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Abstract

:

This study investigated biodiesel production via the transesterification of grapeseed oil with plasma-modified biomass-based catalysts originating from starfish. Dried starfish was first converted into magnesium and calcium oxide through heat treatment and then further modified by plasma engineering to improve the catalyst’s surface area and active sites via zinc addition. The Zn content was added via plasma engineering in the ratios of starfish (Mg0.1Ca0.9CO3): ZnO varying from 5:1, 10:1, to 20:1. The structure and morphology of the catalyst were confirmed through XRD, SEM, and XPS analysis. After the Zn addition and activation process, the surface area and the basicity of the synthesized catalysts were increased. The plasma-modified catalyst showed the highest basicity at the ratio of 10:1. Based on HPLC analyses, the optimized biodiesel yield in transesterification demonstrated 97.7% in fatty acid conversion, and its catalytic performance maintained 93.2% even after three repeated runs.






Keywords:


biomass-based catalyst; starfish; biodiesel production; plasma modification; transesterification












1. Introduction


Global use of fossil fuels is increasing due to problems such as environmental pollution and fossil fuel depletion, and the need for sustainable energy is urgent [1]. Among various alternative energy sources, biodiesel stands out as a non-toxic, biodegradable, and renewable fuel [2]. Biodiesel production typically involves the transesterification of triglycerides from plant or animal oils to fatty acid esters and glycerol, a reversible reaction described in Equation (1). The process begins with activating the catalyst through heating to increase its surface area and reactivity. When triglycerides react with methanol, which is facilitated by the catalyst, it results in the formation of reactive methoxide anions. These anions react with triglyceride molecules, forming methyl esters and glycerol. This reaction requires an excess of methanol to shift the equilibrium towards biodiesel production [3].


Triglyceride + 3 Methanol ⇄ 3 Methyl Esters + Glycerol



(1)







The wine industry generates huge quantities of grape marc, from which grape seed oil can be obtained. In Spain and India, 6900 and 120 kt of grapes are produced, respectively, demonstrating the significant potential of grape seed oil as a bioresource feedstock [4,5]. For edible grape seed oil, free fatty acids (FFAs) are removed because they adversely affect the oil’s flavor and stability due to their susceptibility to auto-oxidation [6].



On the other hand, biodiesel production costs are still relatively high, attributed to the cost of raw materials and complex processing routes [7,8]. A typical way to lower production costs is to incorporate catalysts, which accelerate the reaction rate and play an important role in biodiesel commercialization [1]. Catalysts can be broadly classified into two types: homogeneous catalysts and heterogeneous catalysts. Although homogeneous catalysts, including NaOH and KOH, provide a high production yield of biodiesel, these catalysts still suffer significant drawbacks, such as difficulty in separation between the catalysts and products due to the saponification reaction, as well as the post-treatment of the waste effluents [9]. On the other hand, the use of heterogeneous catalysts not only accelerates the reaction rate but also makes the separation process of the catalyst from the reaction product easy, which plays an important role in biodiesel commercialization [10,11].



Among many heterogenous catalysts, CaO has been studied with decent performance in transesterification [12,13,14,15]. Not only does CaO have a strong base strength and low solubility in methanol, but CaO-based materials are relatively low in price and can be supplied from various recycled/waste materials, such as eggshells [16] and crab shells [17]. Starfish, among other Ca-based wastes, have been identified as causing extreme losses to sea farmers and disturbing the marine ecosystem [18]. In addition, most starfish are supplied at a lower price or even treated as waste and incinerated [19]. When recycled as a waste catalyst, starfish can significantly reduce the capital cost of biodiesel production and solve environmental problems [18]. In addition, dried starfish consists of both magnesium and calcium [20], which has an advantage over other waste-based catalysts since it can be converted to CaO and MgO through annealing [21].



