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The fast depletion of conventional fuel supplies has forced the world to find suitable substitutes to overcome the expected energy crisis. Fossil fuels also contribute to global warming because of their harmful emissions. Biofuels are sustainable and environment friendly. Biodiesel can be sourced from both edible and non-edible oils to replace fossil fuels. To avoid a shortage of food supply, it is preferred to produce biodiesel from non-edible oils. In this research, Litchi chinensis seed oil (LSO) is used as a feedstock to synthesize biodiesel employing transesterification using a microwave oven. The catalyst, potassium hydroxide (KOH), used in this research was extracted from potato waste. Sun-dried potato waste was converted into ash. The produced ash is then dissolved in distilled water, leading to a 34% yield of KOH. The transesterification achieves a 92.9% conversion rate under the conditions: 30% microwave power utilization, a catalyst loading of 15% (W/W), a stirring speed of 700 RPM, and a methanol concentration of 70% (V/V) with an 8-min reaction time. Response surface methodology (RSM), in comparison with artificial neural networks (ANNs), has been utilized for the optimization of biodiesel yield, giving efficient results with errors of 0.003% for RSM and 0.005% for ANN. Consequently, the study reports optimized biodiesel yields of 92.9% (experimental), 93.27% (RSM), and 92.40% (ANN). Physicochemical properties such as kinematic viscosity (4.4 mm2/s) at 40°C, density (875 kg/m3) at 15°C, cetane number (53.2), calorific value (38.8 MJ/kg), flash point (175°C), oxidative stability (6.1 h), and cold flow properties were determined with respect to the ASTM and EN standards. The findings reveal that biofuels primarily support Sustainable Development Goals (SDGs) 7 and 13, with the prime focus on “affordable and clean energy” and “climate action,” respectively.
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1 INTRODUCTION
For decades, petroleum has been the backbone of the industrialized society. Heavy dependence on petroleum is undeniable, as it is essential to produce liquid fuels, petrochemicals, road construction materials, packaging, and advanced medical technologies (Cormos et al., 2013; Cheng et al., 2021; Liu et al., 2022a; Kabeyi and Olanrewaju, 2022). Since the start of the industrial revolution in the late 18th and early 19th centuries, energy has been an essential factor in ensuring sustained economic growth and sustaining a rising living standard (Wang et al., 2022). The International Energy Agency (IEA) forecasts that by 2030, the global energy demand will be 50% more than it is today (Amran et al., 2020), with China and India being responsible for about half of the increase. Estimations suggest that the worldwide energy demand linked to transportation is anticipated to increase by over 25% from 2017 to 2040 (Yusoff et al., 2022). Four million barrels of oil leaked into the Gulf of Mexico during transportation that resulted in some harmful ecological and economic effects across the continent (Wang et al., 2023). Air pollution and the greenhouse effect produced by emissions from combustion engines have gained more attention recently. Many scientists agree that climate change is one of the most significant issues that our ecosystem is facing. The global surface temperature has risen by ≈0.2°C per decade over the last 3 decades (Hansen et al., 2006). If the global average temperature rises by 2°C, millions of species may face death, and the lives of multiple humans could be at risk (Li et al., 2023).
Over the past decade, it has become evident that greenhouse gases, especially CO2, pose a significant threat to future generations by contributing to climate change and global warming. From 2020 to 2035, it has been predicted that more than 4 billion MT (metric tons) of CO2 will be discharged into the environment (Yang et al., 2023). In Western countries, the transportation sector constitutes almost 30% of the overall energy consumption, with approximately one-third of this energy usage attributed specifically to light-duty vehicles (LDVs). Emissions released by cars running on fossil fuels have forced the European Union (EU) to propose a ban on the use of fossil-fuel cars starting 2035. Biofuels and e-fuels are possible alternatives to fossil fuels (Liu et al., 2022b). The increased global recognition of energy challenges has strengthened research efforts to explore the potential use of alternative and renewable sources of energy. Biodiesel is biodegradable and carbon-neutral by nature. Biodiesel can be synthesized from a range of sources such as edible oils (Li et al., 2023; Yang et al., 2023), non-edible oils (Moser, 2008; Liu et al., 2022b; Banković-Ilić et al., 2012; Silitonga et al., 2019), animal fats (Wang et al., 2023), waste cooking oil (WCO) (Degfie et al., 2019), and algae (Kan et al., 2023a). Over 60 countries around the world are utilizing biodiesel to cope with their energy challenges (Yusoff et al., 2021). Many countries are promoting the adoption of biodiesel to reduce their dependence on fossil fuels. Among potential candidates, edible oils like palm oil (PO) are promising due to their high oil yield for biodiesel synthesis. However, there is a growing interest in utilizing biodiesel sourced from non-edible crops as a future source for biodiesel production. This shift is aimed at reducing reliance on edible oils and reducing their long-term demands on the human food supply. Non-edible plants like Jatropha curcas (Azad et al., 2015), Moringa (Vijay Kumar et al., 2019), and mahua (Kan et al., 2023b) have acquired significant consideration in this regard. Rahul et al. (2022) produced biodiesel using a microwave oven from non-edible silk-cotton seed oil.
