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The use of organic waste materials conjugated with inorganic sources as a bifunctional catalyst for one-step biodiesel production is currently under-utilized. In this study, a bifunctional catalyst for biodiesel production was developed from poultry droppings doped with ferric sulphate (FSPD). Its catalytic activity was investigated in simultaneous esterification and transesterification of neem seed oil (NSO) using methanol. Response Surface Methodology was employed in modelling and optimizing the reaction conditions. The characterization of the catalyst was done using Scanning Electron Microscopy equipped with Energy-Dispersive X-ray Spectroscopy, Fourier Transform Infrared Spectroscopy and X-ray Diffractometer. Fe (46.08 wt. %), S (22.31 wt. %), and Ca (11.82 wt. %) were the major elements present in the FSPD and the other results revealed that it is bifunctionally active. A biodiesel yield of 97.21% and acid value (AV) of 0.5 mg KOH/g were obtained at the optimum conditions of 21:1 methanol/oil ratio, 5 wt. %, catalyst loading and reaction temperature of 65°C after 180 min. The biodiesel produced using FSPD catalyst meets both the ASTM D6751 and the EN 14214 biodiesel standards. Reusability investigation of the FSPD showed remarkable stability up to the third reuse cycle with a slight decrease in biodiesel yield and a corresponding increase in acid value from 97.21% to 90.05% and 0.5–0.81 mg KOH/g respectively. The utilization of FSPD as a bifunctional catalyst is significant for improving the biodiesel output of high FFA oil and overall biodiesel production time.
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1 INTRODUCTION
The global use of fossil fuels as a source of energy over the years has raised concerns due to its adverse effects on the environment and sustainability development goals. Biofuel currently being produced at an increasing rate is the best replacement for these fossil fuels (Shelke et al., 2016; Zareh et al., 2017; Ogunkunle and Ahmed, 2019; Anwar, 2021). Biofuels which are mainly biodiesel, bioethanol and biogas are fuels derived from organic matter or biomass. According to Sharma et al. (2008), these fuels are considered environmentally friendly due to a good number of reasons such as low pollutant emissions, easy biodegradability, and renewability.
Biodiesel is an alternative to petroleum-based diesel fuel and it is derived from the transesterification of vegetable oils or animal fats in the presence of an acidic or alkaline catalyst (Sekhar et al., 2009; Ogunkunle and Ahmed, 2019; Akhabue and Okwundu, 2019). Vegetable oils which are the major feedstock in biodiesel production are obtained from both edible and non-edible seed oils (Chhetri et al., 2008; Atabani et al., 2012). The use of edible oils for biodiesel production has posed serious concerns as it competes with food for man and animals, resulting in the projection of non-edible oils as a sustainable feedstock for biodiesel production (Mofijur et al., 2013a; Mofijur et al., 2013b; Mueanmas et al., 2019; Aarathi et al., 2019; Chang et al., 2020).
Recently, researchers have found that biodiesel derived from non-edible oils which are also called second-generation feedstock is a potential eco-friendly substitute for petroleum-based diesel fuel. It is much more cost-friendly and less food competitive compared to the biodiesel obtained from edible oils (Taufiq-Yap et al., 2011). One such non-edible oil is neem seed oil (NSO). NSO is extracted from the seeds of the neem plant (Azadirachta indica) and it contains about 30% oil content per seed (Karmakar et al., 2012; Demirbas et al., 2016).
One of the reasons why non-edible oils have not been extensively used for the production of biodiesel is because of the free fatty acid (FFA) content of these oils. Oils having an FFA content of more than 1% will require esterification (pretreatment) step before it is used for biodiesel production. This additional step has given rise to increased biodiesel production costs.
H2SO4 and ferric sulphate are very effective in reducing the high FFA of oil as homogeneous and heterogeneous acid catalysts respectively. While the H2SO4 catalyst has great efficiency in catalyzing the esterification reaction faster than the ferric sulphate counterpart, the ferric sulphate is preferred due to its ease of separation, corrosion mitigation, and ability to be used in mild conditions, (Wang et al., 2007).