However, using a Ca-based catalyst alone in biodiesel production can lead to a leaching problem after transesterification, thus reducing the catalyst’s performance and durability [22]. There are several methods to solve these problems: (1) improve the stability of catalysts by using oxides such as SiO2 [23] and CeO2 [24], (2) increase yield by using alkali metals such as Li, Na, and K [25], and (3) improve both the stability and efficiency based on spinel structures with Zn- and Al-doped CaO, which was studied by [26]. In particular, zinc is used in many catalytic reactions because it is an inexpensive, stable, commercially efficient, and environmentally friendly catalyst [27,28]. Previous studies reported that Zn addition improves production yield by enhancing the alkalinity [29] and stability of CaO catalysts [30]. In general, Ca oxides are modified via ammonia or sodium hydroxide, adding complexity and cost to their production process [24,30,31,32]. This study, on the other hand, utilized an environmentally friendly and simple plasma process to modify biomass catalysts derived from starfish without the use of ammonia. The plasma-modified catalysts were prepared under various mole ratios of support material (starfish) to zinc at 5:1, 10:1, and 20:1, and comparisons were made regarding catalyst structure, chemistry, morphology, specific surface area, and surface alkalinity. Additionally, this study compared the yield of biodiesel production through the transesterification of grape seed oil, offering a method for producing eco-friendly biodiesel catalysts.




2. Experimental Section


2.1. Materials


Starfish (Asterias rubens) [20] from Beidaihe, China, were used as the biomass catalysts. Other chemicals, including Zn(CH3COO)2 2H2O (zinc acetate dihydrate), methyl alcohol (99.9%), isopropyl alcohol (99.7%), and n-hexane (96%), were purchased from Duksan General Science. Grapeseed oil (Beksul Food Company, Seoul, Republic of Korea) was available in the local market. Methyl linoleate, methyl oleate, and methyl stearate for HPLC standard were purchased from Sigma Aldrich (St. Louis, MO, USA).




2.2. Preparation of Catalyst


Dried starfish was immersed in D.I. water for 48 h to remove impurities and then dried in an oven at 80 °C for 12 h. The washed starfish was ball-milled to prepare the catalyst powder (hereafter referred to as SF). SF was calcinated at 700 °C and 900 °C, respectively, for 2 h in an air atmosphere (hereafter referred to as SF700 and SF900) to convert magnesium calcite into calcium oxide and magnesium oxide.



Then, plasma modification was utilized to incorporate Zn into SF900 to form SFZnx catalysts. The Zn loading content was adjusted by adding 1, 2, and 4 mmol of zinc acetate, which corresponded to ratios of SF900: Zn of 20:1, 10:1, and 5:1 (referred to as SFZn1, SFZn2, and SFZn3). At first, the zinc acetate was stirred in 100 mL of D.I. water for 30 min. Then, both SF and zinc solutions were mixed in a 200 mL reactor to proceed with plasma engineering. This experiment used the plasma process for various catalytic syntheses using the same device as in our previous study [33,34,35]. Tungsten electrodes with ceramic tube insulation were placed at the reactor with a 1 mm space between electrodes and connected to a bipolar DC pulse power supply. Voltage, pulse frequency, and pulse width were fixed at 10 kV, 50 kHz, and 1.0 μs, respectively. Plasma discharge was performed for 10 min, followed by filtration and drying overnight. The synthesized powder was activated under annealing conditions at 780 °C for 2 h in an air atmosphere. In addition, a catalyst was prepared by hydrothermal synthesis [36,37] to evaluate the performance of the plasma process catalyst. The contents of this are shown in the Supplementary Materials.




2.3. Biodiesel Production via Transesterification


An amount of 1 g of grape seed oil and 1.75 mL of methyl alcohol were added to an 11 mL culture tube. An amount of 1 wt. % of catalyst (24 mg) was mixed with the prepared reactant (oil + methyl alcohol). The reactor was submerged in a water bath on a hot plate. This mixture was stirred vigorously at 1500 rpm using a magnetic bar at 68 °C for 12 h under atmospheric pressure.



To study reusability, catalyst recovery proceeded by collecting the catalysts with a centrifuge, washing the used catalyst with ethanol, and then heat treating at 300 °C for 2 h to eliminate the remaining ethanol, methanol, grapeseed oil, and biodiesel. Transesterification for catalyst recycling was conducted with the recovered catalysts. The conditions for transesterification were fixed as in the previous process. The recycle test was conducted for 2 more cycles.