The common advantage of biodiesel is its local origin, which decreases the reliance on imported petroleum. Biodiesel is also biodegradable, has an elevated flash point, and also possesses lubricity. It does not produce SOx and has very low harmful emissions when compared to petroleum diesel. It also releases a reduced amount of carbon dioxide (Pandey et al., 2010). Ilkilic and Behçet (2010) evaluated the decrease of NOx by 19%, CO by 22%, and CO2 by 13% using biodiesel blends as compared with commercial diesel (Zhang et al., 2000; Duan et al., 2007).
Several feedstocks containing edible and non-edible oils are applicable to synthesize biodiesel. Researchers are more focused on using non-edible oils for sourcing biofuels to avoid a shortage of the food supply chain. Litchi chinensis is a significant fruit dispersed over various regions of the world, largely in subtropical areas. It is a common fruit found in southeast Asia. The by-products and waste of Litchi chinensis contain Litchi chinensis husks and seeds. Prior research on the biochemical processes of this fruit has been primarily focused on its pericarp because it carries an abundance of potential antioxidants. These antioxidants have been utilized for their medicinal properties over an extended period (Azad et al., 2015; Vijay Kumar et al., 2019). The seed from Litchi chinensis was examined for its oil production, fatty acids, and tocopherols. The amount of oil extracted from Litchi chinensis seeds with hexane is up to 3.2%. Litchi chinensis seed oil has been characterized by the availability of higher contents of dihydrosterculic acid (46.9%) and oleic acid (29.3%). The production of Litchi chinensis in the world is 2.11 million tons, of which 95% is produced in Asia. The highest producers of Litchi chinensis are China, India, Taiwan, and Vietnam.
Catalysts play a substantial role in boosting and streamlining chemically catalyzed reactions (Rizwanul et al., 2020). They are classified into three primary categories: 1) homogeneous, 2) heterogeneous, and 3) enzyme-based catalysts. Homogeneous catalysts (i.e., NaOH and KOH) are mostly utilized in biodiesel production. They are cost-effective, readily accessible, and capable of yielding a significant amount of biodiesel in a short period (400 times faster than acid catalysts) (Fukuda et al., 2001). KOH is a stronger base than NaOH, as it releases OH−ions readily. It also rapidly dissolves in methanol and glycerin. Due to these reasons, researchers prefer to utilize KOH in the biodiesel synthesis process.
KOH can be extracted from vegetables rich in potassium, for example, spinach, banana stems, and potatoes. The potassium salts are transformed into potassium oxide, which is then converted to KOH. The extracted KOH is much cheaper than the commercially available potassium hydroxide. The literature is not enough on how to utilize potash extracted from biomass resources, as biodiesel production from alkaline-based biodiesel is more common (Efeovbokhan et al., 2016).
Potatoes are one of the most concentrated sources of potassium, surpassing other commonly recognized high-potassium foods like bananas, oranges, and broccoli. They have a diverse array of vitamins and minerals, especially potassium, magnesium, and iron. Across all potato varieties, potassium leads to the highest content among the minerals they offer, and they remain an economical option. In particular, white potatoes come at nearly half the cost of most other vegetables, rendering them a more cost-effective means of obtaining potassium (Beals, 2019). Ahmad et al. (2023) produced biodiesel with extracted KOH from plantain stems using WCO as a feedstock.
The response surface methodology model is an important technique for the optimization of biodiesel yield (Fetimi et al., 2022). The optimal conditions for the transesterification reaction are calculated with the use of RSM (Ofoefule et al., 2019). The RSM employs the central composite design (CCD) to improve process variables such as oil/methanol volume ratio or molar ratio, concentration of the catalyst, time for the reaction to be carried out, and temperature of the reaction for optimal production of biodiesel (Helmi et al., 2021). The fundamental benefit of the RSM is its capacity to decrease experimental observations, which is important to develop statistically significant results (Chung et al., 2022). The RSM is used to optimize the conversion of vegetable oils to biofuels, i.e., sesame oil (Betiku and Adepoju, 2013), Moringa oleifera oil (Amini et al., 2008), rape seed oil (Yuan et al., 2008), and cotton seed oil (Zhang et al., 2010). Milano et al. (2018) applied transesterification to synthesize biodiesel from a blend of WCO and Calophyllum inophyllum oil using a microwave oven. The RSM was implemented to achieve a biodiesel yield of 97.65% in 9.15 min. This methodology includes enhanced biodiesel yields, accelerated chemical reactions, and reduced overall energy consumption.
Machine and deep learning methodologies, along with specific algorithms, have modernized many industrial sectors, especially the optimization of biodiesel production. The capabilities of these algorithms are superior to traditional machine learning methods, resulting in a substantial advancement in their efficiency, adaptability, and overall performance across various applications. These methodologies empower deep neural networks to adapt and improve their operational efficacy, particularly when confronted with shifting data patterns, non-static environments, or unforeseen and evolving variables. This adaptability permits them to continuously optimize and refine their performance over time (Zhang et al., 2020). The integration of these algorithms with optimization techniques presents a successful approach in managing complicated connections among input reaction parameters and desired output parameters, effectively balancing factors like production yield and product quality in complex systems (Wu and Zhao, 2020).
