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Abstract

:

The first aim of this paper is to study the influence of four parameters of the transesterification reaction—reaction temperature (40–80 °C), time (1–3 h), the molar ratio of 1-octanol to sunflower oil (4:1–10:1) and mass fraction of the catalyst (1–3 wt%)—on the conversion of oil to biodiesel (octyl esters of fatty acids), with potassium hydroxide as a catalyst. The highest conversion, of 99.2%, was obtained at 60 °C, a molar ratio of 1-octanol to sunflower oil of 10:1, and with 2 wt% of the catalyst after an hour. The optimal conditions determined with response surface methodology (RSM) when aiming for the lowest possible parameter values and a conversion of 95% or higher were a temperature of 40 °C, time of 1 h, 1-octanol to oil molar ratio at 8.11:1 and mass fraction of catalyst of 2.01%. Furthermore, post-synthesis and purification (>99%), the application properties of pure fatty acid octyl esters (FAOCE) and their blends with mineral diesel and 1-octanol were evaluated. Standardized tests were conducted to measure the fuel’s density, viscosity, cold filter plugging point (CFPP), and lubricity. The addition of FAOCE in mineral diesel increases its density, viscosity, and lubricity. When added up to 20 vol%, FAOCE did not have an influence on the blend’s CFPP value. Still, all the blend property values fell within the limits required by standard EN 590.
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1. Introduction


Over the past couple of decades, the environmental consequences of the intense continuous use of fossil fuels in the energy sector have come to the forefront. Increased greenhouse gas emissions have caused climate changes, i.e., rise in global temperatures, melting of the polar ice caps, and rise in the sea level, just to name a few. As a result, researchers focused on finding alternative ways to cater to the rising energy demands and mend the current environmental issues by developing renewable, biodegradable, and sustainable biofuels.



Biodiesel as a renewable fuel can be used in diesel engines, both alone and as a part of binary blends with mineral diesel [1,2]. Due to its similar properties, it requires little to no improvement to be used in the engines [3]. Increasing environmental concerns have led to the rise in the use of alternative fuels and their production is being studied more and more, from the use of various natural material sources [4], to observing the properties of the pure and blended final products [5], to producing them through different catalytical routes [6]. Biodiesel, as an alternative fuel obtained by transesterification, consists of long-chain fatty acid alkyl esters (FAAE).



These alternative fuels are derived from renewable feedstock, such as vegetable oils (rapeseed, sunflower, soybeans, coconut, jatropha, palm, used cooking oil) [7], bioalcohols (bioethanol, biobutanol) [7] or waste animal fats (chicken fat, beef tallow, pork lard, poultry fats) [8]. Depending on the prevalence of alcohol use, the most common biodiesels are fatty acid methyl esters (FAME) and fatty acid ethyl esters (FAEE), yielded from methanol and ethanol [9].



In the literature, higher alcohols have been used for biodiesel syntheses such as 1-propanol [10], 2-propanol [11], 1-butanol [12,13], 2-butanol [14], isobutanol [15], 1-pentanol [16], isopentanol [17], 1-hexanol [18], 1-heptanol [18], 1-octanol [18], 1-decanol [18], 1-dodecanol [18], and benzyl alcohol [18], but not studied in detail. Moreover, the use of higher alcohols in alcohol/diesel blends can significantly improve their properties [19]. This refers in particular to the engine performance, as well as its emission and combustion characteristics. Some of the main reasons for the more common application of higher alcohols over methanol or ethanol include their higher calorific value, higher flash point and lower vapor pressure [20], higher cetane number [21], higher flame speed [22], better miscibility [23], improvement of kinematic viscosities [24], as well as a noticeable decrease in corrosion [25]. The alcohol 1-octanol is usually produced by iterative oligomerization via the Ziegler process [26]. On the other hand, renewable feedstocks, such as common vegetable oils and animal fats, do not contain octanoic acid leading the research to alternative ways of production from renewable feedstock. These processes are the reversal of β-oxidation [27], extended 1-butanol pathway [28], rerouting the branch-chain amino acid biosynthesis [29], and other pathways that include different engineered microorganisms, for example, engineered cyanobacteria [30] or bacteria Escherichia coli [31]. However, 1-octanol, as a medium-chain alcohol, is toxic to microbes because it has a negative effect on the cell membrane and enzyme selectivity [32], keeping these pathways in the proof-of-concept stage [33]. There are some studies in the literature that investigated the application of 1-octanol in biodiesel synthesis, where this alcohol reacted with a different feedstock [34]. The research showed how the presence of 1-octanol in binary blends with the obtained biodiesel (Calophyllum Inophyllum methyl ester) influences compression ignition engine characteristics. It was found that the calorific value of the blends decreased due to their oxygen content. In addition, the ignition delay was prolonged while the peaks of in-cylinder pressure and heat release rates generated during the premixed mode of combustion were higher. Blends with higher content of 1-octanol also have lower carbon monoxide and smoke emissions.



