

  catalysts-12-00592




catalysts-12-00592







Catalysts 2022, 12(6), 592; doi:10.3390/catal12060592




Article



One-Step Biodiesel Production from Waste Cooking Oil Using CaO Promoted Activated Carbon Catalyst from Prunus persica Seeds



Ayesha Hameed 1, Salman Raza Naqvi 1,2[image: Orcid], Umair Sikandar 1 and Wei-Hsin Chen 3,4,5,*[image: Orcid]





1



School of Chemical and Materials Engineering (SCME), National University of Sciences and Technology, Islamabad 44000, Pakistan






2



National Science & Technology Park, National University of Sciences and Technology, Islamabad 44000, Pakistan






3



Department of Aeronautics and Astronautics, National Cheng Kung University, Tainan 701, Taiwan






4



Research Center for Smart Sustainable Circular Economy, Tunghai University, Taichung 407, Taiwan






5



Department of Mechanical Engineering, National Chin-Yi University of Technology, Taichung 411, Taiwan









*



Correspondence: weihsinchen@gmail.com or chenwh@mail.ncku.edu.tw







Academic Editor: Hoang Chinh Nguyen



Received: 24 April 2022 / Accepted: 25 May 2022 / Published: 30 May 2022



Abstract

:

In recent years, the scope for replacing fossil fuels has been appealing to the world, owing to limited conventional fuels, crude oil price volatility, and greenhouse gas emission concerns. In this regard, this article demonstrates the preparation of a novel solid base catalyst for the transesterification of waste cooking oil. A calcium-loaded activated carbon catalyst was prepared through pyrolysis of peach shell followed by chemical activation with KOH and then calcium loading through the wet impregnation method. The prepared catalyst showed the best performance with 20% calcium loading and 650 °C of calcination temperature. The catalyst’s physicochemical, structural, and textural properties were examined using XRD, FTIR, SEM, EDX, and BET analysis. The catalyst showed a maximum yield of 96% at optimized conditions, i.e., 65 °C temperature, oil to methanol ratio 1:8, 5 wt% catalyst concentration, and a 160 min reaction time. Additionally, it illustrated high recyclability up to 10 cycles with negligible leaching of Ca+2 ions. The high activity of the catalyst was due to the presence of calcium ions on the activated carbon support. Physio–chemical properties and GC-MS analysis of prepared biodiesel determined that all attributes were within the biodiesel standard tolerances set by ASTM D6751 and EN 14214. Therefore, all the innovations mentioned above concluded that catalyst generated from peach shell biochar is a promising candidate for biodiesel production, ultimately resulting in solid and liquid waste management.
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1. Introduction


Recently, the production of clean natural energy sources has gained considerable interest as a consequence of increasing power consumption, fluctuating environmental conditions, and a growing reduction in available fuel-generating supplies [1,2,3]. Depletion of nonrenewable resources is at an all-time high, and they will soon be exhausted. Fossil fuel combustion also releases harmful pollutants into the environment, leading to a variety of other problems [4,5]. To deal with these issues, scholars worldwide are focusing their attention on this matter. Biodiesel, a first-generation biofuel, is becoming increasingly popular as a substitute for petroleum-based diesel all across the world [6,7]. In addition to biodiesel’s biodegradability, technological feasibility, reduced greenhouse gas emissions (GHGs), nontoxicity, and carbon neutrality, biodiesel has several more benefits [8,9]. According to the estimation of biodiesel production, almost up to 80% of the total cost is shared by biodiesel feedstock, a blend of fatty acid methyl esters (FAME) is made from oil feedstock such as vegetable oil, non-edible oil, waste cooking oil resources, animal fats, waxes and can be used without much alteration in diesel engines [10,11,12]. The development of biodiesel typically requires homogeneous catalysts such as (NaOH, KOH, and H2SO4) at the commercial level, leading to an elevated rate of reactions and reasonably moderate conditions [13,14,15,16,17]; however, such catalysts cannot be recovered or separated, and involve an expensive series of purification, recycling, and separation measures that produce significant volumes of wastewater, degradation of facilities, running costs, and high energy usage [18,19]. The advantages and efficiency of heterogeneous catalysts over homogeneous catalysts in the transesterification reaction have been commonly documented to solve such problems as they are less toxic, more stable, simpler to isolate, and eco-friendly in nature [20,21]. Scholars have already explored several specific catalysts which are heterogeneous in nature, such as alkali metals, alkaline earth metal oxides, supported metal catalysts, and simple zeolites for biodiesel production [22,23,24,25,26,27].



Biochar is a porous carbon-enriched material formed at a modest temperature by biomass pyrolysis with little to no accessible air [28,29,30,31]. Because of abundant feedstock, minimal expense, broad surface areas, and strong thermal stability, biochar is commonly used as a support or carbonaceous catalyst in biodiesel production [32,33,34]. Specifically, Zhao et al. [35] have experimentally synthesized catalysts based on biochar derived from waste pomelo peel loaded with K2CO3 to catalyze palm oil into biodiesel. Zhao et al. [36] found pyrolytic rice husk impregnated with CaO is an auspicious choice for the conversion of palm oil through the transesterification process. Wang et al. [37] proposed that the peat biochar has helped build economically strong base catalysts for the transesterification reaction. Chellappan et al. [38] experimentally tested green biochar-based Bronsted acid catalysts for both esterification and transesterification in biodiesel production.