Artificial neural network (ANN) practice has grown in popularity recently due to its computational efficiency (Jalali et al., 2021). ANN is proficient in solving complex and complicated non-linear problems. It is used for nonlinear function calculation, data categorization, and nonparametric regression (Lin et al., 2020). For the production of biodiesel, ANN uses artificial intelligence to optimize esterification and transesterification reactions (Amini et al., 2008; Yuan et al., 2008). Kolakoti (2020) applied the ANN technique to achieve a maximum biodiesel yield of 92.17% and found it to be accurate for predicting the biodiesel yield. ANN is used with RSM to optimize the yield of biodiesel because ANN can handle nonlinear relationships and complex patterns within data, complementing RSM’s ability to model and optimize processes based on experimental data (Maran and Priya, 2015). The ANN and RSM, when employed together, have been demonstrated to be effective methodologies for the process modeling of biofuels, which can save energy, money, and time (Rajendra et al., 2009).
Biodiesel can be synthesized using modern tools that are more efficient in terms of energy. For instance, microwave technology can replace the conventional heating system, which significantly reduces the required power and shortens the reaction duration. Adoption of the microwave system in the transesterification process will accelerate biodiesel synthesis and decrease reaction time. This acceleration is achieved by accelerated heat transfer and improved chemical reactions, resulting in 48% energy savings (Fattah et al., 2014a; Fattah et al., 2014b; Palma et al., 2020).
There is limited literature available on the extraction of potassium hydroxide (KOH) from potato waste. The implications of RSM and ANN for optimizing the biodiesel yield from Litchi chinensis seed oil have not been investigated earlier. In the present study, KOH as a catalyst was extracted from potato waste, and a modified microwave was used as the biodiesel reactor for LSO biodiesel production. The RSM utilizing CCD and ANN methodologies was used to optimize the impact of catalyst (KOH) concentration (wt%), methanol/oil concentration (%V/V), reaction time (minutes), and stirring speed (RPM). The yield of biodiesel was enhanced using former methodologies. The study also includes the validation of the physicochemical properties of the synthesized biodiesel. The outline of this study is as follows: materials and methods are explained in Section 2, while results and discussion are reported in Section 3. The conclusion follows in Section 4.
2 MATERIALS AND METHODS
A microwave oven (DW-295) and stirrer were used in this research; all other chemicals employed were of analytical grade.
2.1 Extraction of the catalyst
2.1.1 Conversion of potato waste to ash
Ten kilograms of potato waste was initially cleaned to eliminate any debris and dust particles, followed by multiple washes with deionized water. Afterward, the cleaned potato waste was placed for sun drying for 72 h, resulting in 2 kg of dried potato waste. The sample (2 kg) was converted to powder by using a grinder. Then, it was subjected to a 2-h burning process in a furnace set at 600°C for the removal of carbonates. The calcination process at 600°C indeed induces the breakdown of organic compounds present in the potato waste powder. During calcination, the high temperature causes the elimination of organic compounds such as cellulose, starch, sugars, and carbon-based compounds present in the potatoes. It leads to the potential release of volatile elements like water vapor and carbon dioxide. The ash was found to be 16% (calculated by Eq. 1). The catalyst extraction methodology from potato waste is shown in Figure 1.
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[image: Figure 1]FIGURE 1 | Flow diagram for the extraction of KOH from potato waste.
2.1.2 KOH extraction from potato waste ash
KOH is produced by hydrating K2O from ash sample. A 20 g portion of the prepared ash was measured and dissolved in distilled water (10 mL/g) in a 500 mL beaker. The prepared solution was put on a hot plate, and it was continuously stirred for a duration of 2 h at 60°C. Then, the solution was filtered and dried by heating. The recovered KOH was 34% calculated by Eq. 2.
[image: image]
2.2 Pretreatment of Litchi chinensis seed oil
The acid value of Litchi chinensis seed oil was calculated by Eq. 3. The free fatty acid (FFA) value was then calculated as [acid value (AV)]/2 (Lin et al., 2020; Tran-et al., 2020; Laskar et al., 2022).
[image: image]
where N denotes the normality of KOH, W indicates the weight of utilized LSO, and V is the combined volume of potassium hydroxide and distilled water.
If the FFA composition of Litchi chinensis seed oil is higher than 2%, then the feedstock has to be improved with H2SO4 through a process called esterification. The esterification is done by using H2SO4 and methanol at 1.5% and 70% volume of oil, respectively. The stirring speed (600 RPM) and temperature (60°C) were maintained for 2 h (Ighose et al., 2017; Milano et al., 2018; Ishola et al., 2019). Once the esterification is done, then transesterification is carried out.
2.3 Experimental setup for the production of biodiesel
