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The use of alternative sources to produce less pollutant biofuels and biomaterials, replacing petroleum-derived
products, is becoming an important issue for international organizations, governments, and society. Thus, bio-
diesel and biolubricant production has been increasingly researched, offering promising results. These products
present some advantages such as sustainability or biodegradability, among others. However, some of their
quality parameters can be altered during storage, mainly due to their low oxidative stability. Consequently, auto-
oxidation processes can take place, increasing viscosity or acid number, which can compromise their market-
ability. To avoid these inconveniences, some alternatives have been presented, such as the use of antioxidants,
vegetable oil selection or the promotion of mild chemical conditions during production. The aim of this work was
to assess the use of vacuum during biolubricant production from high-oleic safflower oil through double
transesterification with methanol and 2-ethyl-2-(hydroxymethyl)-1,3-propanediol to obtain mild chemical con-
ditions. Under these circumstances (working pressure at 210 mmHg) and compared to previous studies, tem-
perature and catalyst addition could be reduced from 140 to 100 °C and from 0.5 to 0.3%, respectively,
increasing the reaction yield from 92.9 to 94.69% and improving the quality of the biolubricant, with 30% in-

crease in viscosity index.

1. Introduction

The use of alternatives for petroleum derivatives has gained promi-
nence in the past decades. Indeed, many signs can be noticed about this
fact, such as the successive environmental policies carried out by gov-
ernments and institutions, reflected in the increasing interest and
concern in these subjects by society [1]. In that sense, among other
interesting actions, the implementation of new biofuels and bio-
materials obtained from natural sources (such as vegetable oils, whose
oil can be extracted mechanically, chemically or through other
interesting methods such as ultrasound-assisted oil extraction [2])
could be an interesting way to reduce oil consumption [3]. Specifically,
biodiesel production has been proved as an efficient and cleaner way to
obtain biofuels for their use in Diesel engines [4,5], requiring purifi-
cation stages such as washing or other innovative ones such as dry
washing biodiesel purification through sorbents such as fumed
silica [6]. Biodiesel composition is mainly related to fatty acid methyl
esters, which are usually obtained from vegetable oils, among other
natural sources [7]. Other alternatives, such as waste animal fat,
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could be equally interesting for this purpose [8]. Equally, these
vegetable oils (or their corresponding fatty acids) can be used as alter-
native sources for biolubricant production, through different methods
such as epoxidation or transesterification, among others [9-14]. If
transesterification is used, the concept of biorefinery could play an
important role, as a wide range of bioproducts can be obtained from
different stages. Thus, a biorefinery based on vegetable oils through
double transesterification (see Fig. 1) could produce interesting prod-
ucts such as fatty acid methyl esters (reacting with methanol) with high
conversions (up to 96.5%) and fatty acid esters (reacting with more
complex alcohols) in successive stages. In addition, some by-products
such as methanol (obtained in the second transesterification) can be
re-used in the first transesterification. Other by-products such as
glycerol (1 kg of glycerol is obtained for 10 kg of oil) can be
interesting from many points of view, such as energy or pharma-
ceutical industries, depending on its purity [15]. Therefore, this
biorefinery could be a clear example of sustainability, green chemistry
and circular economy.

Some of the main advantages of these kinds of bioproducts
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Fig. 1. Main steps related to a biorefinery based on vegetable oils to produce biodiesel and biolubricant through double transesterification.

(biodiesel and biolubricant) have already been mentioned above,
concerning clean production. Apart from that, they present higher
biodegradability (which is positive in the case of leakages into natural
environments), imply cleaner processes and have some characteristics
which are better compared to their petroleum equivalents (such as
higher flash and combustion points, implying safety during storage or
shipping), among others. In addition, the possibility of sustainable
economic growth for developing areas is possible, as oil plants can
be grown in extreme climate conditions, being a useful starting
point for the implementation of biorefineries.