2.4. Catalyst Characterization


The structure properties of catalysts were compared by X-ray diffraction (Rigaku Ultima IV X-ray diffractometer, Tokyo, Japan) with Cu Kα radiation operated at 40 kV and 40 mA. The surface chemical bonding states were characterized by an X-ray photoelectron spectrometer (XPS, JEOL, JPS-9010MC, Tokyo, Japan) at the Korea Basic Science Institute (KBSI, Busan, Republic of Korea) utilizing an X-ray gun emitting Al Kα monochromatic radiation (hν = 1486.6 eV). The quantitative analysis for the chemical composition of synthesized starfish-based catalysts was performed by an inductively coupled plasma optical emission spectrometer (PerkinElmer, Optima 8300, Waltham, MA, USA). The morphology of the prepared sample was investigated using a scanning electron microscope (SEM) at an acceleration voltage of 10 kV. Surface characteristics such as surface area, pore size, and pore volume of synthesized catalysts were investigated using ASAP2420 (Micromeritics, Norcross, GA, USA).




2.5. Catalytic Performance Test


HCl titration was processed to measure each catalyst’s basicity as follows: 300 mg of catalyst was placed with the addition of 10 mL of the 1% phenolphthalein solution in the beaker, and the mixture was stirred for 6 h to ensure proper mixing of the catalyst and the indicator solution. Then, the HCl solution was added slowly to the catalyst-indicator mixture while continuously stirring. The titration was continued until the indicator’s color change signaled the reaction’s endpoint. Lastly, the volume of HCl solution consumed was recorded and calculated to determine the basicity of the catalyst.



High-Performance Liquid Chromatography (HPLC, LC-20A, Kyoto, Japan) was conducted with a liquid chromatography device equipped with a Refractive Index Detector (RID-20A, Shimadzu, Kyoto, Japan) and a Pursuit 5 C18 column (250 × 4.6 mm with 5 μm particle size). The mobile phase was composed of 85% methanol, 10% isopropyl alcohol, and 5% n-hexane. The oven temperature and flow rate were 40 °C and 0.5 mL/min, respectively. The biodiesel yield was calculated by comparing the amount of methyl ester produced with the representative fatty acids contained per 1 g in grape seed oil (Table 1) to calculate each methyl ester [38]. Biodiesel yield was determined according to Equation (2) [39,40].


Yield of Biodiesel (%) = (Mass of methyl ester)/(Mass of grapeseed oil) × 100



(2)









3. Results and Discussion


3.1. Morphology and Textural Properties


The schematic of the plasma modification of the Zn-added SF catalysts is shown in Figure 1. Starfish is composed of MgCO3 and CaCO3 (Mg0.1Ca0.9CO3), which was converted to MgO and CaO through heat treatment. Subsequently, SFZnx, a catalyst in which Ca, Mg, and Zn are mixed, was synthesized through a plasma process. The reaction equations for the total process are as follows [28,41]:


MgCO3 + CaCO3 → MgO + CaO + 2CO2



(3)






CaO + MgO + 2H2O → Ca(OH)2 + Mg(OH)2



(4)







Magnesium reacts insignificantly with water, and the initial magnesium concentration of the dried starfish was not high. As shown in Figure S1, most of the MgO remained unresponsive.



With plasma discharge in the water, H2O2 is produced through the following reactions where · refers to the radical, * refers to the excited atom, and e− is the electron [42].


H2O → H2O·+ + e·−



(5)






H2O·++ H2O → H3O·+ + ·OH



(6)






H2O → H2O* → ·OH + ·H



(7)






e·− + OH− → ·OH + e−



(8)






·OH + ·OH → H2O2



(9)







Ca(OH)2 and Zn ions in water react with H2O2 generated through plasma to form hydroxide through the following reaction [43]. After heat treatment at 780 °C, it is converted to oxide.


Ca(OH)2 → Ca2+ + 2OH−



(10)






Ca2+ + 2Zn2+ + 3H2O2 → CaZn2(OH)6



(11)






CaZn2(OH)6 → CaO + 2ZnO + 3H2O



(12)






Mg(OH)2 → MgO



(13)







In this reaction equation, Ca and Zn react in an ionic state at a ratio of 1:2 and then are converted to CaO and ZnO. Residual Ca2+ ions that did not react during the decomposed Ca(OH)2 remain in the solution. Figure S1 and the reaction equation show that Mg does not participate in the reaction because the Ca content is high and the reactivity of Mg is lower than that of Ca.