The experimental setup in the schematic form is displayed in Figure 2. The experimental setup for biodiesel synthesis consists of a round bottom flask that is placed in the microwave oven and having an extended neck with three openings. In one opening, a glass condenser is attached, the central opening carries the glass stirrer, and the third opening is used to monitor the temperature and for charging the raw material. A 500 mL separating funnel is utilized to separate the layers. The characterization of biodiesel was done by using GCMS and that of the catalyst by using Fourier transform infrared spectroscopy (FTIR). Table 1 illustrates the specifications of the microwave oven used in this study.
[image: Figure 2]FIGURE 2 | Schematic of the experimental setup to produce biodiesel.
TABLE 1 | Specifications of the microwave oven.
[image: Table 1]2.4 Biodiesel production from Litchi chinensis seed oil
LSO was used to synthesize biodiesel via a microwave-assisted transesterification process. Catalyst concentration, methanol concentration, time, and stirrer speed are the four important operating parameters that influence the biodiesel yield. The power of the microwave oven (30%) and time for the reaction are adjusted in such a way that the temperature is maintained at 64°C. After transesterification is completed, the solution was kept for 8 h to separate glycerin from the sourced biodiesel.
Glycerin was collected from the separating funnel. The resulting biodiesel was washed up using hot distilled water to eliminate any suspended glycerin particles and soap. After washing, biodiesel was collected in a separate beaker, and water contents were eliminated by heating at 100°C for half an hour. The ranges of operating parameters are given in Table 2.
TABLE 2 | Ranges of operating variables.
[image: Table 2]2.4.1 Yield optimization of biodiesel
Operating variables were optimized using Design Expert 13.0 to obtain the maximum possible biodiesel yield. Four independent parameters for optimization include catalyst concentration (wt%), methanol concentration (vol%), time for reaction (minutes), and the speed of stirring (RPM). To verify RSM output, an ANN was used. In Figure 3, the microwave-assisted transesterification reaction is illustrated.
[image: Figure 3]FIGURE 3 | Microwave-assisted transesterification reaction using extracted KOH.
2.4.2 ANN method
ANN is analogous to that of neuronal networks within the human brain. It is used to verify RSM yields and predict the optimum yield. Synaptic weights are typically used to link neurons in ANN. The optimal response is achieved by training neurons according to their given function (for example, tansig or purelin). Neurons have the capacity to store information.
The feedforward backpropagation ANN was configured with the trainlm training algorithm, the learngdm adaptation learning function, and the mean square error performance function. The standard ANN architecture consists of seven neurons distributed across three input layers, three hidden layers, and the last output layer. Transfer functions like logsig, tansig, and purelin are implemented on these levels. The biodiesel yield is the output of 17 iterations of independent variables of this model. The MATLAB R2019a (The MathWorks, Inc., Natick, USA) had been utilized to create the ANN.
2.4.3 Statistical data analysis
The implementation of the RSM and ANN is presented by the coefficient of determination (denoted by R2), mean square error (denoted by MSE), root mean square error (denoted by RMSE), and finally, standard error of prediction (denoted by SEP). These terms are calculated, respectively, by Eq. 4, Eq. 5, Eq. 6, and Eq. 7 (Kolakoti, 2020; Maran and Priya, 2015).
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where n corresponds to the number of points, ye represents the actual value, yp represents the predicted value, and yavg represents the average of the actual values.
2.5 FTIR of KOH
FTIR of KOH was performed with the help of a PerkinElmer Spectrum One with wavenumbers ranging from 500 to 4,000 cm−1. In FTIR, infrared light passes through a sample. The light absorbed by the sample is evaluated as a function of the frequency of light. This provides information about the vibrational modes of the molecules in the sample and can be used to identify the functional groups.
2.6 GCMS analysis of biodiesel
The GCMS evaluation of biodiesel sourced from LSO was performed by operating the Shimadzu GCMS-QP2010. For the analysis, a Shimadzu Model QP2010 equipped with a capillary column (30 m length × 0.25 mm OD × 0.25 µm film thickness) was utilized, with helium as the carrier gas. The flow rate was maintained at 1.5 mL/min. The volume of the injected sample was 1 µL. The oven temperature was set at 60°C, maintained for 2 min, then increased from 60°C to 200°C at the rate of 10°C/min, and finally increased from 200°C to 240°C at the rate of 5°C/min, where it was kept for 7 min. The post-run was done at 255°C and maintained there for 0.5 min.
2.7 Characterization techniques for biodiesel
The physicochemical properties of the synthesized biodiesel have been evaluated using the following techniques and methods as mentioned in Table 3.
TABLE 3 | Characterization techniques for physicochemical properties of biodiesel.
[image: Table 3]3 RESULTS AND DISCUSSION
This section includes the analysis of extracted KOH using FTIR. Additionally, optimization studies are conducted utilizing both RSM and ANN techniques. The precision and suitability of both models are analyzed based on statistical data. The properties of the biodiesel derived from Litchi chinensis seed oil are evaluated, and finally, the composition of the resulting biodiesel is discussed. Furthermore, the energy consumption by regular transesterification with that by using a microwave oven is compared.