However, and apart from other disadvantages such as their
availability, economic feasibility or bad behavior at low tempera-
tures when it comes to cold flow properties [16], one of the main
disadvantages of biodiesel and biolubricants is, in general, their low
oxidative stability, not exceeding 8 h in most cases [17-20]. Depending
on their chemical composition, the oxidative stability might vary, with
double bonds or unsaturations playing an important role, as they act as
starting points for auto-oxidation processes, with the subsequent poly-
merization and quality loss [21]. In that sense, an increase in viscosity
and acid number was found during storage or oxidation processes, both
in the case of biodiesel and biolubricants, which is an undesirable effect
for commercialization [22-24].

Nevertheless, there are different methods to avoid these undesirable
effects, such as the following:

e Use of antioxidants. The selection of both natural and artificial an-
tioxidants seems to be effective in increasing oxidative stability.
Thus, the use of different antioxidants considerably increased this
value at low concentrations (1000-2000 ppm), especially in the case
of TBHQ or BHA [19,25,26].

Raw material selection. As fatty acid composition plays an impor-
tant role in oxidative stability (as the presence of more unstable
compounds such as linolenic acid, with three unsaturations, could
decrease oxidative stability), the selection of different crops can
improve the quality of final products such as biodiesel or bio-
lubricant. This way, the utilization of genetically modified products
could be important, as in previous studies has been reported for high-
oleic safflower oil to produce biodiesel and biolubricant with 2-ethyl-
2-hydroxymethyl-1,3-propanediol [7,27].

e Use of mild reaction conditions. In that sense, low catalyst concen-
trations (if homogeneous) or low reaction temperatures could be an
interesting way to improve the quality of biodiesel and biolubricants,
as oxidative stability is influenced by temperature and the presence
of some elements such as Na or K, which can promote auto-oxidation
processes [28].

Considering the latter, and turning to green chemistry and circular
economy, chemical conditions (apart from the design of the main
components of a biorefinery) are vital to make these processes more
competitive compared to typical fuel processing [28-30]. Thus, the
decrease in temperature or catalyst concentration, apart from
improving some quality parameters in biodiesel and biolubricants, could
be interesting in economic terms, but in these cases the production yield
could be compromised. Depending on the process, some alternatives can
be presented to increase the reaction yield, such as the use of vacuum to
promote the generation of products by shifting the chemical balance if
some of the products are volatile. This way, vacuum could be perfectly
applied to the second transesterification to produce biolubricants, as
methanol is evolved and can be easily removed from the reaction me-
dium by this method. In addition, the use of vacuum does not affect
oxidative stability of biolubricant, which could allow to optimize both
temperature and catalyst addition.

Considering the above, the aim of this work was to assess the effect of
vacuum on biolubricant production from high-oleic safflower oil
through double transesterification with methanol and 2-ethyl-2-
(hydroxymethyl)-1,3-propanediol, assessing both the yield of the reac-
tion and quality parameters of the final product, comparing with pre-
vious works were vacuum did not play an important role.

2. Materials and methods
2.1. Biodiesel production

The raw material for biodiesel production was high-oleic safflower
oil (HSO), which was obtained from the “Agrarian Research Institute
Finca La Orden-Valdesequera”, belonging to CICYTEX (Centro de
Investigaciones Cientificas y Tecnoldgicas de Extremadura). It was a
genetically modified crop (CW-99 OL), with high oleic acid content.
Thus, the seeds were collected in 2020 season and the oil was
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Table 1
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Main chemical conditions for each experiment (for all of them, alcohol/HSBD ratio = 1:1; stirring rate = 400 rpm; reaction time = 120 min).

Experience (effect of) Experiment Temperature, °C Catalyst concentration, % w/w Working pressure, mm Hg

Temperature 1 80 0.3 510
2 100
3 120
4 140

Catalyst concentration 1 80 0.3 510
5 0.5
6 0.7
7 0.9

Working pressure 1 80 0.3 510
8 760
9 360
10 210

mechanically extracted and filtered, showing good properties such as
low free fatty acid content in all cases (below 1%), density (916 kg m?)
and viscosity (46.7 cSt), not requiring additional pre-treatments
and showing similar results compared to other vegetable oils
such as sunflower oil [31]. Afterwards, the oil was stored in 25-L
opaque containers at room temperature for further analysis and
treatments.