Previous studies described various ways of synthesizing fatty acid octyl esters. Triglycerides were converted to fatty acid octyl esters by one-step acid-catalyzed heterogeneous transesterification [35]; two-step processes with two transesterifications by homogeneous base catalysis [36], biocatalysis followed by acid-catalyzed esterification [37], two-step biocatalysis [38] and separation of free fatty acids and subsequent acid-catalyzed esterification [39]; and three-step processes where triglycerides were saponified, converted to free fatty acids and then esterified with N-doped graphene oxide [40]. Few studies focused just on the esterification by biocatalysis [41,42,43] and photocatalysis [44,45] of free fatty acids, i.e., the product of the first step. All of the mentioned studies, except the studies with heterogeneous acid-catalyzed transesterification [35], had two- or three-step processes that included esterification or direct esterification from free fatty acids. On the other hand, sunflower oil was used to perform two acid-catalyzed transesterifications by firstly synthesizing FAEE and then performing transesterification of FAEE with 1-octanol to obtain FAOCE [36]. The multi-step methodologies have many disadvantages. In general, the increase in steps leads to additional costs and lower yield due to the need to obtain free fatty acids from vegetable oils which can result in incomplete conversions and losses during the purification steps. On the other hand, the synthesis requires two transesterifications, two separate purification steps, and more chemicals (more catalyst for the two-step process, additional ethanol), which in turn generates more waste. The transesterification of triglycerides (sunflower and rubber seed oil) was also studied with a heterogeneous acid catalyst in a continuous flow process [35]. The transesterification required a high 1-octanol to oil molar ratio (15:1) and high temperature (170 °C), reaching conversions up to 90.2%. That is why, this work aims to achieve high yields at milder reaction conditions and to describe the influence of process parameters (temperature, time, molar ratio of the reactants, and mass fraction of catalyst) on the transesterification of sunflower oil and 1-octanol in one step via homogeneous base catalysis with KOH as an economical and widely available catalyst. The production of biodiesel from 1-octanol via transesterification using base catalysis has not been investigated comprehensively and the results of this study show that high conversions can be achieved with long-chain alcohols using the investigated parameters. The results may be useful for the meta-analysis and comparison of the influence of parameters with similar research that used different alcohols or triglycerides. The concept of biodiesel production from higher alcohols is attractive because the removal of residual alcohol, such as 1-octanol, after transesterification is not so critical [46]. The complete removal of 1-octanol is not necessary; hence, the costs of biodiesel purification could be reduced.



The density of biodiesel is an important physical property, required for the overall process equipment design because it mainly affects the fuel’s equivalence ratio distribution, as well as its spray momentum [47]. Viscosity represents the flow resistance of the fuel [48]. For example, biodiesel made from sunflower oil can reach values up to 1.55 times higher than those, of mineral diesel [49]. Fuel injection, followed by spray formation through atomization is the main process that depends on the fuel’s viscosity. The higher the viscosity, the lower the spray cone angle, and the higher the spray penetration and droplet size [50]. In terms of the chemical structures, the long saturated straight chain moieties, either of fatty acids, alcohols, or both, may increase biodiesel’s kinematic viscosity [51].