Ferric sulphate, a non-organic material has been used as a conventional heterogeneous acid catalyst for biodiesel production by many researchers (Gan et al., 2010; Patil et al., 2010; Alhassan et al., 2013; Ganesan et al., 2020) and has been proven to be very effective over the years. Wang et al. (2007) studied the catalytic activity of ferric sulphate in a two-step biodiesel production from waste cooking oil having an acid value of 75.92 ± 0.036 mg KOH/g. The ferric sulphate catalyst was used in the first step, and the triglycerides (TGs) in WCO were transesterified in the second step using potassium hydroxide. The results showed that a 97.22% conversion rate of FFA was obtained when 2 wt. % of ferric sulphate was added to the reaction system containing a 10:1 methanol/oil ratio at the reaction temperature of 95°C for 4 h. This shows the high catalytic activity of ferric sulphate catalyst in esterifying the high free fatty acids content of the waste cooking oil. Ferric sulphate has also been reportedly used with supercritical methanol in the conversion of waste cooking oil to biodiesel (Patil et al., 2010). Falowo et al. (2019), successfully reduced the FFA of a neem/rubber seed oil blend (60:40) from 17.76% to 0.67% using ferric sulphate catalyst before microwave irradiation-assisted transesterification using nanoparticles from elephant-ear tree pod husk at the reaction conditions of 25:1 methanol/oil blend ratio, 10 wt. % catalyst dosage, 120 min reaction time and 65°C reaction temperature. This shows the efficiency of ferric sulphate in reducing the high FFA of oils for biodiesel production.
On the other hand, poultry droppings-derived catalyst has been proven to be very efficient in biodiesel production through transesterification and simultaneous esterification and transesterification respectively (Maneerung et al., 2016; Akhabue et al., 2020).
Sekhar et al. (2009), Akhabue et al. (2020) found the percentage of free fatty acid (FFA) in NSO to be high. While the former suggested esterification of the oil to reduce its FFA content, the latter developed a catalyst which could simultaneously reduce the FFA content of the oil as well as produce biodiesel from the oil. In simultaneous esterification and transesterification for biodiesel production, specific types of catalysts with both acid and base properties are used (Chaveanghong et al., 2018; Loures et al., 2018; Al-Saadi et al., 2020; Elias et al., 2020). Although several bifunctional catalysts have been used for simultaneous esterification and transesterification of oils, these catalysts are mainly synthesized from non-organic materials solely, and the processes of synthesizing these catalysts are complex (Zhang et al., 2013; Chaveanghong et al., 2018; Al-Saadin et al., 2020; Chang et al., 2020).
In this study, the catalytic activity of a dual organic and inorganic bifunctional catalyst in which the alkaline precursor was originally synthesized from poultry droppings and the acid precursor from ferric sulphate was investigated. The use of environmental wastes such as poultry droppings as raw materials for the synthesis of biodiesel catalysts checkmates the cost of purchasing expensive catalysts for biodiesel production since the only cost involved is that of calcination (Maneerung et al., 2016). Factors such as methanol/oil ratio, catalyst loading, reaction temperature and time which affect the output of biodiesel production processes were optimized using response surface methodology conjugated with central composite design (RSM-CCD) on Design-Expert software version 12.
RSM is a collection of mathematical and statistical techniques that is useful for the modelling and analysis of problems in which a response is influenced by several factors. In the last decades, it has been used by researchers for analysing and completing the optimization of processes from statistically designed experiments (Betiku, et al., 2014; Nayebzadeh et al., 2016; Moyo et al., 2021). It can explain the interaction of independent factors and their effects on the response(s).
Most works that have been carried out on the reusability of heterogeneous catalysts only consider the biodiesel yield with little or no mention of the acid value of the biodiesel produced using the recovered catalyst (Yin et al., 2016; Yusuff, 2019; Gnanaserkhar et al., 2020; Qu et al., 2021). The reusability of the FSPD was also investigated by monitoring the biodiesel yield and also measuring the acid values for four reused cycles.