Scanning electron microscope images investigated the morphology of the as-prepared catalysts (Figure 2). Figure 2a shows a nonuniform, non-porous, sharp shape in SF. When SF was calcinated at 700 °C, the catalyst exhibited a sharp shape and porous particles, as shown in Figure 2b. The XRD data showed that SF (a) was present only with MgCaCO3, and for SF700 (b) it was only partially converted to MgO and CaO, and some MgCaCO3 remained unconverted. In Figure 2c, the catalyst shows uniform size and porous particles, which contrasts greatly with the samples SF and SF700. The uniform and porous structure provided a sufficient active surface area, indicating that sufficient conversion of MgCaCO3 to MgO and CaO occurred.



The plasma applied to the zinc-doped catalyst was significantly smaller than SF900. These particles grow to form aggregates with regular and smooth surfaces. As the Zn content increases, the overall particle size distribution tends to increase, and fine particles that did not grow sufficiently with small spherical aggregation are observed in SFZn1 (d). Still, spherical particles of uniform size are aggregated in SFZn2 (e). On the other hand, in the case of SFZn3 (f), the particles are aggregated to form uneven particles, and at the same time, due to the excessive content of Zn, a hexagonal crystal structure, which is the crystal structure of ZnO [44], appeared (yellow circle at Figure 2f). The distribution of constituent elements was determined through EDS mapping (Figures S2–S4). Overall, it was evenly distributed, but some locations of Mg and Zn were separated. From the reaction path Equations (3)–(13), MgO does not react significantly with Zn during the plasma process and is maintained as MgO. This mechanism can explain why the concentration of Zn and Mg is not uniform. From the EDS mapping of SFZn3 (Figure S4), ZnO is partially concentrated and separated from CaO compared to SFZn1 and SFZn2. This phenomenon can be described as a supersaturated state in which the solution added to this particular sample contains a large amount of Zn2+ during the preparation of the sample, so it does not react with Ca through plasma and precipitates itself to represent the form of ZnO [44].



Table 2 summarizes the characteristics related to the surface area of the prepared catalyst. On the surface area (SBET), the higher this value, the larger the active surface area of the catalyst, and it increased when Zn was doped, especially in SFZn2. The pore volume (Vp) is the ability of the catalyst to adsorb a specific gas or liquid, and the larger the value, the greater the adsorption capacity. SFZn2 is a catalyst with the largest BET surface area and a high pore volume, suggesting that the active surface area and adsorption capacity are the highest. On the other hand, SFZn3 tended to be inferior to SFZn2 even though more Zn was loaded due to the precipitation of ZnO and densification of particles, as confirmed in the SEM image.




3.2. Structural and Chemical Properties


X-ray diffraction (XRD) analysis was conducted to study the structure and crystallinity of the catalysts. In the XRD pattern of SF, Mg0.1Ca0.9CO3 peaks were detected. As the heat treatment temperature increased, the peaks became more apparent due to successfully converting CaO and MgO. As shown in Figure 3, starfish consists of the main crystalline phases of Mg0.1Ca0.9CO3 at 29.6°, 36.3°, 39.7°, 43.5°, 47.9°, and 48.9° at 2θ angles, confirming that the starfish used in this study was composed of Mg0.1Ca0.9CO3 (JCPDS # 071-1663). In SF700, which was subjected to heat treatment at 700 °C, cubic CaO (2θ = 32.2°, 37.3°, and 53.8°) and cubic MgO (2θ = 42.9° and 62.3°) were formed, and some MgCaCO3 remained unconverted. In the case of the XRD pattern of SF900, no Mg0.1Ca0.9CO3 peaks were detected, and diffraction patterns of CaO (JCPDS # 01-070-4068) and MgO (JCPDS # 01-089-4248) indicate that the conversion was optimized at 900 °C.