Numerous studies that investigated the effect of blending a particular biodiesel with mineral diesel on the blend lubricity, i.e., palm oil biodiesel [52], Jatropha biodiesel [53], or rapeseed biodiesel [54], found that increasing the biodiesel content resulted in a reduction of friction and wear of the engine sliding parts. Biodiesel itself is characterized by its poor low-temperature properties, i.e., cloud point (CP), cold filter plugging point (CFPP) and pour point (PP). Crystallization occurs at a temperature of CP, fuel begins to plug the engine filter at CFPP, whereas, at PP, fuel does not pour anymore [55]. The reason for these properties can be found in the fatty acid composition. Higher CFPP values belong to highly saturated fatty acids due to the increase in fatty acids’ melting points with their saturation [56]. Therefore, biodiesel’s low-temperature properties can be modified by blending, e.g., mineral diesel in different volume ratios [57].



The first objective of this study was to conduct the experiments according to the design of experiments (DoE) (Box–Behnken design), and to determine, as well as experimentally validate, the optimal conditions using response surface methodology (RSM). The second objective was to purify and blend the synthesized fuel with mineral diesel alone or with 1-octanol as the third component to determine how the application properties (i.e., density, viscosity, cold filter plugging point, and lubricity) would change by increasing the volume fraction of biodiesel added. In addition, the pure components and their blends were measured using a goniometer and differential scanning calorimetry, to obtain surface tension and crystallization values, respectively. The novelty of this study lies within the systematical approach to the synthesis, reaction optimization, and application property analysis of biodiesel obtained from non-conventional, higher alcohol 1-octanol, and their blends with commercial mineral diesel. Considering the potential to improve fuel properties, which different biodiesels have shown based on the literature, our aim was to investigate how fatty acid octyl esters interact with fossil fuel and could their use possibly eliminate the need for additional additives.




2. Materials and Methods


Materials for the reaction of transesterification were 1-octanol (98%, BHB Prolabo), and sunflower oil (Zvijezda plus d.o.o., molar mass of 876.45 g/mol), and they were used as received. Potassium hydroxide (89.5%, Sigma-Aldrich, St. Louis, MO, USA) was used as the catalyst and was previously vacuum dried for 30 min at 100 °C. For purification purposes, ortho-phosphoric acid (85.6%, Lach:Ner) was used. The diesel used in this study for the preparation of binary and ternary blends was without additives and consisted of 80% of aliphatic and 20% of aromatic hydrocarbons. It had low amount of sulfur (7.0 mg/kg), density of 826.3 kg/m3, and cold filter plugging point of −8 °C.



Box–Behnken statistical plan was used for the design of experiments (DoE) that consisted of 29 experiments. The DoE was based on four parameters at three levels with three central points. The levels of the parameters (temperature, time, molar ratio of reactants, mass fraction of catalyst) are given in Table 1.



Biodiesel synthesis was conducted in glass tubes submerged into an oil bath and mixed with a magnetic stirrer. The reactants (sunflower oil and 1-octanol) and catalyst (potassium hydroxide) were weighed separately, with the desired mass of catalyst dissolved in 1-octanol in one tube and the mass of sunflower oil in the other. All weighted tubes were placed into the oil bath and heated until the set temperature was reached. Immediately after reaching the set temperature, the contents were mixed. The transesterification reaction was terminated by dipping the reaction tube into an ice bath. Immediately afterward, a 2 mL sample was taken and frozen for 1H nuclear magnetic resonance (NMR) analysis. 1H NMR analysis was performed on Bruker Avance NEO with a frequency of 300 MHz using a C/H dual 5 mm probe. The samples were dissolved in deuterated chloroform. The spectra were obtained with a 5882 Hz spectral width, 10 s delay and 32 scans at a temperature of 298 K. Chemical shifts were referenced to the signal of tetramethylsilane. The conversion of the transesterification reaction was calculated from 1H NMR spectra by integrating the area below characteristic signals (Supplement Figure S1). Chemical shifts were identified based on the positions and coupling constants of the characteristic protons (HK), as described in Faraguna et al. [18]. The shift of 2.3 ppm belongs to –OCOCH2 functional group, characteristic of the hydrogen proton in the structure of the fatty acid analog, while the one of 4.0 ppm belongs to –OCH2 group. The –OCOCH2 functional group is characteristic of biodiesel as well as the left-over fatty acid analogs from oil, mono- and diglycerides. The –OCH2 group is specific only to biodiesel, i.e., fatty acid octyl esters. The conversion of the transesterification reaction, described by the chemical formula (Figure 1), for each experiment was calculated using Equation (1).