3.1 FTIR of pure and extracted KOH
The wavenumber deployed is in the range of 500–4,000 cm−1. The FTIR analyses (see Figure 4) of pure KOH and that of extracted KOH are represented as blue and orange patterns, respectively. Peaks at 3,591 cm−1 and 1,405 cm−1 represent the molecular transmittance of pure KOH for OH strengthening in the hydroxyl group. Peaks at 1,733 cm−1 and 1,583 cm−1 detect H2O absorption in pure KOH, while those at 886 cm−1 identify the bond between KO in pure KOH. Other peaks that are present in the FTIR spectrum of KOH include those corresponding to bending vibrations of the O-H bond and vibrations of the K-O-H bond. The slight deviation between the pure KOH and extracted KOH patterns (Figure 4) is due to the presence of other impurities.
[image: Figure 4]FIGURE 4 | FTIR of pure and extracted KOH.
3.2 Litchi chinensis seed oil pretreatment
The FFA composition of the Litchi chinensis seed oil was calculated, and it was noted that the FFA composition was 2.5%, i.e., higher than 2%, so the oil was pretreated to reduce its FFA. The FFA was decreased to 0.5049 mg KOH/g. It is observed that the FFA proportion of the LSO after esterification had been lowered to less than 2%, implying that now the oil can be utilized for transesterification for biodiesel production.
3.3 Biodiesel yield optimization using RSM
Since the biodiesel output is dependent on the operating parameters, RSM creates an interaction between the parameters to find the best possible arrangement for biodiesel production. Consider four reactant inputs: the methanol concentration (A), the concentration of the catalyst (B), the time for the reaction to be carried out (C), and the stirring speed (D). For 29 different tests, Litchi chinensis seed oil was used to produce biodiesel.
[image: image]
The predictions are made considering the outcomes for the provided levels of each factor by using Eq. 8 in the coded factors. +1 and −1 have been termed as the high and low levels of the factors, respectively. The comparison of the factor coefficients for detecting the relative effect of the factors shows that the coded equation is feasible. The matrix for experimentation, established by the Design-Expert software that involves CCD arrangement, and the results are listed in Table 4.
TABLE 4 | Experimental design to optimize biodiesel yield derived from LSO.
[image: Table 4]3.3.1 Validity of the RSM model
ANOVA is a useful statistical tool for validating yields as represented in Table 5. The model is significant as the model's F-value comes out as equal to 125.47. The p-value (0.0001) indicates that there is a chance of 0.01% that the F-value that is this much larger comes out because of noise. The “Prob > F” outcomes smaller than 0.0500 indicate that this model is considered significant. For the current state, A, B, C, D, AB, AC, AD, and BC (terms) are considered significant.
TABLE 5 | Results of ANOVA based on CCD.
[image: Table 5]p-values higher than 0.1000 reveal that the model terms are not considered significant. The “lack of fit” F-value of 2.15 shows the non-significance of the lack of fit as compared to the pure error. A possibility of 24.04% occurs because this large a value of the “lack of fit” is due to noise. So, the non-significance of the “lack of fit” is better, and the model is fit. Figure 5 refers to the actual versus predicted yield in percentage.
[image: Figure 5]FIGURE 5 | Actual yield versus predicted yield for LSO biodiesel.
The “Pred R2” of 0.9707 is in practical arrangement with the “Adj R2” value of 0.9780, which indicates that the difference is smaller than 0.2. The signal-to-noise ratio was calculated using “Adeq Precision.” The signal-to-noise ratio of 52.725 specifies a satisfactory signal, as it is appropriate above 4. The design space can be navigated by this model.
3.3.2 Effect of operating variables on the biodiesel yield
This section describes the impact of operating variables such as methanol/oil concentration, amount of catalyst utilized, reaction speed, and time for the reaction as shown in Figure 6. Figure 6A exhibits the combined impact of the methanol/oil volumetric ratio and catalyst content on the yield of biodiesel; the other two operating parameters—time for reaction and reaction speed—have been kept constant at 6.5 min and 600 RPM, respectively. It can be noted from Figure 6A that the yield increases with increasing methanol/oil concentration and decreases with increase in the quantity of the catalyst. Increasing the content of methanol would shift the reaction equilibrium in favor of biodiesel production (Encinar et al., 2012). The achievement of the transesterification reaction is hindered when methanol content is low. Whereas an extra content of methanol leads to elevated costs associated with the recovery of methanol. Furthermore, at higher methanol levels, the separation of glycerol from biodiesel becomes more confronting. However, elevating methanol levels beyond the optimal limits resulted in decreased concentrations of reactants and catalysts (Zhang et al., 2018), and the retrieval of the solvent proved to be challenging when employing higher alcohol-to-oil ratios (Sahabdheen and Arivarasu, 2020). A high catalyst concentration can cause over-esterification, where excessive amounts of the catalyst cause the creation of by-products and lower the overall reaction yield. Increasing the catalyst concentration after a specified limit may increase viscosity of the sourced biodiesel because of emulsification (Patil and Deng, 2009).