Regarding biodiesel production, a transesterification process was
carried out, based on the chemical conditions explained in previous
works [21]. In short, the suitable amount of oil was heated up to
60-65 °C, adding methanol to achieve a methanol/oil ratio of 6/1. Af-
terwards, 1.5% catalyst (sodium methylate, MeONa, Merck KGaA,
Darmstadt, Germany) was added, stirring the reaction medium at 450
rpm. Once the reaction took place (after 150 min), different purification
stages were followed: glycerol removal by using a separating funnel,
washing with ultrapure water, and drying at 110 °C. Finally, the samples
(high-oleic safflower biodiesel or fatty acid methyl esters, HSBD) were
stored in 5-L opaque bottles for further characterization (according to
UNE-EN 14214 standard [32]) and treatment.

2.2. Biolubricant production

For the second transesterification, HSBD obtained in the previous
step reacted with 2-ethyl-2-(hydroxymethyl)-1,3-propanediol (Merck
KGaA, Darmstadt, Germany) to produce high-oleic safflower bio-
lubricant (HSBL) and release methanol.

The facility used for the second transesterification included a Dean
Stark device for the collection of methanol when it was released from the
second transesterification reaction. The chemical conditions were
applied (which will be specified in detail in the corresponding sec-
tions), with the following generic steps, based on previous studies [27]:

e The required amounts of HSBD and 2-ethyl-2-(hydroxymethyl)-1,3-
propanediol were added to the reactor to obtain an alcohol/HSDB
mole ratio of 1:1, heating the reaction medium at a certain temper-
ature. This ratio was selected to avoid surplus alcohol, which would
be difficult to filter once the reaction took place [27,33].

e Afterwards, a certain amount of catalyst (sodium methylate, MeONa,

Merck KGaA, Darmstadt, Germany) was added and the vacuum was

applied at different working pressures, considering this point as the

beginning of the reaction.

In order to check the progress of the reaction, the FAME content of

samples collected at 0, 1, 2, 5, 10, 30, 90 and 120 min was obtained

through gas chromatography, as explained in following sections.

e At the end of the chemical reaction, there was an initial gravity
filtration with filter paper (Dorsan Spain, Barcelona, Spain, 73 g/m?)
and the sample was cooled down at room temperature. Afterwards, a
vacuum filtration with filter paper and using a Buchner funnel was
applied, to remove the crystallized surplus alcohol (as it is in a solid
state at room temperature). This second step was repeated until a
translucent sample (not turbid) was obtained.

e The final product (HSBL) was stored at room temperature in opaque
glass bottles for further analysis and characterization.

In order to assess the yield and effectiveness of biolubricant pro-
duction, three main parameters were varied, like temperature, catalyst
concentration and vacuum (or working pressure).

2.3. The effect of temperature

Different reaction temperatures (80, 100, 120 and 140 °C) were
studied, keeping the rest of parameters constant (FAME/alcohol ratio:
1:1; catalyst concentration: 0.3% w/w; working pressure: 510 mmHg;
reaction time: 120 min; stirring rate: 400 rpm).

2.4. The effect of catalyst concentration

In this case, three concentrations of sodium methylate were selected
(0.3, 0.5, 0.7 and 0.9% w/w). The rest of parameters were kept constant
for these experiments (Temperature: 80 °C; FAME/alcohol ratio: 1:1;
working pressure: 510 mmHg; reaction time: 120 min; stirring rate: 400
rpm).

2.5. The effect of working pressure

Regarding the working pressure, different values were tested (760,
510, 360 and 210 mmHg), keeping the rest of parameters constant
(Temperature: 80 °C; FAME/alcohol ratio: 1:1; catalyst concentration,
0.3%; reaction time: 120 min; stirring rate: 400 rpm).