Recently, a number of waste residues from agriculture, poultry, and households are being employed as feedstock for the profitable production of catalysts to effectively reduce the elevated costs of catalyst synthesis [39,40,41,42,43]. Calcium oxide (CaO) is one of the solid catalysts used in the transesterification of various feedstocks to biodiesel, a highly successful catalyst for biodiesel synthesis which has already been proven [44,45,46]; therefore, waste eggshells may also be a low-cost source for biodiesel processing. The waste eggshells comprise a significant amount of calcium compounds (CaCO3) and can easily be transformed into CaO through high-temperature calcination. CaO is an inexpensive, environmentally safe, non-corrosive, eco-friendly, highly active substance under mild conditions that can be regenerated for another transesterification process [47,48,49,50], and such advantages attract the attention of other scientists for more research on the total properties of CaO.



Peach (Prunus persica) belongs to the family of Rosaceae, which was cultivated for more than 3000 years in China and has been distributed by seed to the rest of the planet [51]; it is the most significant among the stone fruits in nature. It is a typical crop of the northern Pakistan region and occupies 4543 hectares with 48,284 tons of production [52]. Quetta, Kalat, Peshawar, Swat Valley, and parts of the Kohistan Hills are the main rising region of peaches. Previously, the effects of peach biochar and organic residues, along with beneficial microbes and phosphorus, on the growth and productivity of soybeans and maize were measured, and it was concluded that peach biochar had a significant effect in increasing the overall use of phosphorus and the agronomic efficiency of crops [53]. Although, to date, carbon-based support for the development of a strong catalyst for the synthesis of biologic diesel has never been investigated. At present, there is much concern about the use of activated carbon loaded from various catalysts [54,55,56,57]. In addition to this, using a biochar-based green catalyst would help commercialize biodiesel production, and it also helps to promote the environmental feasibility of the pyrolysis process [58,59].



This research aims to leverage the high-performance, low-cost, and sustainable peach (Prunus persica) biochar assisted by the CaO catalyst for transesterification reactions. Additionally, potassium hydroxide (KOH) was used in this research for biochar activation to boost the catalytic efficiency further. XRD, FTIR, SEM-EDX, and BET were used to characterize the physicochemical characteristics of the corresponding catalysts. To optimize catalyst preparation and transesterification conditions, results from CaO loading, calcination temperature, catalyst loading, oil to methanol molar ratio, and reaction period were thoroughly examined for the operation. Furthermore, the reusability of the catalyst was thoroughly researched. In addition, this study made a distinction between the prepared catalyst and other documented biochar-based catalysts.




2. Results and Discussions


2.1. Catalyst Characterization


2.1.1. XRD


XRD pattern peach shell biochar before and after activation along with modified activated carbon with CaO at 650 °C were presented in Figure 1.



Biochar and activated carbon samples showed a wide peak between 2θ = 10° and 30°), and a sharp stretching peak in the activated carbon sample at 2θ = 42°–45° ascribed to the presence of hexagonal graphitic carbon, indicating the synthesis of mesoporous structure. Afterwards, when activated carbon is loaded with CaO, clear diffraction peaks could be observed at 2θ = 32.2°, 37.35°, 53.80°, 64°, and 67.31°, demonstrating the existence of CaO crystallites and hence justifying Ca loading on active sites. The sharp peak at 2θ = 29.5° in the XRD sample of calcium-loaded activated carbon is due to the presence of CaCO3, which is formed as a result of the reaction between loaded CaO and CO2 during the synthesis process of catalyst [60,61].




2.1.2. Surface Area and Pore Volume Analysis


Table 1 outlines the physical characteristics of Prunus persica shell biochar specimens. The pure biochar sample, referred to as PB, has a BET surface area of 25.73 m2/g and a pore volume of 61.36 mm3/g. A substantial increase in surface area from 25.73 m2/g to 281.90 m2/g and pore volume from 61.36 mm3/g to 297.07 mm3/g was observed after activation by KOH. In addition, scanning electron microscopy (SEM) justified such modifications. The surface area and pore volume of activated biochar loaded with CaO were significantly reduced from 281.90 m2/g to 64.95 m2/g and 297.07 mm3/g to 71.61 mm3/g, respectively. The decrease in pore volume was verified by the presence of CaO impregnated on pore channels, which indicated that the catalytic support surface had been coated by Ca compounds, hence blocking the apertures of the catalyst. The calcination temperature had a major impact on surface area and total pore volume. When the calcination temperature climbed from 500 to 600 °C, the surface area and pore volume of the 20Ca/AC catalyst increased from 62.38 to 64.95 m2/g and from 64.82 to 71.61 mm3/g, respectively. When the calcination temperature increases to 800 °C, however, the decomposition rate decreases dramatically; this might be because the calcination temperature was too excessive, leading to the sintering of the catalyst surface. Furthermore, the surface area and pore volume fell from 67.72 m2/g and 86.14 mm3/g to 55.87 m2/g and 59.89 mm3/g, respectively, when the CaO loading increased from 15 wt% to 30 wt%. As a result of the increased CaO, surface morphology may be affected.