[image: Figure 6]FIGURE 6 | RSM graphs demonstrating the relationships and effects of operating variables: (A) catalyst concentration and methanol concentration, (B) reaction period and methanol concentration, (C) speed of stirring and methanol concentration, (D) reaction period and catalyst concentration, (E) speed of stirring and catalyst concentration, and (F) speed of stirring and reaction time on LSO biodiesel yield.
The results of varying the methanol concentration and reaction time are displayed in Figure 6B. The other two operation parameters, that is, the catalyst concentration of 12.5 Wt% and the speed of 600 RPM, are kept constant. The yield is increased by increasing both dependent variables. The increased reaction yield is due to longer reaction times enabling complete conversion of reactants to products, and a higher methanol content provides more reactants to react. The lowest biodiesel efficiency was achieved initially, possibly resulting from factors like an inadequate supply of oil for the transesterification reaction and inadequate contact time between the reactants (Gupta et al., 2020). Nevertheless, prolonging the reaction time beyond the optimal duration brings down the biodiesel yield, as it prompts a reversal of the reaction and the formation of soap. Hence, an excessive reaction time acts as a limiting factor for biodiesel yield and has an adverse effect on the biodiesel manufacturing process (Tamjidi et al., 2021).
Figure 6C illustrates the variation of two dependent variables—the methanol-to-oil ratio and stirring speeds—while the other two operating parameters—reaction time (6.5 min) and catalyst concentration (12.5 Wt%)—are kept constant. The yield significantly increases with increasing methanol/oil concentration and stirring speed. After reaching the optimal value of stirring speed, the yield starts decreasing. Improved mixing and mass transfer resulting from increased stirring speed contribute to better reaction kinetics and a greater yield. Conversely, the methyl ester yield declines beyond the optimal mixing speed value as the reaction reverses its nature once the reactants are depleted and products are produced, exerting control over the reaction (Elkelawy et al., 2019).
When the methanol/oil concentration is kept constant at 55 vol% and the stirring speed is set to 600 RPM, as depicted in Figures 6A, D, an increase in the catalyst concentration and reaction time leads to an increase in the yield. The yield of the reaction is significantly impacted by the reaction time. However, reactant depletion, saturation, and kinetic changes can all occur as reaction time increases, lowering the yield beyond the optimal value.
Figure 6E illustrates the increase in yield as the catalyst concentration and speed of stirring are increased, while the methanol concentration and reaction duration remain constant. The increased reactant levels and improved mixing, which result in an increase in reaction kinetics, are the causes of this increment in yield.
Increasing the time of reaction and speed of stirring leads to an escalation in the yield, as shown in Figure 6F, when the catalyst content of 12.5 Wt% and the methanol-to-oil volumetric concentration (%V/V) of 55% are kept constant. The higher yields are produced when reactions last longer because more reactants are transformed into products. The development of by-products and a lower yield, however, might occur when the reaction time is too long for the optimal value (Tamjidi et al., 2021).
3.4 Yield optimization using the ANN model
The ANN was also used to predict the results with the complete integration proposed by RSM. Three layers of neurons have been used in a feedforward backpropagation algorithm in this ANN technique. Input, hidden, and output layers are tansig, tansig, and purelin with 3, 10, and 1 neurons, respectively. When the MSE approaches 0.04761, the maximum yield obtained at this point is 92.4048%.
3.4.1 ANN training
The feedforward ANN model has been employed for training in using the data given in Table 4. Weight values and bias were updated using the “trainlm” function. The epochs were made up to 1,000, and the performance parameter mean square error (MSE) was used.
The central hidden layer neurons have been changed until the MSE gets reduced to 0.04761. Then, the trained ANN was used to determine the yield % for optimized parameter combinations as proposed by RSM.
3.4.2 Artificial neural network simulation
Conclusively, the trained network forecasts the outcomes (i.e., % biodiesel yields). Figure 7 evidently expresses the results of the yield by both ANN and practical experimentation. Both are almost the same, making sure that the RSM was efficient.
[image: Figure 7]FIGURE 7 | Regression analysis of the ANN model.
3.5 Statistical data analysis
The RSM and ANN performances have been shown in Table 6 using statistical data analysis. The coefficient of determination, i.e., R2, for both RSM and ANN models approaches 1, which indicates that the models are fit. The calculated MSE and RMSE values were greater for the RSM (0.10, 0.31) than were for the ANN (0.05, 0.21), respectively. The standard error of prediction for the RSM and ANN is 0.36 and 0.25, respectively. Considering the results of the statistical assessment, it has been determined that the ANN has more appropriate results than the RSM regarding prediction and accuracy. The significantly higher R2 value of 0.9969 and the notably lower RMSE value of 0.21 observed in the ANN model, as opposed to the RSM model with an R2 of 0.9951 and RMSE of 0.31, signify a stronger fit for the ANN than for the RSM model.
TABLE 6 | Statistical data analysis.
[image: Table 6]3.6 Characterization of biodiesel