The main chemical conditions for each experiment are included in
Table 1, as follows:

2.6. Biodiesel and biolubricant characterization

The main characteristics of high-oleic biodiesel and biolubricant
were determined, and a comparison with the UNE-EN 14214 standard
was carried out [34]. As explained in previous articles [35], the
following parameters were assessed:

e Methyl ester content by using gas chromatography [36].

e Moisture, density, viscosity, viscosity index and cold filter plugging
point (CFPP) [37].

e Acid and iodine numbers [38].

e Flash and combustion points [39].

e Oxidative stability through the Rancimat Method [40].

Each determination was done in triplicate, showing the average
value for each parameter and the corresponding standard deviation
when necessary. Conversion (expressed in %) of the process was ob-
tained through the decrease in FAME content during transesterification,
as follows (Equation (1)):



S. Nogales-Delgado et al.

+ MeOH
T=60 °C, MeOH/oil ratio=6:1,
[MeONa] = 1.5 %, t=150 min

T=60 °C, MeOH/oil ratio=6:1,
[MeONa] = 1.5 %, t=150 min
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+ 2-ethyl-2-hydroxymethyl-

1,3-propanediol

¥

Effect of:
T =80, 100, 120, 140 °C
[MeONa] = 0.3,0.5,0.7,0.9 %

Pressure= 760, 510, 360, 210 mmHg

4

HSBD >

HSBL

Characterization:
Density, viscosity, viscosity

index, acid number, flash
and combustion points,
oxidative stability, yield

Fig. 2. Experimental design. HSO = High-oleic safflower oil; HSBD = High-oleic safflower biodiesel; HSBL = High-oleic safflower biolubricant.
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Fig. 3. Fatty acid methyl ester profile of HSBD.

Conversion = (Fy — F)/Fy - 100 (€8]

Where Fg is FAME content in biodiesel and F; is FAME content at a
certain reaction time t (both expressed in %).

To sum up, the main steps carried out in this experience are included
in Fig. 2.

3. Results and discussion

Regarding HSO, it had low acidity (<1%) and high quality (not
showing impurities after filtration), which made it suitable for basic
homogeneous catalysis to produce fatty acid methyl esters (that is, high-
oleic safflower biodiesel, HSBD). Once HSBD was produced, its
composition was obtained, included in Fig. 3:

As observed, the majority FAME was methyl oleate, clearly
exceeding 80%, followed by methyl linoleate, not reaching 10%. This
basic composition is similar to previous studies (whose raw material was
obtained in crops from previous seasons), which suggested that pre-
harvest conditions did not considerably affect FAME composition
[27]. It should be noted that FAME profile in this case is different from
typical safflower biodiesel, as pointed out in the literature, where the
profile seems to be the opposite, with 70-80% methyl linoleate and
around 10% methyl oleate [41-43]. In this case, it should be considered
that the raw material was obtained from a genetically modified crop,

Table 2
Main characteristics of HSBD.
Property Value
FAMEs, % 97.1
Density at 15 °C, kg-m 3 874
Viscosity at 40 °C, cSt. 4.54
Oxidative stability, h 8.3
Acid number, mggon-g 0.24
Flash point, °C 188
Combustion point, °C 202
Water content, % 0.023
Cold filter plugging point, °C -3
Todine number, g I,-(100 g)~* 90.9
Methyl linoleate, % 9.15
100
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Fig. 4. Effect of temperature on HSBL production. Chemical conditions:
[MeONa] = 0.3%; working pressure = 510 mmHg; alcohol/HSBD ratio = 1:1;
stirring rate = 400 rpm; reaction time = 120 min.

and the nature of this oil is completely different, showing different
properties as explained in Table 2.

