess was removed by
distillation; the reaction mixture had been evaporated for 40 min at 100°C at the pressure of
approximately 3 kPa. The mixture was put into a separatory funnel and separated by gravity
for 24 h and then both formed phases (the ester and glycerol) were analysed.

Heterogeneous catalyst: Mg-Fe mixed oxides were synthesized from hydrotalcite by heating

(calcination) to 450 °C for 3 h. The hydrotalcite was synthesis by co precipitation from
nitrates of magnesium and iron according to [20]. Moreover, the active coal (1.25 wt% to
amount of precursors) was added during synthesis to increase the specific surface area. The
reaction was carried out in stainless steel batch autoclave (300 ml, Parr company, USA)
equipped with shaft stirrer. The transesterification was carried in 300 ml batch reactor (Parr,
USA). The reaction conditions were: molar ratio alcohol to oil 24:1, 1 wt% of catalyst to input
rapeseed oil, reaction temperature 120 °C and stirring speed 300 rpm. After heating to the
reaction temperature, the stirring was switched on and the reaction was initiated. After
reaction time, the catalyst was removed by filtration and methanol by distillation from the

mixture (75 °C, 3 kPa) and formed phases was analysed, especially ester content in the EP.

2.3. Analytical method

The contents of glycerides were determined by gas chromatography (GC) with flame
ionization detector by the method according to EN 14105 by Shimadzu GC-2010 with the
help of linear calibration curves (monoolein, diolein and triolein were used as standards), the
determination is described in detailed [19].

The content of potassium ions in the EP were 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
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EN ISO 12937 (TitroLine® 7750) and the alcohol content also in both phases was determined
by GC [21].

The contents of basic matter (potassium hydrogen carbonate, potassium carbonate,
K,HPO, and soaps) were determined in the GP by acidimetric titration by HCI (0.1 mol dm™)
with potentiometric identification. The content of glycerol and esters (i.e. esters loss)
including the distribution according to alcohols (methyl and butyl esters) in the GP was
determined by HPLC [19].

The heterogeneous catalyst was characterised by X-ray Powder Diffraction (XRD) with
the help of JCPDS database for confirmation of structure of material, inductively coupled
plasma (ICP) to determine the real content of metals and N2-isotherme to determine the

surface area [20].

3. RESULTS AND DISCUSSION
3.1. Ternary plots

Firstly, the ternary plots for methanol (M) or ethanol (E), rapeseed oil (O) and butanol (B)
were determined at two temperatures 25 and 60 °C (Fig. 1). The reason was to find the molar
ratios of components, so that the reaction mixture was homogeneous, because the miscibility
depends on the molar ratio of components.

The heterogeneous region was larger for methanol than for ethanol at both temperatures.
The reason is that the properties of butanol are more similar to ethanol than to methanol,
especially the dipole moment, which reflects the polarity of chemicals. The dipole moment of
butanol (5.54-10%° C.m) is approximately the same as of ethanol (5.84-10°°C.m) and
different from methanol (9.57-10"%° C.m) [22]. The heterogeneous region was larger at 25 °C

for methanol and also ethanol, which was expectable, because the miscibility usually
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increases with increasing temperature. For ethanol at 60 °C, the mixture was homogeneous at
almost all molar ratios.
Moreover, the molar ratios of oil to methanol (from 1:3.6 to 1:6) or oil to ethanol (1:7),

which were used for transesterification, were plotted (Fig. 1).

3.2. Transesterification by homogeneous catalyst

The transesterification depends on the various reaction conditions, such as alcohol type, the
reaction temperature and time, the molar ratio of initial components and the amount of
catalyst.

Firstly, the transesterification with ethanol and butanol together was carried out at 25 °C, at
molar ratio O:E:B 1:7:3.5 and 1 wt% of catalyst (KOH) to oil. The lower temperature (25 °C)
was chosen, because the undesired oil saponification proceeds less than at 60 °C [23]. The
molar ratio of reaction components was based on ternary plot (Fig. 1B), so the reaction
mixture was in the single phase. After separation, both phases were analysed. However, the
content of potassium ions in the EP was very high (15 g kg™*), which was about 1000 times
more than potassium content for ethanolysis itself (10-20 mg kg™) [23]. The formed butyl
ester caused high solubility of potassium soaps in the EP. Similar effect was also observed for
methyl esters, but much less intensively (please refer to section 3.2.1). For this reason, ethanol

for transesterification was not studied in detailed (as for methanol).
3.2.1. The influence of various molar ratios of oil : methanol : butanol

