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Abstract: Due to the environmental impact of using fossil fuels, alternatives for the generation of
biofuels are being studied. An option for this problem is to obtain biodiesel from recycled vegetable
oil. Studies show that basic homogeneous catalysis has advantages such as speed over other types of
catalysis. However, most of these studies are conducted with unused or little-used oils. Therefore,
this study aims to obtain biodiesel from recycled vegetable oil collected from municipal oil collection
centers by transesterification applying NaOH or KOH as catalysts. The used oil was filtered, washed,
and dried to remove impurities. The transesterification reaction catalyzed with NaOH and KOH was
carried out; each catalyst was tested at two concentrations: 0.5% and 1% w/w. All reactions were
carried out at 55 °C, 350 rpm, methanol, and alcohol/oil ratio of 6/1 for 1.5 h. The best yield was
found with the KOH with a concentration of 0.5%. The biodiesel obtained presented the following
properties: density of 0.8807 g/mL, a viscosity of 4.694 mm? /s, an acid number of 0.355 mg KOH/g,
and corrosion 1la, a calorific value of 39,726 ] /g, and a FAME of 93%.
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1. Introduction

Nowadays, fossil fuels and nuclear power provide 90% of the energy used each
year globally [1]. However, according to the British energy company BP, world reserves
in 2020 will be enough to supply 50 years of demand according to consumption and
production patterns; this is an indication that this resource is limited. In addition, studies
have detected that the areas where oil and natural gas are extracted are affected, giving rise
to environmental problems [2].

In recent years, the use of waste has gained importance as an energy source, because
it is renewable and respects the environmental approach [1]. This is how the alternative
of obtaining biodiesel from recycled vegetable oil was born. Using used oil enters a
philosophy of integrating waste into the productive and economic cycle [3]. This type of
waste has a high content of different fatty acids, making it suitable for being treated in a
transesterification process. Due to the massive consumption of oils, it is a residue that is
readily available. This is the case in Ecuador, where annually, 9.45 million gallons of used
vegetable oil are discarded [4]. In addition, another advantage of using used oil as a raw
material is that it provides an alternative to waste that is often disposed of inappropriately
due to the lack of options for use. In fact, it is common for used oil to be disposed of in
drains, rivers, and on the ground, among others, without prior treatment [5].
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Transesterification is an alcoholysis reaction since fat or oil intervenes with short-chain
alcohol to produce esters and glycerol in the presence of a catalyst to accelerate the reaction
rate and improve yield [6,7]. This reaction consists of three consecutive and reversible
stages, transforming triglycerides into diglycerides, monoglycerides, and glycerin [8]. The
process is shown in Figure 1.
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Figure 1. Transesterification reaction.

Generally, this reaction can occur through basic, acidic, and enzymatic catalysis. Acid
catalysis is slower, with a mean time of 4 h for a yield of ~99% [9]. This has the advantage
of being more suitable for glycerol, which possesses free fatty acids and a higher aqueous
content, thus preventing the saponification reaction [10] from occurring. On the other hand,
the use of enzymatic catalysts at room temperature has the drawback of reaction time, with
a mean of 104 h for an efficiency of ~95% [9]. It also presents problems regarding separation
and reuse, making the process very expensive [11]. Ahead of these two catalysts are basic
catalysts, which can achieve a high biodiesel production (~99% yield) in a short time (mean
of 2 h). However, the main disadvantage is that a saponification reaction can occur.

Basic catalysis is less corrosive and can be up to 400 times faster than acid catalysis,
although glycerols and alcohols must be anhydrous to avoid saponification reactions, which
decrease yield [10]. In addition, basic catalysis can be carried out under moderate pressure
and temperature conditions [12]. The alcohols commonly used to produce biodiesel are
ethanol and methanol, with the latter being the most used. This is due to its physicochemical
properties, so it is possible to work with a lower amount of alcohol, lower temperature,
and reaction time, obtaining a higher conversion efficiency [13]. The catalysts that are
commonly used in the homogeneous basic transesterification process are sodium and
potassium methoxide and hydroxide, with the latter being more soluble in methanol,
facilitating the transesterification reaction [14].