All the characteristics included in this table complied with UNE-EN
14214 standard, even oxidative stability (which clearly exceeded the
lower limit of the standard, established at 8 h). This is a very important
aspect, as explained in previous studies, since most vegetable oils
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Fig. 5. Effect of catalyst concentration on HSBL production. Chemical condi-
tions: T = 80 °C; working pressure = 510 mmHg; alcohol/HSBD ratio = 1:1;
stirring rate = 400 rpm; reaction time = 120 min.

present low oxidative stabilities, requiring conservative techniques
(such as antioxidant addition, among others) to comply with the stan-
dard [44-46]. In this case, this step is not required, increasing the sus-
tainability of this stage [27]. Consequently, a high-quality product is
obtained, which can be a suitable precursor of the final biolubricant. The
high oxidative stability of this sample, compared to other similar fuels
obtained from safflower is due to the FAME composition. Thus, high
methyl oleate contents, at the expense of methyl linoleate, could in-
crease stability during storage, as it presents one single double bond in
its molecular structure (whereas methyl linoleate presents two double
bonds), which is usually reactive to oxygen to start the initiation stage of
auto-oxidation, generating free radicals that react in propagation and
termination stages. Consequently, polymerization can take place,
compromising the quality of biodiesel during storage (with viscosity
increase, for instance).

Regarding the effect of chemical conditions in HSBL production,
Fig. 4 shows different experiments carried out at increasing tempera-
tures, from 80 to 140 °C. As observed, conversion increased with tem-
perature, especially during the first 30 min, and afterwards the
conversion followed an asymptotic trend, reaching the conversion value
corresponding to the chemical balance, especially at high temperatures
(from 81.4% at 80 °C to 95.9% at 140 °C). Although the conversion
value corresponding to the chemical balance is not completely reached
at 120 min, the trend of the curves suggests that this value increased
with temperature. Therefore, temperature had a positive effect on con-
version and reaction rate. On the other hand, as conversion increased,
the oxidative stability gradually decreased (from 6.85 h at 80 °C to 6.21
h at 140 °C). This behavior can be explained by two factors, as explained
in previous works [35]: first, the higher complexity of the molecular
structure of HSBL can show lower oxidative stabilities; and second, the
use of higher temperatures could contribute to the deterioration of the
final product. According to these opposite effects, an intermediate
temperature value (100 °C) was selected to the final production of HSBL.

Concerning catalyst addition (Fig. 5), it had a clear and positive ef-
fect on reaction rate, with a considerable increase at initial stages,
reaching the chemical balance in all cases, more rapidly as catalyst
concentration increased. Also, the final conversion value was similar
regardless the catalyst concentration used. As expected, catalyst con-
centration affected the initial reaction rate, whereas the final conversion
(when balance was achieved) was similar. Accordingly, the lowest
catalyst concentration was selected for final HSBL production, as it
implied cost savings and lower catalyst amount to be removed at in-
dustrial scale [27].

Regarding the effect of vacuum, different working pressures were

Biomass and Bioenergy 161 (2022) 106456
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Fig. 6. Effect of vacuum (working pressure) on HSBL production. Chemical
conditions: [MeONa] = 0.3%; T = 80 °C; alcohol/HSBD ratio = 1:1; stirring
rate = 400 rpm; reaction time = 120 min.

Table 3
Chemical conditions to produce HSBL.
Alcohol/FAME ratio 1:1
Temperature, °C 100
Catalyst concentration (MeONa), % 0.3
Working pressure, mmHg 210
Stirring rate, rpm 400
Reaction time, min 120
Table 4
Main properties of HSBL.
Property Value
Yield, % 94.69
Density at 15 °C, kg-m 949
Viscosity at 40 °C, ¢St 89.11
Viscosity at 100 °C, cSt 12.2
Viscosity index 131
Oxidative stability, h 6.93
Acid number, mggon-g ! 0.26
Flash point, °C 220
Combustion point, °C 229
Water content, % 0.02

studied in this experience, showing the evolution of conversion in Fig. 6.
In this case, when HSBL is obtained, a by-product is obtained (that is,
methanol), which can be removed from the reaction medium through
vacuum due to its volatility. In light of the results obtained, an increase
in vacuum (that is, at lower working pressures), implied a higher con-
version, with clear differences between 760 mmHg (70.93%) and 210
mmHg (90.84%). Thus, as one of the by-products (methanol) was
removed thanks to vacuum, the chemical balance shifted towards the
generation of products at the expense of reagents, increasing the
chemical conversion. Due to these marked differences, the lowest
working pressure was selected to produce the final biolubricant.