2 MATERIALS AND METHODS
2.1 Materials
The materials used include NSO, obtained from Nigeria Research Institute for Chemical Technology, Zaria, Nigeria. The physicochemical properties of the oil have previously been reported in the work conducted by Akhabue et al. (2020). Poultry droppings were obtained from a farmhouse near Benin City, Nigeria. The chemicals used in this study include ferric sulphate, methanol, benzene, chloroform, acetic acid, Wij’s solution, potassium hydroxide, ethanol, sodium sulphate, hydrochloric acid, phenolphthalein, potassium iodide, sulphuric acid, and phosphoric acid. All the chemicals used were of analytical grade and were obtained from Pyrex Chemicals in Benin City, Nigeria.
2.2 Preparation of Organic Alkaline Precursor From Poultry Droppings
The method used for the preparation of the organic alkaline precursor is a modified procedure described by Maneerung et al. (2016). The fresh poultry droppings collected were sundried for several days. It was then ground to a fine powder and carbonised at 280°C. The carbonised sample was later calcined in the muffle furnace for 6 h at a temperature of 900°C. The resultant solid was then removed and allowed to cool in the desiccator after which it was ground and kept in an air-tight container awaiting further use.
2.3 Synthesis of Ferric Sulphate Doped With Poultry Droppings Catalyst
To achieve the bi-functionality of the FSPD, the wet impregnation method used by Akhabue et al. (2020) for the synthesis of the bio-based bifunctional catalyst (BBFC) was adopted. The acid precursor (ferric sulphate) was impregnated with the organic alkaline precursor (poultry droppings) in a ratio of 2:3 by weight. Twenty grams (20 g) of the alkaline precursor was dissolved in a small quantity of distilled water and 30 g of ferric sulphate was added to the aqueous solution and stirred for several minutes until there was a complete mixing. The resultant slurry was placed on a magnetic stirrer with heat supplied at 100°C while stirring continuously until there was free evaporation of the distilled water leaving behind a solid mixture. The solid mixture was then oven-dried at 110°C. A preliminary investigation was carried out on the use of this catalyst for biodiesel production. The FSPD catalyst was divided into six parts. Five samples were thermally activated in the furnace at 100°C, 200°C, 300°C, 400°C, and 500°C while the remaining sample was not activated. After, activation, the catalysts were used for simultaneous esterification and transesterification of NSO. The maximum biodiesel yield was obtained from the reaction catalyzed by the catalyst that was not thermally activated as the rest gave low biodiesel yields and higher acid values. The non-thermally activated FSPD catalyst was subsequently used to catalyse the reaction.
2.4 Characterization of the Catalyst
The FSPD catalyst was characterised to determine its catalytic potential. The morphology of the catalyst and elemental compositions were determined using Scanning Electron Microscopy equipped with Energy Dispersive X-ray (SEM EDX) spectrometer (Phenom ProX). The SEM images were taken at a voltage of 15 kV. Fourier Transform Infrared (FTIR) measurements were also carried out on the catalyst in the absorbance mode ranging from 4,000 to 600 cm−1 to determine functional groups present in the catalyst. The crystalline compounds in the catalyst were determined using the PANanalytical Model Empyrean X-ray diffractometer (XRD) operated at 45 kV and 40 mA.
2.5 Experimental Design, Modelling and Optimization of Simultaneous Esterification and Transesterification Process
The effect of process factors; methanol/oil molar ratio [image: image], catalyst loading [image: image], reaction temperature [image: image] and time [image: image] were investigated using experimental design. The actual values and the range of factors used in the experimental design are shown in Table 1. The Central Composite Design (CCD) was employed to optimize the simultaneous esterification and transesterification of NSO. The optimized responses were the biodiesel yield and acid value. And the optimization was carried out using the response surface methodology (RSM) Design-Expert 12 version.
TABLE 1 | Actual values and range of factors used in the experimental design.
[image: Table 1]From the experimental results obtained, a mathematical model was developed by response surface regression by the use of the second-order polynomial shown in Eq. 1.
[image: image]
Where [image: image]is the biodiesel yield, [image: image] is the intercept value, [image: image] is the first-order coefficient, [image: image] is the quadratic effect coefficient and [image: image] is the interacting effect coefficient, [image: image] and [image: image] are the factors that affect the biodiesel yield and [image: image] is the random error.