Table 1 presents the studies starting from recycled vegetable oil used in cooking. The
most widely used catalyst is KOH. In the case of the concentration, this ranges between 0.5
and 1% w/w; in most cases, the reaction temperature is 60 °C. The yields vary from 79%
t0 99%.
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Table 1. Conditions of the transesterification reaction with vegetable oil used in cooking.

Concentration of Alcohol/Oil Temperature,

Agitation,

Catalyst the Catalyst, % w/w  Molar Ratio  °C Time, h rpm Yield, % Ref
KOH 0.5 6:1 55 2 500 91.79 [7]

NaOH 0.56 1:5 60 1 600 87.00 [12]
KOH 1 6:1 60 2 300 99.00 [14]
NaOH 1 6:1 60 2 300 93.75 [14]
NaOH 1 12:1 60 1.5 300 86.05 [15]
KOH 1 12:1 60 1.5 300 98.40 [15]
KOH 1 6:1 60 2 - 79.43 [16]
KOH 1 6:1 60 1.5 350 96.00 [17]
NaOH 1 12:1 60 2 200 98.00 [18]
KOH 1 12:1 60 2 200 88.00 [18]
NaOH 1 6:1 60 2 200 97.04 [19]
KOH 0.5 1:5 60 3 200 79.10 [20]
KOH 0.5 1.7 60 3 200 85.00 [20]
KOH 1 6:1 60 1.16 200 96.15 [21]

The use of biodiesel has the advantage of reducing CO, emissions by 78% compared
to petroleum diesel. With respect to degradability, it is considered highly degradable, as
it is similar to dextrose [22]. However, regarding mechanical performance, the amount of
oxygen it contains causes greater fuel consumption. Another of the main disadvantages
is the low stability to oxidation stabilization, which causes rapid degradation, with a
maximum storage time of 6 months.

Despite this subject having been widely studied, the biodiesel is generally made with
used oil obtained from a kitchen, which does not represent what can be found in collection
centers. Therefore, this study has the purpose of obtaining biodiesel from recycled vegetable
oil provided by a municipal company in Cuenca, ETAPA EP [23], using two types of basic
catalysts at different concentrations to optimize the transesterification reaction.

2. Materials and Methods
2.1. Pretreatment and Characterization of Recycled Vegetable Oil

The raw material use to obtain biodiesel was recycled vegetable oil, which was col-
lected by ETAPA from different collection points in Cuenca. Then, it was transferred to the
Ucubamba wastewater plant, where it underwent separation treatment by density between
solid material and oil. Finally, it was deposited in a storage tank, from which 6 L were
withdrawn for this investigation. To remove solid residues and moisture from the oil, it
was filtered with Whatman No. 40 filter paper. Then, it was washed with water at 40 °C,
and finally decanted at 110 °C for 4 h.

Once the pretreatment of the recycled vegetable oil had been carried out, the main
physicochemical characteristics were determined: the density by means of the pycnometer
method at 25 °C, based on the standard NTE INEN 35 (2012) [24]. The percentage of fatty
acids and free acidity was determined by dissolving the sample in a 95% (v/v) solution
of diethyl ether and ethanol in a 1:1 ratio with phenolphthalein as an indicator, and its
assessment was performed using a 0.1 N sodium hydroxide solution, based on the standard
NTE INEN 38 (1973) [25]. The humidity was determined by working with 5 g of sample in
an oven at 103 &£ 2 °C. First, the sample is heated for 1 h and cooled; then, the time was
reduced to 30 min in the oven until the difference between the results of two successive
weighing operations did not exceed 0.002 g. This process is based on the standard NTE
INEN 39 (1973) [26]. Finally, the determination of the kinematic viscosity was carried out by
applying the glass capillary viscometer method at 40 °C, according to the standard ASTM
D445 (2021) [27]. To determine FAMEs of recycled vegetable oil and biodiesel, we worked
with the Agilent Technologies 6890 N network CG systems gas chromatograph, with an
injector at 250 °C, Split 40:1, injection volume of one ugL~'. The column was an Aplent
CP7487 (60 m x 250 pm x 2 pm). The oven conditions were: 120 °C (4 min), 5 °C min~" to
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230 °C, 230 °C (10 min). The detector temperature was 275 °C. The N, gas temperature
was 175 °C with a flow of 0.6 mLmin .