Conversion, % = ((surface area under the signal at 4.0 ppm)/(surface area under the signal at 2.3 ppm)) × 100



(1)







For blending purposes, larger amounts of fatty acid octyl esters were synthesized in a 2 L reactor. Then, synthesized biodiesel was purified from the by-product glycerol and the residual catalyst KOH by washing with aqueous orthophosphoric acid solution at a concentration of 0.2–0.3 wt% and centrifugation. The centrifugation lasted for 20 min at 1950 RCF. To achieve a better biodiesel/1-octanol separation in the upper layer from the bottom layer containing glycerol and KOH, these procedures were repeated four times. The remaining 1-octanol was evaporated in the rotary evaporator, under dynamic vacuum, at 140 °C and 110 rpm. To assess FAOCE’s purity after this procedure, the sample was analyzed by NMR and gas chromatography according to EN 14105 which both confirmed low amounts of monoglycerides (<0.01 wt%), diglycerides (0.11 wt%) and triglycerides (leftover oil, <0.01 wt%).



The kinematic viscosity of blends was determined according to ASTM D 7042 using Anton Paar’s Stabinger viscometer. The density of blends was determined according to EN ISO 12185 using oscillating U-tube. Cold filter plugging point was measured according to EN 116, while the lubricity results were obtained by measuring the wear scar diameters through high-frequency reciprocating test rig (HFRR), in accordance with the EN ISO 12156-1 standardized test method.



The surface tension of pure components and their blends was determined using DataPhysics OCA 20 Instruments goniometer with software operated CCD camera. Measurements were conducted with a 1.06 mm diameter syringe, via Pendant drop method, through continuous dozing volume of 1.00 μL. For each sample, the measurements were repeated ten times to obtain an average value with a corresponding standard deviation.



Differential scanning calorimetry was conducted using Mettler Toledo’s DSC823e. Each sample was weighted to have a mass of 10–15 mg and measured with one cool–heat run with cooling and heating rate of 10 °C/min.




3. Results and Discussion


3.1. Quadratic Model of Transesterification


The influence of each reaction parameter on conversion was determined from the experimental results given in Table 2.



From all the results given in Table 2, an empirical quadratic model was developed:


Conversion = 93.20 + 1.58A + 1.58B + 22.83C + 5.50D + 1.50AB − 7.25AC − 4.50AD − 4.25BC − 2.00BD − 5.00CD − 3.31A2 + 1.19B2 − 18.18C2 − 2.43D2



(2)







In this equation, A represents the temperature (°C), B the time (hours), C the molar ratio of the reactants (mol/mol), and D the mass fraction of catalyst (wt%). The obtained model (Equation (2)) consists of coded parameters that are useful for identifying the relative impact of factors by comparing the factor coefficients.



The previously given model (2) describes experimental results well, with the R2-value being at 0.97. However, the initial model can be further improved by not including values that showed higher deviation from the rest. Specifically, the result from the first experiment is at the very low end of the conversion range.



The following model was obtained by ignoring the conversion value from the first experiment.


Conversion = 93.20 − 0.0250A + 1.58B + 21.22C + 5.50D + 1.50AB − 2.42AC − 4.50AD − 4.25BC − 2.00BD − 5.00CD − 1.70A2 + 0.3875B2 − 16.58C2 − 3.24D2



(3)







Figure 2 shows the statistical analysis of the model (Equation (3)) and the fitted data.



The obtained results show that the model describes the experimental data well, with all of the experimental data being within the expected limits, meaning the model is significant [58].



Analysis of variance (ANOVA) for the quadratic model (Equation (3)) is given in Table 3.



The high F-value of the model of 33.92 implies the model is significant. The R2-value equals 0.97. The value of probability p indicates which terms were proven to be of significance to the model (p < 0.0500). In this case, the molar ratio of the reactants (C) and the mass fraction of the catalyst (D) are significant model terms and will have the highest influence on the reaction conversion.