The various molar ratios of O:M:B were used for transesterification. The molar ratios were
found in the ternary plot (Fig 1A) so that the reaction mixture was homogeneous with
minimum alcohol use. For all molar ratios, the amount of catalyst was 0.8 wt% to oil and the

temperature 60 °C, because it is the usual temperature of transesterification with methanol
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only. Moreover, the reaction was stopped by two different ways. The dependency of w_._ in

ester
the EP on the reaction time was determined and compared with methanolysis itself (Fig 2).
If the molar ratio O:M:B was 1:6:2.3, which is the same as is usually used for single

methanol (O:M = 1:6), the w, in the EP was 97 % after 10 min. In the case of

ester
transesterification with only methanol, the same yield was achieved after 80 min of reaction
(under the same reaction conditions). Therefore, the reaction time was rapidly decreased by
butanol addition, because butanol acted as a cosolvent. Moreover, butanol also reacted with
oil, because 15 mol% of butyl ester was found in the EP. For lower molar ratios, the
transesterification was slower, because methanol was presented in lower amount. For molar
ratio O:M:B 1:4.6:1.5 (molar ratio of oil to alcohol M:B 1:6.1), the reaction was slightly faster
than reaction with only methanol. For the lowest molar ratio of alcohols (1:4.7), which was

less than for methanol itself, the reaction was the slowest and w._.. in the EP was lower than

ester
for only methanol. However, for lower molar ratios of alcohols, the content of butyl esters in
the EP was also lower (between 7-9 mol%), because less amount of butanol was used.
Boocok, et al. published methyl terc-butyl ether as cosolvent for transesterification with
conversion 95 % after 20 min.

Moreover, the properties of the EP and GP were determined. The acid number of the EP
was always less than 0.2 mg KOH g™, because both ways of transesterification stopping
ensure low acid number [19]. The density of EP was in the range 0.874-0.880 g cm™ for all
molar ratios and ways of stopping. The viscosity was determined 5.1 mm?s™, which was
higher than for pure methyl esters, because the EP contains mixture of methyl and butyl
esters. This was proved by the determination of viscosity of the mixture of methyl and butyl
esters (as molar percent of butyl esters in the mixture - xEE ) (Fig. 3A). The viscosity
increased with increasing butyl ester content and viscosity of butyl ester was about 32 %

higher than methyl esters. The flash point higher than 130 °C of the EP was also determined,
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which means that the residual content of alcohols is less than 0.08 wt% for methanol and
0.13 wt% for butanol (both were determined by GC). The content of butanol was higher
because is less volatile than methanol.

The water content and content of potassium ions were quite high (Table 1) in comparison
with transesterification with only methanol, but the purification step was not used. Higher
water content was also determined for pure butyl ester (1360 ppm) than for pure methyl esters
(650 ppm) without drying. The amount of water was higher for stopping by H3zPO, than by
CO,. The relatively high content of these impurities was caused by formed butyl ester. The
reason is that the potassium ions are more soluble in butyl esters than in methyl ester, which
was confirmed by independent experiments: the potassium soaps were solved in the esters,
which were prepared by mixing of pure methyl and pure butyl esters with various esters
compositions. The content of solved potassium ions was determined by flame photometry
(Fig. 3B). The content of potassium increased with increasing content of butyl esters in the
mixture and was approximately 3.5 times higher for pure butyl ester than for methyl esters.
Therefore, the presence of butyl esters increase the potassium and water content in EP without
purifications. Note: the exact content of potassium and water content depends also on the
separation and purifications steps.

The side GP was also analysed in detail (Table 1), including the content of esters in the

GP, i.e. esters loss (WS, ), which is different from other papers. The content of ester in the GP

(19-25 wt%) was higher than in the GP prepared by transesterification with only methanol,
where it was approximately 10 wt% [18]. For butanol, the ester content in the GP has not
been published yet. Moreover, the ester content was higher for stopping by H3PO, than by

CO.. The GP contains also inorganic salts (w, ), which were formed by catalyst neutralization

and depend on the type of reaction stopping (K,HPO, for stopping by H3PO, and K,COs,

KHCO; for stopping by CO,). The content of these salts was low, which detected that almost

10
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no catalyst remained at the end of the reaction, i.e. almost all was consumed by side reaction —

saponification. The content of water was quite low, from 0.3 to 0.9 wt%.