2.2. Transesterification Reaction with Base Catalysis

Alkaline methoxide was prepared by mixing methanol with a basic catalyst. Methoxide
was ready for each catalyst, NaOH or KOH, for each concentration: 0.5% and 1% w/w about
the weight of the oil with methanol at 30 °C. For the transesterification reaction, the recycled
vegetable oil was heated to 30 °C, and the alkaline methoxide was added, maintaining an
alcohol/oil ratio of 6/1. The mixture was stirred at 350 rpm at 55 °C for 1.5 h. Each assay
was performed in triplicate, and a blank was made without a catalyst. Once the reaction
was finished, the product was decanted for 1 h, during which the formation of 2 phases was
observed: glycerin and biodiesel. These phases were separated, and the biodiesel obtained
was washed with plenty of water and stirred for 5 min to remove traces of the catalyst,
glycerin, or soap that could be formed during the reaction. Washing was carried out until a
pH of approximately 7 was reached. Subsequently, the biodiesel was separated from the
water and heated in an oven at 110 °C for 4 h. Finally, it was filtered through Whatman
No. 40 paper.

2.3. Biodiesel Characterization

The properties of density, kinematic viscosity, and acidity index of biodiesel were
determined by the standards already mentioned in Section 2.1 for recycled vegetable oil.
To obtain the calorific power, the calorimetric bomb (IKA C200) was used, in which 0.5 g
of sample was worked. In the case of corrosion to copper, this was determined with the
method described in the standard ASTM D130 (2019) [28]. Finally, the biodiesel yield
percentage was obtained from the final volume obtained compared to the volume of used
recycled vegetable oil.

2.4. Statistical Analysis

An experimental design was used that consisted of varying the type of catalyst and the
concentration of the respective catalyst at two levels. Once the normality and homoscedas-
ticity of the data had been verified, an ANOVA analysis was performed to determine if there
were statistically significant differences between yields and the different characteristics at a
significance level of 5%. In cases where the differences were significant, a post hoc analysis
was performed. For these analyses, R and R-Studio were used.

3. Results and Discussion
3.1. Characteristics of Recycled Vegetable Oil

The initial color of the recycled vegetable oil was dark brown, while the odor was sui
generis. Once the pre-treatment of the raw material was carried out, a light brown color
was obtained, but the smell remained.

In Table 2 the physical characteristics of the recycled vegetable oil are shown. The
density of 0.942 4 0.018 gmL ™! of the recycled vegetable oil was higher than that described
in other research [29,30]. This is because the other investigations used unused oil or
domestic used oil, while in this study, used oil from different sources was used, including
domestic oil reused several times and oil used in restaurants, among others. Regarding
the percentage of free fatty acids, a value of 0.311 & 0.003% was obtained. This value is
below the 4% maximum recommended value [31]. Therefore, the sample complies with
and can be subjected to a transesterification process. On the other hand, the free acidity
was higher than that indicated in NTE INEN 34 [32] for blends of edible vegetable oils,
which is an indication that this oil has undergone various frying processes. The value was
less than 0.5%, the maximum recommended value, since higher values generate problems
in transesterification [33]. For kinematic viscosity, a value of 39.870 £ 0.010 mm?s~! was
reported, which is lower than the values reported in other studies [34,35].
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Table 2. Physical characterization of recycled vegetable oil.