2.1.3. Basic Strength


Table 1 shows the distribution of strength and the overall basicity of the samples. According to the obtained results, biochar beforehand and after activation had strength values up to H_ < 9.8, and the total basicity values of both samples were 1.5 and 1.7 mmol/g, respectively. As CaO was added from 15% to 30%, the total basicity of the samples rose from 1.5 to 11.1 mmol/g, and the basic strength was in the range of 15.0 < H_ < 18.4. Additional CaO loading, on the other hand, reduced overall basicity. The maximum overall basicity of a 20 wt.% CaO-loaded catalyst was attributed to the presence of Ca compounds and totally decomposed CaO on the catalyst surface, which was worth mentioning. There was insufficient CaO and Ca compound phases with lesser CaO decomposition on the catalyst surface (15 wt.%). Nevertheless, with a CaO loading of more than 20 wt.%, the biochar phase could not be covered entirely by the CaO due to its excessive amount. XRD’s prior findings were very much in line with these results. In addition, the temperature at which the catalyst is calcined has a role in its basicity. The sample’s base strength and total basicity were H_ < 15.0 and 7.1 mmol/g, respectively, when the catalyst was calcined at 600 °C. At lower calcination temperatures, inactive phases could not completely break down, resulting in the poor basicity of this catalyst. At the 650 °C activation temperature, the total basicity was clearly enhanced (from 7.1 to 11.5 mmol/g) and finally reduced to 6.8 mmol/g at the calcination temperature of 700 °C, indicating that the activation temperature should not be increased further. According to data from the Surface area, catalyst surface area decreased mostly due to reduced basic sites (Table 1).




2.1.4. SEM and EDX


Figure 2 indicates that the surface structure of the catalysts examined by the SEM analyzer differs drastically. Figure 2a shows the biochar’s SEM image which depicts low mesoporosity and rough structure, giving it a textured appearance. The emission of noxious compounds during heat treatment resulted in a shape that facilitates calcium ions’ absorption and binding. Biochar treatment resulted in an uneven, porous surface, as seen in Figure 2b. Even this outcome was in line with the BET results of the treated biochar sample, which shows dramatically enhanced pore volume. Compared with the previous findings, it was clear that CaO evenly covers the activated carbon support, resulting in a highly porous catalyst with even pore distribution on the catalyst’s surface. As a result, we can see a dramatic increase in the basic strength and surface area of the synthesized calcium-coated activated carbon catalyst.



Along with that, the EDX analysis is given in Table 2. C and O accounted for the bulk of the biochar, with a small quantity of Si and some metal components such as K, Mg, Al, and Ca making up the rest of the composition. C and O concentrations rose somewhat, whereas metal concentrations slightly reduced after KOH activation. According to the findings shown above, the activation of biochar might have increased the number of O-containing groups in the activated carbon samples. Ca was evenly deposited on the carbon support through the wet impregnation process. There are noticeable increases in the amount of calcium (Ca) content when 20 wt.% CaO is loaded onto the catalytic support. The calcium content of the finished catalyst ranged from 12.7 to 12.9 wt.%, indicating that the impregnated Ca was effectively deposited on the activated carbon catalyst support.




2.1.5. FTIR


With the aid of FTIR analysis, the structural knowledge of the prepared samples could be studied. Figure 3 depicts the FTIR data of biochar, and its activated sample and the final optimized catalyst utilized throughout our experimentation 20Ca/AC-650 catalyst. At 3450 cm−1 wideband could be observed in all characterized samples; this band was portraying the presence of the -OH group at the catalyst surface. When activated carbon is loaded with CaO, a sharp peak can be observed near 1470 cm−1, 873 cm−1, and 714 cm−1 correlated with asymmetric stretch showing the presence of CaCO3, which is mainly due to incomplete carbonization CaO. Literature studies revealed that Ca(OH)2 structural hydroxyl groups are responsible for the abrupt extending band at 3644 cm−1 [62]. Aromatic hydrocarbon molecules were linked by C=C extending in the FTIR spectrum of biochar observed by the 1620 cm−1 band, and the C–O stretching of hydroxyl groups was linked by plan bands at 1120, 1088, and 1056 cm−1 [37]. These results were also justified by XRD patterns shown in Figure 3.





2.2. Catalyst Activity


Optimization of Reaction Conditions


The 20Ca/AC-650 catalyst that had been previously optimized was used in subsequent tests to discover the optimal reaction conditions. These experiments investigated the influence of several reaction parameters, such as reaction time, reaction temperature, oil to methanol molar ratio, and catalyst loading, on biodiesel production.



The FAME conversion of WCO as a function of the oil-to-methanol molar ratio is shown in Figure 4a. According to Lee Chateleir’s principle, when a reversible reaction occurs, the balance moves towards the direction where stress may be released. Due to the fact that transesterification is a reversible process, a higher concentration of alcohol is required than that specified in the stoichiometric ratio (1:3). Surplus methanol causes stress on the reactant side, which reduces stress on the methyl ester side of the product and helps move the equilibrium of the reaction in the forward direction [63]. Biodiesel production was examined to be only 58% in a low oil to methanol molar ratio. Increasing the methanol concentration increased the reaction yield, which peaked at 1:8 and then had minimal effect on subsequent yields. Excess methanol dilutes the concentration of the product, resulting in lower biodiesel production; this finding showed that a 1:8 molar ratio was enough to achieve the highest possible catalytic efficiency.