The quality of fit of the mathematical model was checked using analysis of variance (ANOVA). The mathematical model was considered satisfactorily when the ANOVA data exhibited a high level of statistical significance. The contribution of the factors to the biodiesel yield was determined using the p-value from the ANOVA results. Further tests were also carried out to determine the suitability of the model and these tests include the coefficient of determination [image: image], adjusted [image: image], predicted [image: image] and correlation of variation [image: image].
2.6 Simultaneous Esterification and Transesterification of Neem Seed Oil
The simultaneous esterification and transesterification of NSO were carried out in a 500 ml two-neck round bottom flask that was equipped with a reflux condenser and a temperature probe, placed on a constant temperature magnetic stirrer (B. BRAN SCIENTIFIC & INSTRUMENT COMPANY, ENGLAND). A measured amount of the catalyst was added to a preheated 50 g NSO in the flask. The required amount of methanol containing the catalyst was then added to the NSO. In other to prevent the loss of methanol, the reflux condenser was used to prevent and re-condense any methanol escaping from the reacting mixture at higher temperatures close to and above 64.7°C back to the reacting mixture. The reaction time was set according to values generated by the CCD. The resulting product mixture was separated from the catalyst at the end of each run using a centrifuge machine (Jinotech Instruments 800D Centrifuge). Thereafter, the biodiesel was separated from the glycerol and the excess methanol from the reaction. After separation, the biodiesel was washed, dried and stored in an air-tight container according to the method used by Falowo et al. (2019). The biodiesel yield was determined using Eq. 2, while the acid value was determined using Eq. 3 (Gaurav et al., 2019).
[image: image]
[image: image]
Where [image: image] represents the volume of KOH needed to change the colour of the titration sample without biodiesel.
2.7 Catalyst Recovery and Reusability
At the end of the experimental runs, the optimum conditions for maximum biodiesel yield and the minimum acid value were obtained using numerical optimization. These conditions were later used for the production of biodiesel. After the reaction, the catalyst was separated from the product mixture by centrifuging. Ethanol and water were used to wash the recovered catalyst after which it was dried in an oven at 110°C overnight and it was ready to be reused.
3 RESULTS AND DISCUSSION
3.1 Characterization of the Synthesized Catalyst
3.1.1 Surface Morphology and Elemental Composition of the Catalyst
The SEM image of the FSPD catalyst is shown in Figure 1. The FSPD possess fine pore spaces with an uneven distribution of internal porous spaces of a circular shaped network containing its active site. This uneven porous space distribution restricted the aggregation of the FSPD particles. The major metallic elements present in the FSPD and their compositions as shown in the EDX images (Figure 2) include Fe (46.08 wt. %), Ca (11.82 wt. %), and K (9.58 wt. %). Also noticed is the presence of the major non-metallic element S (22.31%) in high proportion. Silicon was also found to be present in the catalyst.
[image: Figure 1]FIGURE 1 | SEM images of FSPD catalyst.
[image: Figure 2]FIGURE 2 | EDX image of FSPD catalyst.
3.1.2 Functional Groups in the Catalyst
The FTIR spectra of the catalyst are presented in Figure 3. The weak peak at 3,608.1 cm−1 indicates the presence of a non-bonded hydroxyl (OH) group, while the medium peaks at 1,617.7 cm−1 can be attributed to the presence of a carbonyl (CO) group. The FTIR spectra for the catalyst also indicate the presence of a strong peak at 1,080.9 cm−1 which indicates the presence of a silicon-oxy group arising from Si-O-Si stretching. This further confirms the results obtained from the elemental composition of the catalyst.
[image: Figure 3]FIGURE 3 | FTIR spectrum of FSPD catalyst.
3.1.3 Crystalline Compounds Present in the Catalyst
The XRD pattern for the catalyst as shown in Figure 4 was used to identify the crystalline compounds present in the FSPD. The peaks obtained at 11.57, 21.00, 28.61, 31.02, 33.4, 35.2, 40.43, 49.82, and 61.4 indicates the presence of Gypsum (CaSO4.2H2O). Jarosite (KFe3(SO4)2(OH)6) was also observed at 14.84, 17.35, 45.77, and 60.10.