The XRD patterns of SFZn1 primarily showed peaks corresponding to CaO and MgO, with relatively low-intensity attributed to hexagonal ZnO (JCPDS # 01-080-0075) at 2θ values of 31.8°, 34.4°, and 36.3°. This suggests that ZnO is present in SFZn1 in a very small amount, as indicated by the low intensity of its peaks. In SFZn2 and SFZn3, the XRD patterns revealed more intense ZnO peaks than SFZn1, indicating a higher loading of ZnO in these samples. In particular, as the amount of Zn increased, the peak intensity of CaO decreased, suggesting that Ca and Zn react 1:2 during the reaction, and calcium remains in the water in an ionic state after the reaction completes, where both CaO and ZnO are precipitated. In addition, as shown in the SEM image, due to the precipitation of ZnO, the ZnO peak was prominent in SFZn3, and the CaO peak was comparatively weaker than other samples.



The surface chemical states of the samples were characterized based on the XPS analysis. Figure 3 shows the core level of Ca 2p, Mg 1s, and O 1s spectra of SF900. The binding energy of Ca 2p (Figure 4a) has two asymmetric peaks: Ca 2p3/2 around 347 eV and Ca 2p1/2 around 350.4 eV. The Ca peak appeared at a ratio of 2:1, with a difference of about 3.4 eV. [45]. In Figure 4b, Mg peaks were ascribed to its oxide state (Mg2+, at 1304 eV) [46]. The core level of O 1s peak of SF900 can be deconvoluted in three components at 530.4 eV, 531.4 eV, and 533.4 eV. O L1 (531.4 eV), and O L2 (530.4 eV) is the oxygen in the lattice, constituting oxides of CaO [47] and MgO [48], respectively. Ov indicates the oxygen peak caused by water adsorbed on the surface of the catalyst [49,50]. The overall surface area and basic sites increased by adding Zn through the plasma process, so the water adsorption increased.



Figure 5 shows the detailed analyses of the XPS narrow scan of SFZn2. In the figure, Ca 2p showed two distinct peaks of 2p3/2 at 347 eV and 2p1/2 at 351.4 eV, similar to SF900 without Zn addition. Also, Mg 1s was found to be 1304 eV for Mg 2+. On the other hand, the Zn 2p peak appeared as dual peaks between 1015 and 1055 eV (Figure S5). The difference due to the formation of ZnO can be seen in O 1s, where the intensity of OL2 increased due to the oxide peak of ZnO corresponding to 530.4 eV including MgO, and OL1, the oxide lattice peak of CaO, shifted to 531.8 under the influence of ZnO [28]. The XPS spectra for SFZn1 and SFZn3 are presented in the Supplementary Materials (Figures S6 and S7).



Table 3 shows the element ratio of the prepared catalysts calculated by ICP analysis. In general, the ratio of Ca and Mg varies depending on the size of the starfish from 10:1 to 20:1, as reported by Brügmann L et al. [20]. The amount of Zn added with SFZn1: SFZn2: SFZn3 is 1:2:4 under the experimental conditions, and in the ICP results, Zn increases at the same ratio as the amount added. Based on the previous discussion and reaction (3–13), Ca and Zn participated in the plasma process at a ratio of 1:2, and unreacted Ca ions remained in the solution with the introduction of Zn. Therefore, as shown in the ICP results, as the content of Zn increases, the content of Ca decreases. As a result, the total mass of the final product is reduced, while the amount of Mg is relatively large because Mg does not participate in the reaction and remains intact. This trend is particularly significant in SFZn3, where precipitation of ZnO appears.



The basic strength of the catalytic active site is an important indicator in biodiesel production. As previously reported, an increase in the amount of Zn affects the basic strength of the catalyst [29]. The Lewis base site was formed under Zn added to the existing CaO surface. The basicity of the as-prepared catalysts was calculated using Equation (14) [51,52,53].


Basicity (mmol/g) = (Volume of HCl (L) × Molarity of HCl (mol/L))/(Mass of catalyst (g))



(14)







The calculated basicity based on HCl titration is 2.48, 2.76, 3.04, and 2.77 mmol/g for SF900, SFZn1, SFZn2, and SFZn3 samples, correspondingly. As shown in Table 4, the basicity increased in the order of SFZn2, SFZn3, SFZn1, and SF900. Among all catalysts, SFZn2 has the highest surface area and pore volume and has demonstrated the highest basic strength and site density. On the other hand, SFZn3 shows a lower basic strength with increasing Zn content due to precipitation, as depicted in Figure 2f and the previous discussion. The site density of each catalyst was then calculated based on its mass and basic strength. SFZn3 showed similar basic strength despite having a much wider surface area than SFZn1. This phenomenon is caused by ZnO precipitation, and since ZnO has a lower alkalinity than CaO, the basic strength of SFZn3 becomes low.