This was followed by an optimization process for the determination of the ideal catalyst weight percentage for the transesterification of WCO shown in Figure 4b. For such heterogeneous catalyst-based reactions, the catalyst is the most crucial factor in determining whether the reaction will occur. Activated sites are only present in those catalyst areas that are directly exposed to the reactant solution. As a result, the total number of accessible active sites in a reaction can only be determined by the catalyst’s concentration or weight percent; therefore, a higher catalyst concentration is regarded as introducing an increased number of active sites, which may strengthen the FAME conversion. WCO transesterification using 20Ca/AC-650 catalyst was speeded to the greatest extent in the presence of a catalyst concentration of 5 wt%, as shown in Figure 4b; this reaction, however, was hindered by fluid viscosity in the reaction medium if the catalyst weight was more than 5%. Viscous solutions severely disrupt mass transfer between reactants, products, and catalysts, as evidenced by an optimization plot reduction in FAME conversion at a high catalyst concentration.



The kinetics of a chemical reaction is controlled by two major aspects such as reaction time and reaction temperature. By conducting a number of experiments at temperatures ranging from 50 °C to 80 °C, the effect of temperature on WCO’s FAME production was determined. Throughout this temperature optimization process, the following parameters have been used: a molar ratio of 1:8, a catalyst weight of 5%, a temperature range of 50 °C to 80 °C with a 5 °C gap, and a time frame of 160 min. In Figure 4c, the results show that FAME production accelerated from 50 °C to 65 °C but decreased beyond 65 °C. Due to this, the temperature for this transesterification method was therefore set at 65 °C, which is close to the boiling point of methanol. Generating external energy to pass the cutoff limit and initiate the reaction in a forward direction was only possible when the system reached its optimal operating conditions. At 65 °C, which is adjusted as optimal temperature, the acyl acceptor formed from methanol was found to be engaged entirely so that it could make FAME, or biodiesel, with the highest results. Unfortunately, at higher temperatures, methanol began to evaporate, causing a considerable loss of methanol. In other words, when the reaction temperature increased above its optimal level, the FAME conversion decreased.



Another critical constraint was adjusted by prolonging the duration of the process by 3 h under the following conditions: 1:8 oil to methanol molar ratio, 5 wt% catalyst concentration, 65 °C reaction temperature transesterification process. The response time, which varied from one hour to three hours, is shown in Figure 4d. Within just 100 min, the yield jumped from a low of 65% to a high of 90%. As the duration was further increased 160 min, the yield steadily rose to 96%. As a result, the ideal time of the process was set to 160 min; however, increasing the process duration beyond 160 min does not show an impact on enhancing yield. It is conjectured that FAME synthesis was subtracted beyond that optimal period due to stimulation of backward reactions, such as the breakdown of the methyl ester.





2.3. Reusability Test


By retrieving and reutilizing the catalyst in the transesterification process, we were able to examine the potential of sustainable heterogeneous and recyclable catalyst synthesis from the Prunus persica shell. To remove the oil from the catalyst surface, methanol and tetrahydrofuran were used to thoroughly wash it, followed by drying in a vacuum oven at 105 °C after it had been extracted from the reaction mixture. The catalytic performance of 20Ca/AC-650 was tested using the recycled catalyst in consecutive cycles under optimized conditions: reaction temperature 65 °C, reaction time 140 min, catalyst loading 5 wt%, and oil to methanol molar ratio 1:8. As shown in Figure 5, the 20Ca/AC-650 catalyst yield decreased from 96.0% to 81.50% over the first 10 cycles of the transesterification reaction. Reusability results revealed that the CaO-supported carbon-based catalyst is highly stable and sustainable even after 10 repeated cycles.



The XRD approach shown in Figure 6 was applied to investigate the depreciation of the catalyst in more detail for both fresh and spent 20Ca/AC-650 catalysts recovered after the 10th cycle. More substantial peaks of Ca in the XRD pattern of fresh 20Ca/AC-650 catalyst could be observed compared to the spent catalyst recovered after the 10th cycle, therefore showing weak calcium peaks; this result indicated the leaching of Ca+2 from the active site in every cycle, which ultimately led to a decrease in overall calcium content on the catalyst surface.




2.4. Biodiesel Characterization


2.4.1. Optimization of Catalyst Preparation Conditions


Figure 7 shows the impact of preparation conditions on the biodiesel yield of several catalysts. Figure 7a shows that when CaO loading increased from 10 to 20% by weight, the yield increased from 60% to 96%. BET studies showed that when CaO was added, the catalyst’s catalytic activity dramatically increased because of its higher total basicity; however, biodiesel production had no discernible improvement when the CaO loading increased to 30%. In contrast to the surface area, the basicity was shown to have a larger impact on catalytic activity. Based on the foregoing data, it can be concluded that a CaO loading of less than 20% was insufficient for the transesterification process to proceed because of the lower number of basic sites available. Even with higher CaO loadings of more than 20 wt.%, the catalyst’s catalytic performance was not significantly improved. It is possible that inadequate diffusion of the active species on the catalyst surface was caused by the crystallization or agglomeration of Ca compounds. Therefore, the catalyst with a CaO loading of 20 wt.% was selected for a further transesterification process.