[image: Figure 4]FIGURE 4 | XRD patterns of FSPD.
3.2 Design of Experiments and Statistical Analysis by Response Surface Methodology
The statistical analysis of simultaneous transesterification and esterification of NSO catalysed with FSPD catalyst was carried out using the responses (biodiesel yield and acid value) inputted into the runs generated by the CCD. The experimental design matrix with the biodiesel yield and acid value obtained from the simultaneous esterification and transesterification of NSO catalysed with FSPD catalyst are shown in Table 2. From the results obtained, the range of biodiesel yield was 68.8%–97.99% and the minimum acid value obtained was [image: image] Based on the result, the response (biodiesel yield) was fitted to a quadratic model to obtain Eq. 4.
[image: image]
TABLE 2 | Experimental design matrix for the simultaneous transesterification and esterification of NSO.
[image: Table 2]The statistical significance of the developed model was evaluated using the ANOVA for the response surface quadratic model and the results are presented in Table 3. The model was significant with an F value of 104.91. It was also observed that individual factors were significant based on their p-value < 0.0001. The temperature was found to have the greatest influence on the biodiesel yield based on the high F value (702.10). Based on the p-values shown on the ANOVA table, it was observed also that catalyst loading and temperature with catalyst loading and time were the significant interacting terms in the developed model. The model showed a “Lack of Fit F-value” of 1.50 indicating that the Lack of Fit is not significant relative to the pure error.
TABLE 3 | Statistical results for response surface quadratic.
[image: Table 3]The fitness of the model was analysed using the fit statistics shown in Table 4. The obtained coefficient of determination [image: image] value of 0.9899 indicates that the fitted model predicts the biodiesel yield with reasonable precision since the values are close to unity (Bojan et al., 2011). Further checks were also carried out using the adjusted [image: image] which was found to be 0.9805. The predicted [image: image] value obtained was in reasonable agreement with the adjusted [image: image] values as seen in Table 3. The obtained coefficient of variation (CV) value of 1.27% indicates a good model. For a good model, the CV must be less than 10% (Kurniati et al., 2019).
TABLE 4 | Comparison between different heterogeneous catalysts and biodiesel yields.
[image: Table 4]3.3 Effect of the Significant Interacting Variables on the Biodiesel Yield
The effect of the significant interacting variables on the biodiesel yield was investigated using the response surface plots shown in Figure 5. Figure 5A shows the interaction effect between the methanol: oil and catalyst loading. An increase in catalyst loading from 1 wt. % to 5 wt. % at constant temperature and time led to a corresponding increase in the biodiesel yield at methanol: oil of 9 mol/mol and 21 mol/mol respectively. This is a result of the availability of excess methanol in the reacting system to drive the reaction to completion, which in other words, gave way for unhindered penetration of the reactant into the active sites of the catalyst. A similar trend was observed for the interaction between methanol: oil and reaction temperature Figure 5B, and the interaction between methanol: oil and reaction time Figure 5C. This justifies the fact that excess of the limiting reactant (methanol) is required for the complete conversion of the neem seed oil to biodiesel. Figure 5D shows the effect of interaction between catalyst loading and reaction temperature on biodiesel yield. From the plots, it was observed that at the catalyst loading of 1 wt. %, increasing temperature from 45 to 65°C at constant methanol: oil and reaction time increases biodiesel yield. This could be attributed to the fact that increasing reaction temperature increases reaction rates. A similar increase in biodiesel yield was also observed when catalyst loading was increased from 1 wt. % to 5 wt. % and a significant increase in the biodiesel yield when both catalyst loading and temperature were simultaneously increased. This is attributable to the fact that an increase in temperature results in a corresponding increase in the energy of the reacting system thereby leading to the excitement of the catalytic active sites of the catalyst available for the reaction to take place. The interactive effects between catalyst loading and reaction time as shown in the response surface plots in Figure 5E show that increase in reaction time from 60 to 180 min while keeping the catalyst loading constant did not have a significant effect on the biodiesel yield. Increasing catalyst loading from 1 wt. % to 5 wt. % with reaction time kept constant resulted in a minimal increase in biodiesel yield. Furthermore, a significant increase in the biodiesel yield was observed with an increase in reaction temperature and reaction time respectively Figure 5F.