Parameter Value

Density, gmL ! 0.942 + 0.018
Free fatty acidas,% 0.311 4 0.003
Free acidity, mgKOHg’1 0.310 4= 0.003
Humidity 0.024 4+ 0.021

2

Kinematic viscosity, mm g1 39.8700 + 0.010

The components were obtained by running a standard sample. The components that
were found in the highest percentages were oleic acid (C18:1), linoleic acid (C18:2), and
palmitic acid, with 30.233%, 26.286%, and 19.152%, respectively, as can be seen in Table 3.
The results registered indicate that these fatty acids are found in greater quantities in edible
vegetable oils, with palm oil, corn, sunflower, soybean, and lard being the most frequently
consumed [36]. Therefore, this real source of oil includes animal fat.

Table 3. Chromatograph results: recycled vegetable oil.

Peak Number  Retention Time, min % Component  Name of Component
1 10.133 0.6650 C14:0 myristic
2 12.110 19.152 C16:0 palmitic
3 12.903 0.8204 Cle6:1 palmitoleico
4 14.657 03.577 C18:0 stearic
5 15.673 30.233 C18:1 oleic
6 17.438 26.286 C18:2 linoleic
7 19.922 02.321 C18:3 linolenic
8 28.954 02.836 C24:0 lignoceric
9 34.972 0.9402 C22:6 docosahexaenoic
Total 86.830

3.2. Characteristics of the Biodiesel Obtained

All the parameters studied in the biodiesel presented normality and homoscedasticity.
According to the ANOVA results, no statistically significant differences were found, p > 0.05,
in the density, calorific power, kinematic viscosity, acidity index, and percentage of FAMEs
of the different biodiesel obtained with the catalysts and concentrations studied. All the
values that obtained in each of the experiments are presented in Table S1. In a synthesized
way, the characteristics of biodiesel are presented in Table 4.

Table 4. Biodiesel physicochemical characteristics: NaOH and KOH with different concentrations.

Calorific Kinematic Free Linolenic

gz;aclzz:;rtl;n lelr]is,l{y’ Power, Viscosity, Acidity, :;AMES’ Acid l?/{leld’
8 MJkg ! mm?s 1 mgKOHg ! ’ (C18:3), % ¢

o X 0.88 39,696.33 4.70 0.20 93.30 2.54 85.96

NaOH, 0.5% STD 0.00 +92.48 +0.06 +0.06 +0.45 +0.03 +2.12
NaOH. 1% X 0.88 39,764.00 4.66 0.37 88.56 2.45 78.18
1 v 0.00 +62.45 +0.08 +0.13 +5.92 +0.12 +0.93

KOH. 0.5% X 0.88 39,726.00 4.69 0.36 93.08 2.54 93.19
e STD 0.00 +364.91 +0.08 +0.09 +0.96 +0.06 +1.67
KOH. 1 X 0.88 39,727.33 4.67 041 94.77 2.62 93.31
e STD 0.00 +15.63 +0.05 +0.06 +0.76 +0.07 +3.02

STD = standard deviation, X = mean.

The standard that governs the quality of biodiesel in Ecuador is the standard NTE
INEN 2482 [37]. Meanwhile, at the international level, biodiesel is governed by the norms
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ASTM D6751 [38] and EN14214 [39]. The average density of biodiesel was obtained as
0.8798 + 0.0011 gmL’l, which is a value similar to that of other researchers [29,30]. The
mean density values are all within the ranges established by the standards.

Biodiesel generally has a lower calorific value than conventional diesel, with val-
ues that vary between 39.6 and 39.9 M]kg_1 [40]. While conventional diesel obtained
with unused oil has a value of 43 MJkg™'. In this study, the mean calorific value was
39.748 + 0.1727 MJkg 1. Other studies using used oil also had lower values, close to the
value in this study [40,41]. The reason for the lower calorific value is that the biodiesel pro-
duced has a lower degree of unsaturation and a lower number of carbons than diesel [42].
This unsaturation increases when the source is used oil.