Figure 7b shows the influence of varying catalyst calcination temperatures on the conversion of WCO to FAME. Activated catalysts were tested for their ability to perform at the following reaction parameters: 500 °C, 550 °C, 600 °C, 650 °C, and 700 °C. 1:8 oil to methanol molar ratio, 5% catalyst weight, 65 °C reaction temperature, and 160 min reaction time. According to the findings of this research, increasing the catalyst activation temperature enhances catalytic efficiency. At 650 °C, the calcium oxide-loaded activated carbon-based catalyst had the maximum activity; however, as the calcination temperature continued to climb to 700 °C, there was a small drop in yield (from 96.0% to 91.0%). At increasing temperatures, the overall basicity of the solution decreases. The catalyst loading of 20% by weight CaO and a calcination temperature of 650 °C were the best values. Catalytic testing revealed that the 20Ca/AP-650 catalyst provided the best results for transesterification reactions. Based on the preceding descriptions of catalysts, it is also possible to deduce that the catalytic activity is mostly due to the basicity of the catalysts.




2.4.2. GC-MS


Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13 show the data obtained from the GC-MS analysis of biodiesel made from waste cooking oil. N-hexane (1.35%), 9-Hexadecanoic acid methyl ester (0.29%), Hexadecanoic acid methyl ester (16.17%), 9-Octadecanoic acid (Z)- methyl ester (61.69%), Methyl stearate (7.07%) and Bis(2-ethylhexyl) phthalate (13.43%) were the six primary fatty acids present in biodiesel.



According to the research, the obtained biodiesel composition has 13.33% saturated FAME, 33.33% monounsaturated FAME, and 53.33% polyunsaturated FAME. Because of the increased degree of unsaturation in FAME constituents, biodiesel has strong combustible properties and high-power output [64,65]. Table 3 shows the obtained data from GC-MS along with the compositional proportions of fatty acids in biodiesel prepared from WCO.




2.4.3. Physicochemical Characteristics of Prepared Biodiesel


The economic feasibility of biodiesel is strongly influenced by its fuel characteristics. Therefore, the physical and chemical properties of the biodiesel obtained, such as ester content, viscosity, moisture content, flash point, cetane number, acid number, density, and oxidation stability, were compared in Table 4 with the specifications ASTM D6751 and EN 14214. It was determined that all of the mentioned attributes were within the biodiesel standard tolerances set by ASTM D6751 and EN 14214. In other words, it guarantees that the biodiesel generated has a great potential to be a replacement fuel for petroleum distillate.





2.5. Comparison of Catalytic Activity with Other Carbon-Based Catalysts


Table 5 illustrates the comparative study between the synthesized 20Ca/AC-650 catalyst and the carbon-based catalysts that have been previously reported in the literature for the transesterification process. The assembled data proved that the newly synthesized catalyst exhibits catalytic activity similar to other carbon-based catalysts that have been previously reported, showing that the 20Ca/AC-650 catalyst was an effective catalyst for the transesterification process and showed considerable potential for industrial use.





3. Materials and Methods


3.1. Materials


The shells of peaches (Prunus persica) were collected in summer from the local fields of Swat (Pakistan). Waste chicken eggshells and waste cooking oil were collected from the student cafeteria of the NUST H-12 Islamabad campus. Some significant physicochemical features of the waste cooking oil were explored before it was used in transesterification, as illustrated in Table 6. All other chemicals used in this research, such as analytical grade methanol (99.5%), potassium hydroxide (99%), and tetrahydrofuran (99.8%), were purchased from Sigma-Aldrich Chemical Co. Ltd (St. Louis, MO, USA). All of the chemicals are acquired with the maximum purity and utilized without any further purification. Throughout the process, deionized water was used.




3.2. Biochar Preparation and Activation


The collected Prunus persica shells were washed with deionized water to remove impurities and dust, followed by overnight drying at 100 °C. After being dried, the Prunus persica shells were finely grounded to pass the mesh size 0.250 mm screen using a vibratory sieve shaker. The Prunus persica biochar was then prepared at 650 °C and kept in a vertical furnace for 2 h in an N2 environment. The schematic representation of the Prunus persica shell in biochar is shown in Figure 14. The biochar obtained was chemically activated by KOH treatment. In general, 2 g of Prunus persica biochar was mixed and stirred for 3 h with a solution of 500 mL of 2 M KOH. The suspension’s biochar extraction was performed using VWR Qualitative Filter Paper (Model 28,321-077). The biochar retained on the filter paper was then washed with deionized water until neutral pH of the filtrate was attained. The biochar collected was eventually kept at 105 °C in an oven for drying. The activated samples of prepared peach shell biochar (Prunus persica), later referred to as AC (activated carbon), were contained in an airtight container.




3.3. Eggshell Calcium Oxide Preparation


Originally, the waste chicken eggshells were collected from NUST Cafe and cleaned many times with deionized water to eliminate any impurities present. It was then dried for 24 h in an oven at 100 °C. The shell was then ground to powder using a grinder to slip through a 0.250 mm sieve. The powdered shell was eventually calcinated in a muffle furnace for 3 h at a temperature of 900 °C. The CaO obtained was then soaked in water for 6 h at 60 °C, followed by overnight drying in an oven at 120 °C. The material was finally dehydrated to convert hydroxide to oxide at 600 °C for 3 h by calcination and stored for future use in a desiccator. Calcined eggshells provide very active CaO. Figure 15 shows the schematic diagram for the conversion of chicken eggshells waste into CaO.