[image: Figure 5]FIGURE 5 | Response surface plots for biodiesel yield as a function of (A) methanol: oil and catalyst loading (B) methanol: oil and reaction temperature (C) methanol: oil and reaction time (D) catalyst loading and reaction temperature (E) catalyst loading and reaction time (F) reaction temperature and reaction time.
3.4 Optimization of the Reaction Conditions
Numerical optimization was used in optimizing the reaction conditions by maximizing the biodiesel yield as well as minimizing the acid value obtained. The reaction conditions that gave the maximum biodiesel yield of 96.08% and a maximum acid value of 0.61 mg KOH/g were 21:1 methanol:oil, 5 wt. % catalyst loading, 65°C reaction temperature with a reaction time of 180 min. Based on these optimal conditions, experimental runs were carried out in triplicate to validate the results, an average biodiesel yield of 97.21% and an acid value of 0.50 mg KOH/g were obtained. Table 4 shows a comparison between different catalysts used for simultaneous esterification and transesterification of different oils and their biodiesel yields.
3.5 Physicochemical Properties of the Biodiesel
The biodiesel produced at optimum reaction conditions was analysed for its physicochemical and fuel properties and the results obtained are shown in Table 5. From the results obtained, the properties of the biodiesel produced from both catalysed reactions were within the ASTM D6751 and EN 14214 biodiesel specifications.
TABLE 5 | Physicochemical properties of neem seed oil biodiesel.
[image: Table 5]The density and viscosity of 894 kg/m3 and 5.35 mm2/s of the produced biodiesel from neem seed oil using FSPD meets the required biodiesel standards. Similar results have been obtained by Betiku et al. (2014) (897 kg/m3 and 5.940 mm2/s), Policano et al. (2016) (897 kg/m3 and 5.9 mm2/s), Chaveanghong et al. (2018) (1.9–6.0 mm2/s), and Akhabue et al. (2020) (892 kg/m3 and 4.25 mm2/s). Similarly, the optimum acid value of the produced biodiesel using FSPD is reasonably low compared to other previous methods studied (Table 5).
3.6 Reusability of the Recovered Ferric Sulphate Doped With Poultry Droppings
The recovered catalyst was reused to ascertain its reusability and activity. The biodiesel yield and the acid value from each cycle of use are shown in Figure 6. From the results, there was a decrease in biodiesel yield from 97.21% to 90.78% after the first cycle of use. In subsequent use, the biodiesel yield experienced a slight insignificant decrease. The acid value show increase from the initial value of 0.50 mg KOH/g–0.81 mg KOH/g after the third cycle of use. Although the biodiesel yield obtained from the reuse of the recovered FSPD after three cycles were higher than 90%, the acid value however exceeded the biodiesel standard.
[image: Figure 6]FIGURE 6 | Biodiesel yield and acid value after reuse.
4 CONCLUSION
In this study, a ferric sulphate doped poultry droppings bifunctional catalyst (FSPD) for the simultaneous esterification and transesterification of high free fatty acid neem oil. Gypsum and jarosite were identified in the FSPD while the major element present are iron, calcium and sulphur (more than 20%). At optimum reaction conditions of 21:1 methanol/oil, 5 wt. % catalyst loading and 65°C reaction temperature after 180 min, an average biodiesel yield and an acid value of 97.21% and 0.50 mg KOH/g was obtained respectively. The physicochemical properties of the biodiesel produced using the synthesized catalyst were within the biodiesel ASTM and EN specifications. The reusability of the FSPD catalyst showed a slight decrease in biodiesel yield and a slight increase in acid value after three successive reuse. It can be concluded that the FSPD is efficient for biodiesel production from high free fatty acid oil and the reusability of the catalyst is effectively reliable.
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