3.2. Quadratic Model of Transesterification


Figure 3, Figure 4 and Figure 5 represent the response surfaces (3D plots) of the obtained model. It can be seen that for a given temperature and time range, when the molar ratio of the reactants is set to a minimum of 4:1, increasing the mass fraction of the catalyst leads to an increase in the conversion. In addition, the conversion increases gradually within the observed temperature and time range, with that shift being less distinct as the mass fraction of the catalyst increases. The slope of the response surface also changes from a more to a less prominent one when increasing the molar ratio of the reactants from 4:1 to 10:1, while keeping the mass fraction of the catalyst at the minimum value of 1%. The medium value of the molar ratio of the reactants (7:1) also leads to the increase in the reaction conversion with the increase in the mass fraction of the catalyst, but only until the medium value of wcat is reached. Afterward, the slope of the graph surface is reversed, leading to a decrease in reaction conversion with the increase in temperature and reaction time within the investigated limits. However, in this case, this change is not as prominent as with the molar ratio of the reactants reaching its highest value (10:1). Due to the model deficiency in predicting precise results due to the very wide range of the reaction parameters, the predictions around the upper parameters’ values are lower than expected and deviate more from experimentally obtained ones.



To sum up, when observing the slope of the obtained graphs, it is visible that the higher the molar ratio of the reactants, the smaller the slope of the response surface. This indicates that at the higher molar ratios of the reactants, the increase in the reaction conversion with the rise of reaction temperature and time will be smaller, meaning the reaction is not as sensitive to the change in mentioned parameters. The same decrease in the reaction sensitivity is noted with the increase in catalyst mass fraction with the molar ratio of the reactants being held at a constant value.




3.3. Optimization of Biodiesel Production


Numerical optimization of the biodiesel synthesis from sunflower oil and 1-octanol was conducted to find the optimal values of the reaction parameters with the optimization goals given in Table 4.



The optimization goals included the reaction conversion reaching the maximum value (between 95 and 100%), while the reaction temperature, time, molar ratio of the reactants, and mass fraction of the catalyst were set on a minimum value, with a medium significance for each of them. The optimization resulted in following values: T = 40 °C, t = 1 h, A:O = 8.11 and wcat = 2.01. The reaction conversion predicted for the given set of parameters had a value of 100.0%.



To test the accuracy of this prediction, an additional experiment was conducted at optimal conditions previously given in Table 4. The obtained conversion had a value of 99.0%, confirming the obtained optimal conditions and the model (Equation (3)) accuracy of prediction—the prediction was within the acceptable range of 1%. Compared to the heterogeneous acid catalysis completed by Sreeprasanth et al. [35], base catalysis achieved a nearly complete conversion (99.0% compared to 90.2%) at milder reaction conditions (40 °C compared to 170 °C, and A:O of 8.11:1 compared to 15:1) demonstrating that base catalysis is a more advantageous synthesis route.




3.4. Application Properties of FAOCE and Its Blends with Mineral Diesel and 1-Octanol


FAOCE and its binary blends with non-additivated diesel and ternary blends with non-additivated diesel and 1-octanol were assessed for the application properties as fuels. Table S3 (see Supplement) summarizes the obtained application property results, defined in the EN 590 standard. For comparison purposes, the theoretical values were also calculated by additive equation, as follows for density (e.g.,):


ρ(mixture) = φ(diesel) × ρ(diesel) + φ(FAOCE) × ρ(FAOCE) + φ(octanol) × ρ(octanol).



(4)







The blend application property (density, kinematic viscosity, lubricity, or CFPP) value was calculated as a sum of the product of pure components property values and their volume fraction in the blends.



3.4.1. Kinematic Viscosity of Pure Components and Blends


In order to investigate the influence of FAOCE and 1-octanol on the values of kinematic viscosities of blends, theoretical values were also calculated just to follow the deviations from the measured ones, although this property does not comply with the additive equation. As seen in Figure 6, the kinematic viscosity of biodiesel FAOCE (4.613 mm2/s) is in between the values of mineral diesel (2.600 mm2/s) and 1-octanol (5.303 mm2/s), but closer to the kinematic viscosity of the alcohol. In addition, all the measured and calculated values of the blend viscosities fall within the limits required by the norm EN 590.