3.4. Catalyst Preparation


A wet impregnation process was used to prepare a CaO-promoted AC catalyst. The AC was mixed with CaO-impregnating solution, which was formulated at different concentrations (10 wt%, 15 wt%, 20 wt%, 25 wt%, and 30 wt%). According to the standard method [35], 2.0 g of powdered CaO was gradually mixed with 100 mL of deionized water to prepare a 20 wt% CaO loaded catalyst, accompanied by the addition of 8.0 g of dried AC, followed by stirring at 800 rpm for 1 h. The suspension was then dried for 24 h at 105 °C, accompanied by activation at 500–700 °C for 3 h. The prepared catalysts were referred to as αCa/AC-T; here, α and T outline the CaO loading (wt%) and the activation temperature, respectively.




3.5. Catalyst Characterization


In an attempt to analyze the surface morphology of the samples, the scanning electron microscopy (SEM) study was performed. In addition, energy-dispersive X-ray spectroscopy has been used to track the high-resolution surface morphology of the samples. Both techniques were performed on TESCAN VEGA 3 (Tescan Analytics, Brno, Czech Republic), operated by a secondary electron detector and a tungsten detector with a high voltage of 20 kV at an angle of 45 °C. To gain more insight into anatomy, the SEM images were obtained in three distinct sizes of 4, 6, and 8 μm.



The Cary 630 FTIR model spectrometer from Agilent Technologies (Santa Clara, CA, USA) was used to investigate the creation of new bonds and the dissolution of existing ones. The wavelength of the apparatus was adjusted at 650–4000 cm−1 for scanning the samples of the prepared catalyst. The specimen was diffused using a reflectance process through the ZnSe diffuse reflective accessory (DRA).



XRD analysis was performed using the Bruker XRD (D8 Advance) (Hamburg, Germany), fitted with ni-filtered Cu Kα (C = 0.15418 nm) radiations, to study the crystalline, semicrystalline, or amorphous composition. Samples were scanned using a scanning rate of 0.05 °C min−1. JADE 6.0 was used to analyze the XRD patterns, and through the built-in option of JCPDS (Joint Committee on Powder Diffraction Standards) software repository, the peaks were recognized.



The Quantachrome NOVA 2200e (Boynton Beach, FL, USA) analyzer has been used for surface area analysis, at a temperature of −196 °C, of a nitrogen adsorption-desorption isotherm. A Brunauer–Emmett–Teller equation (BET) was used in the relative pressure of (0.05–0.25 kPa) to measure the surface area. In the relative pressure of 0.997 KPa, the average pore volume (Absolute) was estimated to be the sum of N2 adsorption. The samples were degassed at 150 °C for 5 h until adsorption tests and estimates were performed for each sample individually. The values were observed to be within the range of ±2%.



The Hammett indicator method was used to assess the strength of the base. Anhydrous methanol solution (0.02 M) titration with Hammett indicator-benzene carboxylic acid was used to determine the catalysts’ overall basicity.




3.6. Biodiesel Characterization


To determine the organic content of the FAME mixture, Gas Chromatography-Mass-Spectroscopy (GC-MS) is a strong analysis tool. The components in fatty acid methyl esters of waste cooking oil were evaluated using GC-MS. A Shimadzu SH-Rxi-5Sil mass spectrometer (Shimadzu, Tokyo, Japan) with column specifications of 30 m  ×  0.25 mm dimensions and a 0.25 m film thickness were used to examine feedstock composition. A flow rate of 1.5 mL/min of n-hexane was employed as the carrier gas through an auto-injector at 220 °C, and the split-less mode was activated. For an initial 1 min, the oven temperature was maintained at 80°C, and afterwards, it was gradually increased to 200 °C at a pace of 10°C/min. After that, the temperature was raised to 270 °C at a rate of 8 °C/min and kept there for another one min. To determine fatty acid methyl esters in produced waste cooking oil biodiesel samples, the resulting data were compared to the NIST database library.




3.7. Experimental Setup for the Parametric Study of the Biodiesel Production Process


Processes such as transesterification, separation, purification, and drying occur during the whole stage of biodiesel development. End products are glycerol and biodiesel. Glycerol has not been regarded as waste from finished processing due to its commercial importance, because glycerol may be used to make soap. The transesterification reaction of peach seed oil (Prunus persica) is carried out in a three-neck round bottom flask attached with a condenser, a thermometer, and a heating metal using CaO promoted peach shell (Prunus persica) activated carbon and methanol at atmospheric pressure. The reaction carried out in the reactor is represented as:


  Triglyceride + Methanol   ↔ Methyl Esters + Glycerol  











The flask was kept at 65 °C for 140 min using a 1:8 oil to methanol molar ratio and a catalyst loading of 5 wt%. The catalyst was separated from the blend by centrifugation after the experiment was finished, where the filtrate was kept overnight in a separation funnel. To extract surplus methanol, a rotary evaporator was used under minimized pressure, and the excess methanol was separated. Finally, gas chromatography was used to examine samples of prepared biodiesel.