3.2.2. The influence of reaction temperature

The influence of temperature was also studied: two temperatures were chosen (25 and 60 °C)
and appropriate molar ratios of alcohol to oil, minimum so that mixture was homogeneous,
were determined from the ternary plot (Fig. 1A). For 25 °C, the amount of butanol has to be
higher (molar ratio O:M:B 1:5:4.7, i.e. approximate molar ratio M to B was 1:1) than for
60 °C (molar ratio O:M:B 1:6:2.3, i.e. molar ratio M to B was 2.6:1). The dependency of ester

content in the EP (w

«er) ON the reaction time was determined (Fig. 4) and compared with
single methanol used. For 60 °C, the ester content was 97 wt% after 10 min, while only
methanol was 88.3 wt%. The difference of ester content was greater for lower temperature
(25 °C), where the miscibility of the reaction mixture has stronger influence (85% after 80
min for methanol only). The mixture of methyl and butyl esters was formed.

The analysis of both phases was also carried out (Table 2). The viscosity, water content
and potassium content were higher than for pure methyl esters, because the butyl ester caused
higher solubility of potassium ions, which was discussed above (Fig. 3). The content of ester

in the GP was higher for higher temperature, because higher temperature caused higher

solubility.

3.2.3. The influence of catalyst amounts

The influence of catalyst (in the range 0.7-0.9 wt% to oil) was studied (Table 3). Moreover,
the reaction was stopped by two ways as in previous cases. Higher catalyst amount means
higher amount ester in the EP. On the other hand, higher catalyst amount caused higher

saponification, which was expected, and so higher content of ester in the GP (ester loss). The

11
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content of potassium ions was lower for stopping by H3PO,4 than CO,, which is in accordance

with previous papers, where the similar phenomena was also described [19].

3.2.4. Ester loss and distribution of esters

The ester loss (determined as the content of esters in the GP in wt%) was analysed, which is
very often omitted in papers. The content of esters was approximately in the range 15-25 wt%
(Table 4), which was higher than for pure methyl esters (9-10 wt%). Therefore, the formed
butyl ester caused higher ester loss.

Moreover, the distribution of esters according to alcohols, i.e. methyl esters (ME) and
butyl esters (BE), was also determined for both phases (Table 4). The content of methyl ester
in the EP was in the range from 85 mol% to 92 mol% at 60 °C, while at 25 °C it was lower,
around 80 mol%. However, the initial molar ratio of methanol to butanol used for the
transesterification was 52.4 mol% at 25 °C and 73-77.8 mol% at 60 °C of methanol in the
alcohols mixture. According to stoichiometry of transesterification, one mole of alcohol forms
one mole of ester. The ratio between molar percent of methyl esters in EP and molar percent
of methanol in alcohol mixture was calculated. The ratio “one” means the same molar ratio of
methanol and formed methyl ester. For lower temperature (25 °C), more methyl esters were
formed from methanol than butyl esters from butanol: 80 mol% of methyl ester in the EP was
formed from 52.4 mol% of methanol, the ratio was 1.52. For higher temperature (60 °C), the
ratio was lower, 1.19. This ratio depends only on the temperature and not on other reaction
conditions.

Only smaller amount of butanol was converted to butyl esters and butanol acted mainly
as a cosolvent. Therefore, for lower temperature, the methyl esters are easily formed than
butyl esters. The reason is probably lower activation energy for transesterification by
methanol than by butanol. However, it is inconclusive, because the activation energy was

published in a wide range, which depends on the simplification of kinetic model, type of oil,
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type of catalyst and transesterification conditions. The activation energy was published for
methanolysis from 12 to 104 kJ mol™ [24] and for ethanolysis from 3.4 to 70.6 kJ mol™ [25].
The activation energy for transesterification with butanol was not published. Moreover, the
formed oil is immiscible with methanol, while miscible with butanol, which complicated the
calculation. The positive correlation between content of methyl esters in GP and content of
methyl esters in EP was found (Fig. 5).