The physicochemical properties of LSO B100 (100% biodiesel) were evaluated, and their results were compared with another biodiesel (sourced from WCO) and diesel. The D6751 and EN 14214 standards have been used to validate the physicochemical properties in the acceptable ranges. The characterization of biodiesel also includes the measurement of the properties that include kinematic viscosity at 40°C, density at 15°C, cetane number, calorific value, flash point, oxidative stability, and the cold flow properties, i.e., cold filter plugging point (CFPP), cloud point (CP), and pour point (PP), as shown in Table 7. It was observed that these values are within the suggested standard ranges. Thus, the produced biodiesel can replace petroleum diesel.
TABLE 7 | Physicochemical properties of biodiesel produced from Litchi chinensis seed oil.
[image: Table 7]The optimized LSO B100 has a kinematic viscosity of 4.4 mm2/s, which is lower than that of the biodiesel produced from the WCO but higher than that of diesel, and the density (875 kg/m3) at 15 °C is higher than that for both WCO biodiesel and diesel but satisfies the ASTM and EN standards. So, the LSO B100 has promising lubricating characteristics. The LSO B100 has an acid value of 0.25 mg KOH/g, which is within the range of the acceptable limit.
The LSO B100 has a calorific value of 38.80 MJ/kg, which is less than that for diesel, which has 45.36 MJ/kg. The flash point of the LSO B100 is 175°C, and it is quite higher than that for diesel and WCO biodiesel but satisfies the ASTM and EN standards. The higher flash point for LSO B100 reduces the safety risks as the biodiesel gets exposed to an ignition source. The pour point, cloud point, and cold filter plugging point for LSO B100 are 0.3, 6.59, and −2.34°C, respectively, which indicates that the LSO B100 is fit for utilization in cold environmental areas. The oxidative stability of LSO B100 is 6.1 h at 110°C, which is higher than that for WCO biodiesel. The cetane no. of LSO B100 (53.2) satisfies the limits of both the standards.
3.7 Composition of biodiesel sourced from Litchi chinensis seed oil
The composition shows that the presence of unsaturated fatty acids is higher (73.72%) than that of saturated fatty acids (26.28%), which implies that the produced biodiesel will have good cold flow properties. Table 8 shows the percentage (area %) contents of long-chain elements.
TABLE 8 | Fatty acid composition of Litchi chinensis seed oil biodiesel.
[image: Table 8]The major content of the biodiesel is covered by oleic acid methyl ester (40.24%), followed by octadecanoic acid (stearic acid methyl ester, 33.44%). The larger quantity of unsaturated fatty acids shows that the Litchi chinensis seed oil biodiesel (B100) has good cold flow properties.
3.8 Comparison of energy consumption by microwave-assisted reaction and conventional reaction
The energy intake of the Dawlance DW-295 microwave-assisted reactor was noted for 100 mL of the LSO mixture, with 2 min of preheating, and with 6, 7, and 10 min of reaction time. The energy consumed by the microwave was 100, 111, and 150 kJ for the reaction times of 6, 7, and 10 min, respectively. The 260-W reactor required 60 min to preheat the 100 mL of mixture to 65°C; moreover, the reaction was complete in 20 min. So, the conventional reactor consumes 1,248 kJ of energy.
Because it has been observed that the time required for preheating in the case of the conventional process is substantially longer than that required for the microwave-assisted one, the power consumption is also higher in the case of the conventional method for biodiesel production. Therefore, it can be assumed that the microwave-assisted reaction for biodiesel synthesis is far better than the conventional method.
4 CONCLUSION
The microwave-assisted, extracted KOH–catalyzed transesterification reaction was implemented to produce biodiesel from Litchi chinensis seed oil. KOH, as a catalyst, was extracted from potato waste. The LSO has an FFA content of 2.5%, which was reduced to 0.504 mg KOH/g after microwave-assisted transesterification. The yield optimization was carried out using two methods—RSM and ANN. The maximum yields of biodiesel (B100) were predicted to be 93.27% with the RSM and 92.40% with the ANN, using the operating parameters of catalyst loading of 15% (W/W), a methanol concentration of 70% (%V/V), a stirring speed of 700 RPM, and a reaction speed of 8 min. The practical biodiesel yield obtained was 92.90%. It has been observed that the characterization of LSO B100 biodiesel satisfies the fuel requirements specified in the standards—ASTM D6751 and EN 14214. The GCMS analysis demonstrated the free fatty acid composition of LSO biodiesel (B100). The RSM and ANN were both identified as smarter tools with no broader iterations for solving differential equations. The results of both—RSM and ANN—are close to practical results, with inaccuracies of 0.003% and 0.005%, respectively. The developed models in this study are validated and can estimate the yield of biodiesel. The application of a microwave speeds up the transesterification process, which considerably decreases the time for completion of the reaction to 8 min when compared to the conventional method, which has an approximate reaction time of 80 min. The Litchi chinensis seed oil B100 biodiesel synthesized through microwave-assisted transesterification offers a more viable edge regarding time and consumption of energy.
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3 Octadecadienoic acid, methyl ester (linoleic acid) Ccls:2 20243 3344
4 Octadecenoic acid (oleic acid) Cis:1 20357 4024
5 Octadecanoic acid (stearic acid methyl ester) C18:0 20.708 319
6 Eicosanoic acid, methyl ester (arachidic acid) €200 23723 070