According to the obtained results, the addition of biodiesel FAOCE to both binary blends with mineral diesel and ternary blends with diesel and 1-octanol increases the blends’ viscosity values. This is due to the long nonpolar hydrocarbon chains of fatty acid and alcohol moieties of FAOCE that strongly interact with the aliphatic chains of mineral diesel, increasing the blend’s viscosity. All the measured blend values are close to or higher (up to 29.4%) than those of the pure mineral diesel, and the highest values belong to the binary blend of 80 vol% diesel and 20 vol% of FAOCE. In general, trinary blends possess the same or slightly lower viscosity values than binary blends. When the volume fraction of 1-octanol increases in, e.g., 90 vol% trinary blends, from 2.5 to 7.5 vol%, their viscosity slightly decreases, which is contrary to the trend of calculated values based on the additive equation. Although all components are considered non-polar, the presence of 1-octanol (a slightly more polar component) shows an antagonistic influence, resulting in lower viscosity.




3.4.2. Density of Pure Components and Blends


When mutually comparing the pure components’ (FAOCE, 1-octanol, and mineral diesel) densities, based on the results presented in Figure 7, FAOCE has the highest density (881.5 kg/m3), mineral diesel the lowest (826.3 kg/m3), whereas the 1-octanol density lies in between (828.4 kg/m3). All the blend density values lie within the limits prescribed by the norm EN 590.



The addition of FAOCE in these binary and ternary blends with mineral diesel and/or 1-octanol resulted in an increase in the blend’s density above the pure mineral diesel density value. Again, due to the attractive intermolecular forces between the long chains of FAOCE, diesel, and 1-octanol, as well as good 1-octanol miscibility with other components [24], overall blend density increases with their volume fractions. The welcomed density similarities between 1-octanol and mineral diesel were also reported by Ashok et al. [34] in terms of the improvement of diesel engine combustion and performance characteristics.




3.4.3. Low-Temperature Properties of Pure Components and Blends


The results for the low-temperature properties, obtained via DSC and through conducting the CFPP measurements according to standard EN 116, are given in Figure 8.



1-octanol showed the lowest onset and peak crystallization temperatures, FAOCE the highest, while these values of mineral diesel were in between. Both binary and trinary blends had onset and peak temperature values close to those of mineral diesel, as seen in Figure 8. In the case of binary blends, compared to mineral diesel, crystallization onset and peak values varied between 2.46 °C and 2.16 °C, respectively. On the other hand, with trinary blends, crystallization onset and peak values differed from mineral diesel up to 3.61 °C and 2.45 °C, respectively.



Cold filter plugging point values of mineral diesel, FAOCE, and 1-octanol are −8, 0, and −17 °C, respectively. Their binary and trinary blends have CFPP values identical or very close to the mineral diesel. Mutually, there is no visible difference in CFPP values of most of these blends (−7 °C), however, there are some exceptions, i.e., blends D80FAOCE20 and D90FAOCE2.5O7.5 having the CFPP of mineral diesel (−8 °C), as well as D92.5FAOCE7.5 with the CFPP of −6 °C. Nevertheless, all the values are within the repeatability of the methods; therefore, these deviations lack any additional significance. Therefore, the addition of FAOCE up to 20 vol% to the blends do not have a negative effect on the blends’ low-temperature properties.




3.4.4. Lubricity and Surface Tension of Pure Components and Blends


Figure 9 represents the results of the lubricity analysis conducted according to the standard EN ISO 12156-1. The results show that the addition of mineral diesel in most cases (except for the blend D80FAOCE20) causes the blend lubricity to decrease, which can be explained by the trend of the values predicted by the additive equation. The addition of 2.5 vol% of FAOCE to the blends reduces the wear scar diameter of mineral diesel to the value that fulfills the standard requirements. Other higher volume fractions of FAOCE further reduce the wear scar diameter, with the minimum value obtained at 15 vol% of FAOCE.



If trinary blends of mineral diesel, FAOCE, and 1-octanol (D80FAOCE10O10 and D90FAOCE5O5) are prepared, the lubricity measurements show that the addition of FAOCE and 1-octanol to mineral diesel results in a decrease in the wear scar diameter up to 47.5% from pure mineral diesel. Both of these values fulfill the requirements set by the standard. The increase in FAOCE from 5 to 10 vol% results in a decrease in the wear scar diameter from 300 to 270 μm.



The results for the surface tension measurements are given in Figure 10. FAOCE has the highest surface tension, and mineral diesel has the lowest, while all the blends have these values in between.