The dependency of distribution of methyl and butyl ester in the EP and GP on the
transesterification stopping (CO, or H3PQO,4) was determined. In the case of stopping by CO,,
the distribution of methyl and butyl esters between the EP and GP was approximately the
same, i.e. the relative content of methyl esters in the EP and GP was almost the same. The
relative content did not depend on the reaction conditions. However, the distribution was
different for stopping by H3PO,4: more methyl esters were presented in the GP than in the EP.
Therefore, the stopping by H3PO, caused more solubility of methyl ester in the GP than

stopping by CO,.

3.3. Transesterification by heterogeneous catalyst

The transesterification with heterogeneous catalyst was also tested. The Mg-Fe mixed oxide
with molar ratio Mg/Fe 3:1 was used as heterogeneous catalyst. The active coal, which was
added during synthesis of hydrotalcite, was removed by calcination at 450 °C. The
determination by XRD (Fig. 6) confirmed the structure of mixed oxide by presentation of
typical diffraction lines for mixed oxide (JCPDS database). In hydrotalcite, the real molar
ratio of magnesium to iron 2.9 was determined by ICP analysis (1.55 mol Mg and 0.53 mol
Fe), i.e. almost as the same as expected. The specific surface area was calculated by fitting of
experimental data determine by nitrogen adsorption—desorption isotherms with use BET

isotherm. The surface area of Mg/Fe 3:1 with 1.25 wt% of coal was 132 m? g™* which was
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compared with hydrotalcite Mg/Fe 3:1 without addition of active coal (101 m? g™). The high
surface area is important, because transesterification carried out on the surface of catalyst.

The catalyst activity was tested in transesterification of rapeseed oil with (i) only methanol,
(i) only butanol and (iii) various ratios of methanol to butanol. The best results were achieved
with methanol and mixture of methanol and butanol in molar ratio 1:1. The content of esters
in the EP reached 97.5 wt.% after 4 h of reaction, which is much faster than published in [20],
where it was only 70 wt.% after the reaction time of 6 h. In the case of using only butanol, the
ester content in the EP was 59.4 wt.%, because butanol is less reactive than methanol. The

addition of butanol increase the reaction rate and so decrease the reaction time.

4. CONCLUSIONS

This work described the use of butanol as the cosolvent for transesterification of oil by
methanol or ethanol under homogeneous and also heterogeneous catalyst. The ternary plots
with binodal curve for reaction components (oil, methanol/ethanol and butanol) were
determined for two temperatures (25 and 60 °C) to find the homogeneous region. For
homogeneous catalyst, the transesterification was carried out with various reaction condition.
The ester yield was 97 % after 10 min of reaction for 60 °C and ratio O:M:B 1:6:2. However,
the viscosity and content of potassium ions were higher than for pure methyl ester (without
purification), because the solubility of potassium soaps increased with increasing butyl ester
content in the mixture of esters. The distribution of methyl and butyl esters in both phases was
determined. It was found, that the content of methyl esters was higher than corresponding
methanol in the alcohol mixture, especially at lower temperature. The attention was also
focused on the detailed analysis of the side GP where the content of esters was higher for

higher temperature.
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The use of butanol decrease the production cost and improves the total energy balance of

biodiesel production and so increases sustainability, because transesterification proceeds in

single phase and moreover formed butyl ester has higher caloric value.
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Figure captions

Fig. 1: The ternary plots of M:O:B (A) and E:O:B (B) at two temperatures

Fig. 2: The dependency of w_, in the EP on the reaction time for different molar ratios of

ester

alcohols to oil at 60 °C and 0.8 wt% of catalyst to oil
Fig. 3: The dependency of viscosity (A) and content of potassium ions (B) on the molar ratios
of butyl esters in the mixture of methyl and butyl esters

Fig. 4. The dependency of w,

ester

on the reaction time for different reaction temperatures at

0.8 wt% of catalyst to oil, molar ratio O:M:B 1:5:4.7 for 25 °C and 1:6:2.3 for 60 °C
Fig. 5: The correlation of methyl esters between the EP and GP

Fig. 6: The diffractogram of Mg-Fe mixed oxides
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Tables

Table 1: The properties of the EP and the GP after transesterification with different molar ratios of O:M:B (temperature 60 °C, time 80 min,
catalyst 0.8 wt% to oil)

The ester phase The glycerol phase

St Molar ratio | W, water, K, Wysr  Woor  Wrigs | Woyeeror  Wagrs W Wi W ter »

op by O:M:B wit.% ppm mg kg™ t.94 t.% t.% 0 0 0 o 0
% wt% wt% wt.% wt.% wt.% wt%  wt.% wt.%