The decrease in the viscosity value makes it possible to confirm the conversion
of vegetable oil to esters [43]. In this case, a decrease was observed, since the viscos-
ity of the raw material was 39.870 mm?s~!, and the value obtained from biodiesel was
4.682 + 0.0580 mm?s~!. It is stated that the viscosity of the product meets and is within
the ranges established by the regulations.

The acid number in biodiesel measures the free fatty acids and their degradation. In
turn, the average value of this property in biodiesel obtained from recycled cooking oil is
0.345 mgKOHg ! [31]. In this case, a value very close to that reported was obtained, since
the acidity index was 0.350 + 0.120 mgKOHg~!. On the other hand, the standards establish
the maximum value of acidity that biodiesel can have. According to the Ecuadorian
standard NTE INEN 2482 [37] and the European standard EN 14214 [39], the maximum
value of the acid value is 0.5 mgKOHgfl. Meanwhile, the ASTM D6751 [38] standard
allows a maximum value of 0.8 mgKOHg ~!. Taking these limits into account, the acidity
index obtained is below the value established by the different standards.

The method used to determine copper corrosion was based on the ASTM D130 [28]
standard. The result was obtained by comparing the color of each copper strip with the
color scale given by the same standard. In this case, all the samples presented the same
value on the scale. Therefore, it was not analyzed statistically. The results are presented
visually in Figure 2.

‘ﬂb ASTM COPPER STRIP CORROSION STANDARDS ‘H’",
ASTM METHOD D 130/1P 154

AVOD EXCISSVE EXPOMAE 1O UG

Figure 2. (a) Corrosion to copper caused by biodiesel obtained with 0.5% NaOH; (b) corrosion to
copper caused by biodiesel obtained with 1% NaOH; (c) corrosion to copper caused by biodiesel
obtained with 0.5% KOH; (d) corrosion to copper caused by biodiesel obtained with 1% KOH.
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In all of the study cases, the copper sheets presented slight tarnishing. This made
it possible to determine the scale in which they were found, this being in “1a”. For this
property, the NTE INEN 2482 and ASTM D6751 standards establish that the maximum
degree of corrosion is 3 [37,38]. Meanwhile, standard EN 14214 establishes a maximum of
1 [39]. In the first case, the biodiesel obtained is below the limit; however, in the case of
standard EN 14214, it is above the limit [39]. This indicates that the biodiesel obtained is
not corrosive to engines.

For the purposes of analysis, the percentage of linolenic acid is a parameter that
must be considered, and our determinations are presented in Table 5. As indicated by
standard EN 14214 and NTE INEN 2482, the minimum total ester content is 96.5% and the
maximum linolenic acid methyl ester content is 12% [37,39]. When analyzing the average
of 92.53 £ 3.629% of the content of FAMEs present in the samples, a value lower than
that requested was registered. The linolenic acid methyl ester content with an average of
2.535 £ 0.092% complied with the established norms. In the study of biodiesel production
from used cooking oil, an ester content of 94.21% and 96.15% was obtained [21]; these
values are higher than the average obtained in this study. These differences are due to the
operating conditions that were applied in each investigation.

Table 5. Percentage of C18:3 present in biodiesel.

Component Mean Standard Deviation

C18:3 2.535 +0.092

Comparing the two concentrations of NaOH (0.5% and 1%) as a catalyst, it was found
that the concentration of 0.5% gave a higher yield. When using KOH in two concentrations
(0.5% and 1%), there was no statistically significant variation in its performance, since, in
this case, yields of 93.19 = 1.669% and 93.31 £ 3.022% were obtained.