3.3. Catalytic Performance


Figure 6 shows the possible mechanism of the catalyst in the transesterification reaction. The M is Lewis’s basic site of catalyst. In the first step, the catalyst reacts with methanol, forming the methoxide anion. Then, the methoxide anion attacks the carbonyl carbon of triglycerides to form an alkoxycarbonyl intermediate (step 2). This intermediate reacts with H+ derived from CaO-H+ to generate another alkoxycarbonyl intermediate and CaO (step 3). Finally, the intermediate divides into biodiesel (methyl ester) and diglycerides (step 4) [54,55].



Figure 7 shows the biodiesel yield of grape seed oil with different transesterification times of SFZn2 (a) and transesterification of each sample for 12 h under 68 °C (b), where methyl linoleate, methyl oleate, methyl palmitate, and methyl stearate are indicated as ML, MO, MP, and MS, respectively. All reactors were placed in a water bath for the transesterification reaction, and the reaction time was measured after the water bath temperature reached 68 °C. The position of the peak according to the retention time analyzed through HPLC can be confirmed in the Supplementary Materials (Figures S8–S10). When transesterification was performed for 4 h, the total yield was very low at 13.2%, but from 6 h, a yield of 71.6% was obtained. After that, more than 90% of conversions proceeded from 8 h, 95.8% at 10 h, and 97.7% at the maximum value of 12 h. Major products of grape seed oil are linoleic acid, oleic acid, palmitic acid, and stearic acid, which are 74.2%, 14.8%, 7.2%, and 3.8% of the composition, respectively. The composition of grape seed oil is summarized in Table 1. As all the acids convert into methyl esters, the composition of the esters turns into 74.6% for ML, 15.0% for MO, and 6.7% and 3.8% for MP and MS.



Each detailed methyl ester tended to increase as the reaction time increased, but methyl oleate did not increase significantly from 8 h. When comparing the yield of each methyl ester at 12 h with the ratio of representative fatty acids constituting grape seed oil shown in Table 1, it was almost similar, indicating that most of the triglycerides were converted to esters when transesterification was performed for 12 h through a catalyst. The detailed conversion of each product over time is summarized in Table S1.



Figure 7b shows the results of the grape seed oil transesterification reaction using each catalyst. Methyl linoleate was converted the most, and methyl stearate was converted the least, showing a similar trend as shown in Table 1. In the case of SF900, the overall yield was the lowest, and the stearic acid was hardly converted to methyl stearate. As the amount of Zn increased, the yield of each component increased, and the yield of SFZn1 was 94.1%, SFZn2 was 97.7%, and SFZn3 was 93.4%. The catalyst with the highest Zn loaded was SFZn3, but the result of transesterification showed the highest efficiency in SFZn2. Due to the influence of Zn on the CaO surface with the highest surface area value, SFZn2 showed the best performance in the transesterification reaction. In the case of SFZn3, despite exhibiting higher basic strength and specific area than SFZn1, the yield of SFZn3 is comparatively lower than that of SFZn1 because of the ZnO formation. The biodiesel conversion yield showed the same trend, as summarized in Table 5.