1:6.0:2.3 98.7 960 100 078 031 0.25 61.5 21.0 14.8 2.48 0.47

CO, 1:4.6:1.5 96.7 600 168 205 056 0.72 64.8 20.8 16.9 1.58 0.29
1:3.9:1.1 96.1 720 259 171 111 1.03 62.4 18.7 16.5 1.71 0.66

1:6.0:2.3 97.9 1090 22 184 024 0.07 62.3 21.8 19.8 0.49 0.51

HsPO, 1:4.6:15 95.7 1068 100 354 071 0.09 56.7 24.5 18.3 0.62 0.56
1:3.9:1.1 95.1 1114 136 353 1.03 132 43.7 37.9 15.2 0.59 0.43




Table 2: The properties of the EP and the GP after transesterification at different temperature and reaction stopping (time 80 min, catalyst
0.8 wt% to oil)

The ester phase The glycerol phase
Stop by Molar ratio T, Weger» Water, K, Wyer Wosr  Wigs | Woyeerorr Woo, W, Wis Wi
O:M:B °C wt% ppm  mgkgl wt% wt% wt% | wt% wt% wt%  wt% Wt%
co 1:5:4.7 25 97.74 1310 238 2.05 0.20 0.01 82.1 5.7 7.17 4.61 0.49
2 1:6:2.3 60 98.66 960 110 0.78 031 0.26 615 210 14.78 249 047
H-PO 1:5:4.7 25 97.37 670 176 226 034 034 773 120 1210 099 0.26
s 1:6:2.3 60 98.02 700 102 171 024 0.03 60.1 20.3 19.28 021 0.28




Table 3: The properties of the EP and the GP after transesterification with different catalyst amount (temperature 60 °C and time 80 min)

The ester phase The glycerol phase

Stop by g.:r?]tglllﬁit Wester water, K’ Wye  Wpg s Wg ngycerol ) We?sfer v Wg, Wis ’ W ater 1
WL wt%  ppm mgkgl wt% wt% wt% | wt% wt% wt% wt% = wt%

0.7 96.30 960 104 2.34 058 0.78 63.8 16.6 162 217 0.32

CO, 0.8 96.67 600 168 205 056 0.72 62.8 175 179 157 0.29
0.9 97.28 720 111 204 035 034 57.8 23.0 192 149 0.20

0.7 9535 1179 43 3.80 0.62 0.22 67.5 140 166 1.18 0.77

H3PO, 0.8 96.12 1075 34 293 049 0.46 65.9 153 175 0.37 0.92
0.9 96.84 798 38 285 0.25 0.06 52.5 239 209 0.08 0.55




Table 4: The loss of esters in the GP (

) including the distribution according to methyl and butyl esters

Molar percent

GP

Distribution of ME in

Ratio between

Wayofstop T, °C Mo;al\rllraBtlo of methanol in e“;f ’ the EP, the GP, ME in the EP and M
OT M alcohols Wt.% mol,% mol,% in alcohols
CO; 25 5.0:4.7 52.4 5.7 79.5 76.8 15
CO; 25 5.0:4.7 52.4 7.9 79.9 77.3 15
H3PO4 25 5.0:4.7 52.4 12.0 80.9 83.4 1.5
H3PO4 25 5.0:4.7 52.4 10.9 80.8 76.4 1.5
CO; 60 6.0:1.5 73.0 21.0 85.1 85.4 1.2
CO; 60 4.6:1.5 75.6 18.7 92.7 92.8 1.2
CO; 60 3.9:1.1 77.8 20.8 92.4 91.8 1.2
CO; 60 4.6:1.5 75.6 19.6 90.3 88.7 1.2
CO; 60 4.6:1.5 75.6 23.0 92.3 92.4 1.2
H3PO, 60 6.0:2.3 73.0 20.3 86.1 87.8 1.2
H3PO,4 60 6.0:2.3 73.0 21.8 84.8 91.6 1.2
H3PO4 60 4.6:15 75.6 245 89.9 94.8 1.2
H3PO,4 60 39:1.1 77.8 37.9 91.9 97.4 1.2
H3PO,4 60 4.6:1.5 75.6 14.0 87.6 96.6 1.2
H3PO, 60 4.6:15 75.6 23.9 89.3 96.4 1.2
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