On the other hand, statistically significant differences were found in the performance
between the different types of catalyst and concentration, p (5.42 x 10~°) < 0.00, wherein
the post hoc with Holm adjustment method demonstrated that there were significant
differences between the following yields: (1) KOH and NaOH at 0.5% (p = 0.008) with KOH
was the one with the highest yield. (2) In the case of 0.5% KOH and 1% NaOH (p = 0.00012),
the yields obtained were 85.96 & 2.115% and 78.18% == 0.934 for concentrations of 0.5% and
1% NaOH, respectively. (3) Then, 1% KOH and 0.5% NaOH (p = 0.008). (4) KOH and 1%
NaOH (p = 0.00012). KOH is, in all cases, the one with the highest yield. This is because
KOH presents a higher solubility in methanol than NaOH. The ANOVA results for each of
the properties are shown in Table S2.

The yield obtained when using 1% NaOH as a catalyst is lower than that reported in
similar research, where a yield of 93.75% was achieved [14]. Results with 0.5 NaOH were
also lower than those reported in other studies. However, the results obtained with 1%
KOH were quite similar to those found in similar studies [17]. When using 0.5% KOH, the
yield was 93.19 £ 3.022%, a value higher than the yields reported in research that used
the same catalyst and concentration [7]. This could be because, in this study, oil was used
that was made up of a mixture of several highly saturated sources. In addition, variables
such as temperature, reaction time, agitation, alcohol/oil ratio, and even the type of raw
material can affect biodiesel production yield.

In Figure 3, the process diagram is presented using the catalyst that gave the best
result.
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Filter
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Density: 0.9213 gmL?

l

Catalyst: 0.5% w/w KOH

Glycerin
6.81% Yield

—

Figure 3. Process diagram.

4. Conclusions

The physicochemical properties of the recycled vegetable oil, after pretreatment,
were: density of 0.942 + 0.018 gmL ™!, 0.311 4 0.003% of free fatty acids, acid value of
0.3102 & 0.003 mgKOHg !, humidity of 0.024 + 0.021% and viscosity of
39.870 + 0.010 mm?s~!. In addition, the chromatographic analysis showed that oleic
acid C18:1 accounted for the highest proportion, at 30.233%. This value, and the mo-
lar ratio 6:1 alcohol/oil previously established, allowed us to determine that for every
68.712 g of methanol, 101.1 g of recycled vegetable oil was used. The ANOVA analysis
with a 0.05 level of significance determined that the properties of density, calorific value,
viscosity, acidity index, and composition of methyl esters did not have statistically signif-
icant differences. Meanwhile, the corrosion of copper presented no variability between
catalysts or concentrations. Otherwise, it occurred with the yield percentage in which
a post hoc analysis was carried out, with 0.5% KOH being determined as the catalyst
and optimal concentration. The properties of the biodiesel obtained with KOH at 0.5%
concentration, selected for its higher performance, were: density of 0.881 £ 0.001 gmL~?,
viscosity of 4.694 + 0.077 mm?s~, acidity index 0.355 + 0.086 mgKOHg !, corrosion 1a
and 93.084 4 0.957% of FAMESs, and calorific value 39,726 + 364.91 Jg 1. When analyzing
these properties, in the case of the composition of FAMESs, the requirements of EN 14214 and
NTE INEN 2482 standards were not met. The calorific value for its part is not established in
the standards analyzed. However, the values reported by similar studies were reached. As
for the other properties, they comply with the provisions of the ASTM D6751, NTE INEN
2482, and EN14214 regulations.

These results prove that biodiesel obtained from used oil from various sources can be
converted into good-quality biodiesel, which can be used as a lubricant or as a fuel blended
with diesel or biodiesel of higher calorific value. This strategy encourages the revaluation
of spent oil waste for its successful conversion into energy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/eng4010056/s1, Table S1: Characteristics of the biodiesel obtained;
Table S2: Statistics and ANOVA table of the biodiesel obtained with each catalyst and concentration;
Figure S1: Plot of main effects and interactions for performance; Figure S2: boxplot.
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