The following Equation (1) is used for the calculation of biodiesel yield [69].


  Y i e l d    ( % )  =   w e i g h t   o f   b i o d i e s e l ×    %    F A M E   w e i g h t   o f   o i l   × 100 %  



(1)




where % FAME relates to FAME amounts (fatty acid methyl ester) derived through GC processing.




3.8. Catalyst Reusability


After the transesterification reaction, the catalyst was separated and recovered from biodiesel to determine its reusability. Then the spent catalyst was vigorously flushed with methanol and then tetrahydrofuran to remove the traces. Subsequently, it was kept at 105 °C for the removal of moisture and drying in an oven. Finally, the catalyst was reused directly for the next cycle.





4. Conclusions


This study has presented the liquid and solid waste management of waste cooking oil and residual fruit shells by conversion to biodiesel using a novel catalyst that inspires waste to fuel production; this was conducted via a solid base-catalyzed transesterification process. A cost-effective and novel peach shell-derived AC-supported CaO catalyst at 650 °C calcination temperature and 20% CaO loading has been designed. Following this, several characterization methods were used to examine the physical and chemical characteristics of the catalyst. At a 1:8 oil to methanol molar ratio, a catalyst weight of 5 wt%, a temperature of 65 °C and a duration of 160 min, the highest conversion rate, that is, 96% was achieved using 20Ca/AC-650. Furthermore, the recycling experiments showed that after being reused for 10 cycles, the catalyst maintained a high degree of stability above 80%. Ca2+ ions leaching into products was revealed to be the primary cause of a little deactivation of the catalyst. Several significant physical and chemical parameters of the synthesized biodiesel were then tested and confirmed to be within the permitted limit set by the ASTM D6751 standard. Petrodiesel may therefore be replaced by product biodiesel in CI engines that use a similar engine configuration. After all, has been said and done, it has been determined that 20Ca/AC-650 is a cost-effective, recyclable, sustainable recyclable, and seeping-proof catalyst for the production of faster and higher quality biodiesel. Furthermore, the environmental issues caused by WCO are intelligently resolved by converting it into biodiesel, which can eventually contribute to improving the country’s economic situation.
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Figure 1. XRD patterns of Biochar, Activated Carbon, and 20Ca/AC-650. 
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Figure 2. SEM images (a) peach shell biochar, (b) activated carbon and (c) 20Ca/AC-650. 






Figure 2. SEM images (a) peach shell biochar, (b) activated carbon and (c) 20Ca/AC-650.



[image: Catalysts 12 00592 g002]







[image: Catalysts 12 00592 g003 550] 





Figure 3. FTIR of Biochar, Activated carbon and 20Ca/AC-650 catalyst. 
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Figure 4. Influence of reaction conditions on the FAME yield on a 20Ca/AC-650 catalyst (all reactions carried out at optimum conditions, i.e., an oil-to-methanol molar ratio of 1:8, catalyst amount 5 wt.%, reaction temperature 65 °C, and reaction time 160 min) (a) Oil to methanol molar ratio, (b) Catalyst amount, (c) Reaction temperature and (d) Reaction time. 
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Figure 5. Reusability test of the 20Ca/AC-650 catalyst. 
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Figure 6. XRD of 20Ca/AC-650 and spent catalyst. 






Figure 6. XRD of 20Ca/AC-650 and spent catalyst.



[image: Catalysts 12 00592 g006]







[image: Catalysts 12 00592 g007 550] 





Figure 7. Impact of catalyst preparation conditions on FAME yield (a) CaO loading and (b) Calcination temperature. 
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Figure 8. Comp Name: n-hexane, Run Time: 2.480, Mol Weight: 86. 
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Figure 9. Comp Name: 9-Hexadecanoic acid, methyl ester, Run Time: 15.167, Mol Weight: 268. 
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Figure 10. Comp Name: Hexadecanoic acid, methyl ester, Run Time: 15.402, Mol Weight: 270. 
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Figure 11. Comp Name: 9-Octadecanoic acid (Z)-, methyl ester, Run Time: 17.386, Mol Weight: 296. 
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Figure 12. Comp Name: Methyl stearate, Run Time: 17.664, Mol Weight: 298. 
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Figure 13. Comp Name: Bis(2-ethylhexyl) phthalate, Run Time: 21.973, Mol Weight: 390. 
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Figure 14. Schematic diagram of biochar preparation. 
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Figure 15. Schematic diagram of CaO synthesis. 
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Table 1. Sample properties.
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	Catalyst
	Surface Area (m2/g)
	Pore Volume (mm3/g)
	Basic Strength (H_)
	Total Basicity (mmol/g)





	PB
	25.73
	61.36
	7.2 < H_ < 9.8
	1.5



	AC
	281.90
	297.07
	7.2 < H_ < 9.8
	1.7



	15Ca/AC-650
	64.72
	86.14
	9.8 < H_ < 15.0
	6.9



	20Ca/AC-650
	60.95
	71.61
	15.0 < H_ < 18.4
	11.5



	25Ca/AC-650
	55.87
	56.89
	15.0 < H_ < 18.4
	11.1



	20Ca/AC-600
	62.38
	61.82
	15.0 < H_ < 18.4
	8.6



	20Ca/AC-700
	50.49
	37.52
	9.8 < H_ < 15.0
	6.8
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Table 2. EDX analysis (a) Biochar (b) Activated carbon and (c) 20Ca/AC-650.
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Figures