4. Conclusions


Fatty acid octyl esters were synthesized by base-catalyzed transesterification reaction using sunflower oil and 1-octanol, and potassium hydroxide as a catalyst. The model obtained by the software Design Expert is significant. The most influential parameters of the transesterification reaction are the molar ratio of the reactants and the mass fraction of the catalyst. Increasing the reaction time and temperature generally increased the reaction conversion as well, and it is more pronounced when the values of the molar ratio of the reactants and mass fraction of the catalyst were set at low to medium values. At the highest surplus of 1-octanol or the highest amount of catalyst influence of temperature or time of the reaction on the conversion is low to negligible. The obtained optimal results were T = 40 °C, t = 1 h, A:O = 8.11 and wcat = 2.01. The numerical optimization predicted the conversion of 100%, while the additional experiment conducted at those conditions gave a conversion of 99%, which is within the 1% accuracy span.



The density of synthesized FAOCE equals 881.5 kg/m3, viscosity is equal to 4.613 mm2/s, wear scar diameter has a value of 190 μm, while the CFPP value is 0 °C. Measurements showed that FAOCE has a surface tension of 30.52 mN/m.



Mixing of FAOCE with the binary and trinary blends with mineral diesel and 1-octanol results in the fuel whose properties (density, viscosity, lubricity, and CFPP (up to grade C)) comply with the requirements set by the standard EN 590. The differences between densities, viscosities, and CFPP values of non-additivated mineral diesel and obtained blends are minor and are therefore a promising addition to the mineral fuel in terms of similar atomization capabilities. The decrease in FAOCE and the increase in 1-octanol in their blends with mineral diesel generally results in a decrease in blends’ densities and viscosities. All blends have a higher surface tension value than non-additivated mineral diesel. Lubricity is improved by the addition of FAOCE and 1-octanol to non-additivated mineral diesel.



To sum up, since 1-octanol can be blended into diesel at higher concentrations without affecting engine performance, this eliminates the need to remove 1-octanol from biodiesel during the purification step, making the process less complex and more economical. Other application properties such as density, viscosity, and surface tension are within the required limits, which means that the blends will have similar fuel atomization in compression ignition engines.
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Figure 1. Transesterification of sunflower oil with 1-octanol. 
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Figure 2. Comparison of predicted and experimentally determined conversion values (a); distribution of residues, rs depending on the ordinal number of the experiment (b). 
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Figure 3. The 3D plots obtained when the molar ratio of the reactants was the lowest (4:1) and the value of the mass fraction of the catalyst was the lowest (1%, (left)), medium (2%, in the (middle)) and the highest (3%, (right)). 
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Figure 4. The 3D plots obtained when the molar ratio of the reactants was medium (7:1) and the value of the mass fraction of the catalyst was the lowest (1%, (left)), medium (2%, in the (middle)) and the highest (3%, (right)). 






Figure 4. The 3D plots obtained when the molar ratio of the reactants was medium (7:1) and the value of the mass fraction of the catalyst was the lowest (1%, (left)), medium (2%, in the (middle)) and the highest (3%, (right)).
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Figure 5. The 3D plots obtained when the molar ratio of the reactants was the highest (10:1) and the value of the mass fraction of the catalyst was the lowest (1%, (left)), medium (2%, in the (middle)) and the highest (3%, (right)). 
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Figure 6. Comparison of measured and calculated kinematic viscosity values of binary (a) and ternary (b) blends of 80, 85, 90, 92.5, 95, and 97.5 vol% diesel. 
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Figure 7. Comparison of measured and calculated density values of binary (a) and ternary (b) blends of 80, 85, 90, 92.5, 95, and 97.5 vol% diesel. 
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Figure 8. Low-temperature properties (crystallization onset and peak temperatures measured by DSC) and cold filter plugging points of pure components and their binary and ternary blends. 
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Figure 9. Wear scar diameter values of pure components and their binary and trinary blends with mineral diesel. 
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Figure 10. Surface tension values of pure components and their binary (a) and trinary (b) blends with mineral diesel. 
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Table 1. The levels of parameters for biodiesel production.
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	Variable/Range
	−1
	0
	+1