To sum up, the chemical conditions used to produce the final high-
oleic safflower biolubricant (HSBL) according to previous experiences
were the included ones in Table 3:

It should be noted that, for the first and second trans-
esterification, and taking as a reference the initial weight of oil,
yields of 97.8 and 80.1% in weight were obtained for pure biodiesel
and biolubricant (which underwent different purification stages
such as filtration, where some product could not be recovered).
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Fig. 7. Comparison of HSBL obtained with previous and mild (current) chemical conditions. Previous conditions were: T = 140 °C; [MeONa] = 0.5% w/w; P = 400
mmHg. Mild conditions were: T = 100 °C; [MeONa] = 0.3% w/w; P = 210 mmHg. The rest of chemical conditions were common: alcohol/HSBD ratio = 1:1; stirring

rate = 400 rpm; reaction time = 120 min.

Under these circumstances, the main properties of HSBL were shown in
Table 4:

It should be noted that, compared to previous studies and
considering the viscosity values at 40 and 100 °C, this biolubricant
could be similar to a SAE10W30 lubricant, that is, it could be used
as an engine oil [33]. This final product stands out for its high oxidative
stability, around 7 h, which is superior to other similar biolubricants
found in the literature. Thus, some biolubricants obtained with less
complex alcohols (such as 2-ethyl-1-hexanol) had shorter oxidative
stabilities, as in the case of rapeseed (about 6 h), waste cooking or corn
and sunflower biodiesel (about 3 h) [47]. Other esters obtained from
cardoon and 2,2-dimetyl-1,3-propanediol equally offered low oxidative
stability values, hardly exceeding 3 h [48]. On the other hand, other
biolubricants obtained in a similar way had longer oxidative stabilities
around 8 h [49]. In any case, the biolubricant obtained in this study had
a high oxidative stability value, above the average esters obtained
through transesterification [9], not requiring the use of high amounts of
additives to improve this characteristic [50]. Also, its flash and com-
bustion points were high, clearly exceeding 200 °C, which implies safety
during shipping and storage. The yield obtained exceeded 90%, which
proved the suitability of the chemical conditions selected for this
experience. Finally, acid number was below 1 mggon-g ™ *. Consequently,
corrosion risks are reduced. The main use of a biolubricant is related to
its viscosity and viscosity index. In this case, viscosity index was high,
similar to those found for commercial samples, and concerning viscos-
ities at 40 and 100 °C, this biolubricant can be classified as SAE10W30,
as viscosity at 100 °C was within the range of 9.3-12.5 cSt and viscosity
at 40 °C was between 79.5 and 113 ¢St [51]. In that sense and consid-
ering that the viscosity index is near 140 (within the range of similar
biolubricants found in the literature [52]), these products can be
considered a multigrade biolubricant, with diesel and gasoline engine
application in any climate.

Comparing the most decisive properties of HSBL to previous studies,
where the same raw material, alcohol and procedure were followed
under different chemical conditions, some differences were observed (as
shown in Fig. 7). Thus, the previous experience had higher temperature
reaction (140 °C) and catalyst concentration (0.5%), with higher
working pressure (400 mmHg). The use of lower working pressures
(210 mmHg) in this experience allowed to reduce the temperature

100

80

Viscosity, cSt
3

N
o

20

0 ‘
0 20 40 60 80 100 120
Conversion, %

Fig. 8. Influence of conversion on viscosity in final products.

reaction (100 °C) and catalyst addition (0.3%) reaching similar yields.