	
Text Point

	
Elements Content (wt%)




	
C

	
O

	
Si

	
Al

	
Ca

	
Mg

	
K

	
Others






	
Figure 2a

	
A

	
81.2

	
12.4

	
2.1

	
1.2

	
0.7

	
0.9

	
0.8

	
0.7




	
B

	
80.6

	
12.3

	
2.5

	
1.0

	
0.9

	
1.1

	
1.0

	
0.6




	
Figure 2b

	
A

	
83.0

	
13.8

	
0.7

	
0.5

	
0.3

	
0.7

	
0.6

	
0.4




	
B

	
83.3

	
13.6

	
0.6

	
0.4

	
0.5

	
0.6

	
0.5

	
0.5




	
Figure 2c

	
A

	
67.3

	
16.6

	
0.7

	
0.5

	
12.9

	
0.8

	
0.5

	
0.7




	
B

	
68.0

	
16.1

	
0.6

	
0.6

	
12.7

	
0.7

	
0.4

	
0.9
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Table 3. Compounds detected from GC-MS of biodiesel.






Table 3. Compounds detected from GC-MS of biodiesel.





	
Retention Time

	
Fatty Acid Methyl Ester (FAME)

	
Composition (%)

	
Library Match

	
Corresponding Fame Formula






	
2.480

	
n-Hexane

	
1.35

	
98

	
C6H14




	
15.167

	
9-Hexadecanoic acid, methyl ester

	
0.29

	
99

	
C17H32O2Me




	
15.402

	
Hexadecanoic acid, methyl ester

	
16.17

	
97

	
C17H34O2Me




	
17.386

	
9-Octadecanoic acid (Z)-, methyl ester

	
61.69

	
98

	
C19H36O2Me




	
17.664

	
Methyl stearate

	
7.07

	
98

	
C19H38O2




	
21.973

	
Bis(2-ethylhexyl) phthalate

	
13.43

	
96

	
C24H38O4




	
Saturated FAME        13.33%

Monounsaturated FAME     33.33%

Polyunsaturated FAME     53.33%
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Table 4. Physicochemical Properties of Synthesized Biodiesel.






Table 4. Physicochemical Properties of Synthesized Biodiesel.





	Properties
	ASTM D6751
	EN 14214
	Biodiesel





	Acid number (mg KOH/g)
	≤0.5
	<0.5
	0.45



	Viscosity (mm2/s)
	1.9–6.0
	3.50–5.00
	4.1



	Cloud point (°C)
	−3–12
	-
	3



	Flash point (°C)
	<130
	<120
	150



	Pour point (°C)
	−15–16
	-
	7



	Cetane number
	>47
	>51
	52



	Density (kg/m3)
	860–894
	860–900
	887



	Calorific value (MJ/kg)
	35–42
	-
	41
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Table 5. Comparison of the catalytic performance of 20Ca/AC-650 and other carbon-based catalysts.






Table 5. Comparison of the catalytic performance of 20Ca/AC-650 and other carbon-based catalysts.





	
Catalyst

	
Support

	
Reaction Conditions

	
Biodiesel Yield (%)

	
Ref.




	
Catalyst Loading (wt.%)

	
Temp. (°C)

	
Time (min)

	
Molar Ratio






	
CaO/K2CO3/BC

	
Algal biochar

	
4

	
65

	
200

	
18

	
98.83

	
[66]




	
K2CO3/BC

	
Pomelo peel biochar

	
6

	
65

	
150

	
8

	
98

	
[35]




	
PPBC

	
Potato peel biochar

	
3

	
60

	
120

	
9

	
97.5

	
[67]




	
CaO/SiO2

	
Peat biochar

	
5

	
65

	
150

	
8

	
93.4

	
[37]




	
CaO/SiO2

	
Rice husk biochar

	
8

	
65

	
180

	
9

	
93.4

	
[36]




	
KOH/Ca(NO3)2

	
Coconut endocarp activated carbon

	
10

	
60

	
480

	
15

	
90.8

	
[68]




	
SrO-Carbon

	
Date seed activated carbon

	
4

	
65

	
90

	
15

	
94.27

	
[69]




	
CaO/AC

	
Prunus persica shell activated carbon

	
5

	
65

	
140

	
8

	
96

	
Present work











[image: Table] 





Table 6. Physicochemical properties of waste cooking oil (WCO).






Table 6. Physicochemical properties of waste cooking oil (WCO).





	Properties
	Waste Cooking Oil
	ASTM Standard Method





	Acid Value (mg KOH/g oil)
	1.62
	D664



	Saponification number (mg KOH/g oil)
	205.3
	D9407



	Iodine number (mg I2/g)
	133.9
	D2500



	Calorific value (MJ/kg)
	38.4
	D240



	Viscosity (mm2/s) at 40 °C
	68.6
	D7110



	Density (kg/m3) at 27 °C
	906
	D4052



	Refractive Index
	1.50
	D1717



	pH
	5.7
	-
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