	Temperature (°C)
	40
	60
	80



	Time (h)
	1.00
	2.00
	3.00



	A/O molar ratio (mol/mol)
	4.00
	7.00
	10.00



	Catalyst concentration (wt%)
	1.00
	2.00
	3.00
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Table 2. Calculated conversions of transesterification reaction with corresponding parameter values.
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	No. of the Experiment
	Temperature, T (°C)
	Time,

t (h)
	n (A):n (U),

(mol/mol)
	Catalyst,

wcat. (wt%)
	Conversion (%)





	1
	−1
	0
	−1
	0
	31.6 *



	2
	0
	0
	−1
	1
	64.4



	3
	1
	0
	0
	1
	86.7



	4
	−1
	0
	0
	−1
	79.4



	5
	0
	0
	0
	0
	98.44



	6
	1
	0
	−1
	0
	54.7



	7
	0
	0
	0
	0
	94.6



	8
	0
	−1
	−1
	0
	46.3



	9
	0
	1
	1
	0
	98.2



	10
	0
	0
	−1
	−1
	44.8



	11
	0
	0
	1
	−1
	94.8



	12
	0
	−1
	0
	1
	95.6



	13
	1
	1
	0
	0
	95.0



	14
	0
	1
	0
	−1
	88.4



	15
	−1
	1
	0
	0
	88.4



	16
	1
	−1
	0
	0
	94.6



	17
	1
	0
	0
	−1
	84.9



	18
	0
	−1
	0
	−1
	79.4



	19
	0
	1
	0
	1
	96.6



	20
	0
	0
	1
	1
	94.0



	21
	−1
	0
	0
	1
	98.7



	22
	0
	0
	0
	0
	92.2



	23
	0
	0
	0
	0
	86.8



	24
	0
	−1
	1
	0
	99.2



	25
	−1
	0
	1
	0
	98.8



	26
	−1
	−1
	0
	0
	93.7



	27
	0
	1
	−1
	0
	61.9



	28
	0
	0
	0
	0
	93.9



	29
	1
	0
	1
	0
	93.0







*—The first experiment was not included in the making of the second model.
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Table 3. Part of ANOVA for quadratic model.
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	Source
	Sum of Squares
	Degrees of Freedom
	Mean Squares
	F-Value
	Probability p
	Source
	Sum of Squares





	Model
	6837.25
	14
	488.37
	33.92
	<0.0001
	
	



	A
	0.0063
	1
	0.0063
	0.0004
	0.9837
	
	



	B
	30.08
	1
	30.08
	2.09
	0.1720
	
	



	C
	4505.01
	1
	4505.01
	312.88
	<0.0001
	
	



	D
	363.00
	1
	363.00
	25.21
	0.0002
	
	



	AB
	9.00
	1
	9.00
	0.6251
	0.4434
	
	



	AC
	14.70
	1
	14.70
	1.02
	0.3307
	
	



	AD
	81.00
	1
	81.00
	5.63
	0.0338
	
	



	BC
	72.25
	1
	72.25
	5.02
	0.0432
	
	



	BD
	16.00
	1
	16.00
	1.11
	0.3110
	
	



	CD
	100.00
	1
	100.00
	6.95
	0.0206
	
	



	A2
	16.92
	1
	16.92
	1.17
	0.2981
	
	



	B2
	0.9484
	1
	0.9484
	0.0659
	0.8015
	
	



	C2
	1608.18
	1
	1608.18
	111.69
	<0.0001
	
	



	D2
	66.20
	1
	66.20
	4.60
	0.0515
	
	



	Residual
	187.18
	13
	14.40
	
	
	
	



	Lack of Fit
	120.38
	9
	13.38
	0.8009
	0.6425
	
	



	Pure Error
	66.80
	4
	16.70
	
	
	
	



	Cor Total
	7024.43
	27
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Table 4. The optimization goals and obtained optimal conditions.
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	Parameter
	Goal
	Lower Limit
	Upper Limit
	Importance
	Optimal
	Predicted





	Temperature (°C)
	Min.
	40
	80
	3
	40
	



	Time (h)
	Min.
	1
	3
	3
	1
	



	A/O molar ratio (mol/mol)
	Min.
	4.00
	10.00
	3
	8.11
	



	Mass fraction of the catalyst (wt%)
	Min.
	1.00
	3.00
	3
	2.01
	



	Conversion (%)
	In range
	95.0
	100.0
	5
	
	100.0
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