As inferred from this figure, although mild conditions thanks to the
increase in vacuum (that is, lower working pressures) were used, better
yields were obtained compared to previous conditions included in the
literature [27]. Therefore, a pure biolubricant was obtained, whose
impurities were not considerable and their influence was not significant
in some final properties. In that sense, higher flash and combustion
points were obtained with mild conditions, as it is a characteristic
property which can be altered by small amounts of impurities (such as
methanol or superior alcohols). Equally, the increase in viscosity in the
case of mild conditions could be due to the higher yield obtained, as
conversion and viscosity in the reaction medium are highly connected,
as shown in Fig. 8:

Thus, there was an increase in viscosity with conversion, and this
trend was more marked as the conversion was around 90-100%. This
could be due to the lower amount of impurities (mainly biodiesel) whose
viscosity is much lower. Consequently, the purer the sample was (with
high conversion values), the higher viscosity was found. Additionally,
viscosity index (whose high values are desirable, as it implies lower
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Fig. 9. Main chemical conditions affecting to high HSBL conversions (in blue) and poor HSBL oxidative stability (in red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

changes in viscosity with temperature) increased 30% and oxidative
stability increased above 20 min by using mild conditions, which proved
the high quality of the final biolubricant compared to previous experi-
ences where temperature or catalyst addition were relatively excessive.
This could be due to the use of lower temperatures and catalyst con-
centrations (with trace metals), which can avoid auto-oxidation pro-
cesses as explained in the literature. Thus, during biolubricant
production, these high temperatures can partially deteriorate the final
product up to its cooling to room temperature, and surplus catalysts
remaining after the purification process can trigger auto-oxidation
processes of fatty acid esters during storage due to the presence of
some metals such as sodium or potassium [24,40]. In that sense, there
are offsetting effects, as it can be seen in Fig. 9.

On one hand, as inferred from this figure, temperature and catalyst
addition promoted biolubricant production (by shifting the chemical
balance towards products), but on the other hand they can contribute to
the subsequent degradation step of the final product during storage.
Concerning vacuum, its effect was positive in two ways: first, the
removal of methanol promoted biolubricant generation (shifting the
chemical balance towards products), whereas lower temperatures and
catalyst additions could be used to achieve better yields during the
process, delaying auto-oxidation of the final product during storage and
making the process more sustainable and competitive compared to other
equivalent petrol-based processes.

Finally, a short cost analysis for the production of this biolubricant
was considered for the best reaction conditions. Thus, considering a
biolubricant production of 2300 tonnes per year, and taking into ac-
count the costs of raw materials (including oil, methanol, catalyst and
superior alcohol, implying around 1.5 million euros), workforce, energy
and depreciation periods, the final yearly costs would be around 2
million euros. It should be noted that 75% of the costs depend on the raw
materials, and therefore the use of mild conditions (decreasing catalyst,
for instance) could contribute to a considerable cost reduction.

4. Conclusions
The main findings of this research work were the following:

e HSBD complied with the UNE-EN 14214 standard, which proved the
high quality of the raw material used for biolubricant production. Its
high oxidative stability was especially interesting, mainly due to the
high amount of methyl oleate at the expense of other unstable FAMEs
such as methyl linoleate.

e The best chemical conditions for HSBL production were: Tempera-
ture, 100 °C; alcohol/HSBD ratio, 1:1; sodium methoxide concen-
tration, 0.3%; working pressure, 210 mmHg; reaction time, 120 min;
stirring rate, 400 rpm.

e The final product obtained had a high conversion (94.69%), with
higher oxidative stability (6.93 h), flash and combustion points (220
and 229 °C) and viscosity index (130) compared to previous studies
where higher temperatures and catalyst concentrations were used.
This was due to the use of lower working pressures, which removed
more efficiently methanol, and consequently the reaction shifted
towards HSBL production, allowing lower reaction temperatures and
catalyst concentration and subsequently improving the stability of
biolubricants.

e Under these circumstances and characteristics, HSBL was suitable for
its use in Diesel engines, and vacuum promoted the use of milder
chemical conditions which made the final product more stable and
the process more sustainable.
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