Saturated (%), = 26.28

Unsaturated (%) = 73.72

Total (%) = 100
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Properties Waste cooking oil biodiesel Diesel LSO B100

Milano et al. (2018) Mujtaba et al. (Author's)
(2020)
Density at 15°C kg/m® 862.1 8394 875 870-900 860-900
Kinematic viscosity mm?/s 501 287 44 1.9-6 35-5
at 40°C
Cetane no. 61 48.50 532 >47 >51
Acid value mg KOH/ 013 015 025 <050 050
g
Calorific value My/kg 38.76 4567 388 — —
Flash point c 154 78.50 175 >130 >120
Oxidative stability h 461 1320 6.1 3h 6h
Cloud point c 2 2 659 3012 -
Pour point ‘c 2 2 03 -1510 16 -
Cold filter plugging ‘c 7 0 -2.34 19 (max) s
point
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B: Methanol/ C: Catalyst D: Reaction time, E: Stirring F: Actual G: Predicted

oil, vol% concentration, Wt.% minutes speed, RPM yield% yield%
1 40 10 5 700 88.85 88.85
2 55 125 65 400 85 8494
3 40 15 5 700 848 8489
4 40 10 [ 8 700 [ 889 | 88.98
5 25 125 65 600 854 8522
6 40 15 8 700 [ 91.89 91.96
7 55 125 35 600 85 8452
8 85 125 [ 65 600 [ 903 89.96
9 55 125 65 600 87 87.59
10 55 T 125 65 600 1 87.29 ' 87.59
1 55 125 65 600 [ 877 87.59
12 40 10 8 500 | 85 84.69
13 70 15 5 500 [ 862 86.26
14 55 175 65 600 [ 8877 8822
15 40 ‘ 15 8 500 [ 87 ‘ 872
16 55 75 [ 65 600 [ 86.55 [ 86.97
17 55 125 95 600 912 90.66
18 55 125 65 600 87 87.59
19 70 10 [ 8 700 [ 87.77 87.59
20 70 15 | 5 700 87 8727
21 55 125 65 600 | §7.1 87.59
2 70 10 5 700 886 88.53
23 70 15 8 500 923 9226
2 70 15 8 700 929 9327
25 70 10 8 500 [ 87 ‘ 87.05
2 70 10 5 500 88.1 87.99
27 40 15 | 5 500 [ 80 80.13
2 55 125 65 800 90.75 9024
29 40 10 5 500 [ 848 84.56
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Property
Density at 15°C
Kinematic viscosity at 40°C
Acid value
Cetane no.
Calorific value
Flash point
Oxidative stability
Cloud point
Pour point

Cold filter plugging point

Mj/kg
c

c

c

ASTM D4052

ASTM D445

ASTM D664

ASTM D4737

ASTM D240

ASTM D93

EN 14112

ASTM D2500

ASTM D97

ASTM D6371

Technique/equipmen
Mettler Toledo density meters
Efflux viscometer
Titrator
Cetane rating unit
Bomb calorimeter
Automatic tester for flash point
Rancimat method

Automatic tester used for pour point and cloud point

Cold filter plugging point tester

Model n:
DMA 4500

Redwood No. 1

CFR F5
Parr 6400
Pensky-Martens
Metrohm 893

Anton Paar CPP 5Gs

Callisto 100










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Energy Research





OPS/images/fenrg-11-1339601-g005.gif
3
3





OPS/images/fenrg-11-1339601-g006.gif





OPS/images/fenrg-11-1339601-g003.gif





OPS/images/fenrg-11-1339601-g004.gif





OPS/images/fenrg-11-1339601-t002.jpg
Operating variable Range

Catalyst concentration WIW% 10-15
Stirring speed RPM 500-700
Reaction time Minutes 5-8

Methanol concentration %BVIV 40-70
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Specification

‘ Capacity 0L

‘ ‘Maximum power 700 W (can operate at 10%, 30%, 50%, 80%, 100%)
‘ Round bottom flask material Borosilicate glass

‘ Rated voltage 250V

‘ Rated frequency [ 50 Hz

|

Frequency of microwave 2450 MHz
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48759+ L.18A +0.31298 + 1.53C + 1.33D + 0.6744A8
~ 0.2669AC - 0.9356AD + 174BC + 0.1169BD
+0.0006CD.
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