The recyclability of each catalyst was evaluated by three consecutive runs. Figure 8 shows the components of each ester as abbreviations ML, MO, MP, and MS. In the case of SFZn1, methyl linoleate and methyl oleate slightly increased in the first and second cycles, but the overall yield was almost similar at 94.1%. Still, in the third cycle, the yield of methyl linoleate and methyl oleate also decreased, and the overall yield decreased to 80.8%. In the case of SFZn2, the yield gradually decreased according to the number of recycles, but it recorded a yield of 93.2% even after three uses, showing the best durability. On the other hand, SFZn3 decreased with a yield of 29% from the second time and further reduced to 32.3% in the third run. As discussed in the previous SEM image, ZnO is presented as a column-like structure in SFZn3. This structure formed due to the precipitation of ZnO. As a result, SFZn3 results in poor stability and possible Zn or Ca metals leaching during the transesterification reaction. The detailed biodiesel products of all catalysts in each run are summarized in Table 6. To prove the advantage of plasma-modified catalysts, the performance of the catalyst produced through the hydrothermal synthesis method (convention method) was prepared at the ratio of SF: Zn = 10:1 and compared to SFZn2 with identical transesterification conditions. Details of hydrothermal synthesis and its performance are summarized in Table S2 in the Supplementary Materials. While the maximum yield was 97.7% for the plasma-synthesized catalyst (SFZn2), which was maintained at over 90% after the subsequent reuse tests, the catalyst fabricated via hydrothermal synthesis showed a significantly lower performance of 70.9%, and the yield decreased rapidly to 23.4% for the second use. In the conventional hydrothermal process, Zn addition is based on the thermal chemical reactions. On the other hand, plasma modification applies highly active electrons and radicals generated through plasma-induced reactions that are further added to the substrate, as shown in Equations (3)–(13). Based on the result, it can be confirmed that Zn addition via plasma-induced reactions is much more effective and can maintain higher stability compared to catalysts fabricated from the hydrothermal method.





4. Conclusions


Biomass-based catalysts were developed by applying dried starfish, a type of marine waste, as a catalyst substrate material for the conversion of grape seed oil to biodiesel. We improved the basicity and number of active sites of the catalysts by increasing the surface area by Zn addition via plasma engineering. Through XRD and XPS surface analyses, we confirmed that CaO, MgO, and ZnO were formed on all catalyst surfaces. As the amount of Zn increases, surface area and basic strength tend to enhance. However, precipitation of ZnO occurs when the substrate to ZnO ratio increases to 5:1 (SFZn3), resulting in adverse effects where surface area and basic strength decrease sharply and result in low catalytic performance and stability of the catalyst. The plasma-modified catalyst was optimized with a Zn to Mg0.1Ca0.9CO3 ratio of 10:1 (SFZn2). The conversion of grape seed oil to methyl ester was as high as 97.7% under 12 h transesterification. In addition, the performance of the SFZn2 catalyst maintained over 93.2% even after three repeated runs. On the other hand, in the case of SFZn3, where ZnO precipitation occurred, the stability was significantly reduced, and the yield decreased to 32.3% after three reused tests. This paper provides significant insight into the novel synthesis method of marine waste catalysts for low-cost and sustainable biodiesel production.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/nano14151313/s1, Figure S1: The XRD data of SFZn2 before heat treatment; Figure S2: The EDS image of SFZn1; Figure S3: The EDS image of SFZn2; Figure S4: The EDS image of SFZn3; Figure S5: XPS spectra of the prepared sample; Figure S6: The XPS spectra of the SFZn1; Figure S7: The XPS spectra of the SFZn3; Figure S8: HPLC data for different transesterification time under 68 °C of SFZn2; Figure S9: HPLC data for 12 h transesterification under 68 °C. (SF900: Non-dilution, SFZnx: Dilution ration 1:5 to mobile); Figure S10: HPLC data for 3 times recycle of catalysts (12 h, 68 °C); Figure S11: HPLC data for 2 times recycling of a catalyst via hydrothermal treatment (68 °C for 12 h); Table S1: Biodiesel yield through transesterification with different transesterification time under 68 °C; Table S2: Biodiesel yield via transesterification for 12 h under 68 °C with hydrothermal treated catalyst.





Author Contributions


Conceptualization, S.L.; investigation, J.H.; writing—original draft, S.L. and J.H.; writing—review and editing, O.L.L.; supervision, O.L.L.; funding acquisition, S.L. and O.L.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the 2022 BK21 FOUR Program of Pusan National University.




Data Availability Statement


The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Dias, C.N.; Viana, A.M.; Cunha-Silva, L.; Balula, S.S. The Role of the Heterogeneous Catalyst to Produce Solketal from Biodiesel Waste: The Key to Achieve Efficiency. Nanomaterials 2024, 14, 828. [Google Scholar] [CrossRef]

	



Akram, F.; ul Haq, I.; Raja, S.I.; Mir, A.S.; Qureshi, S.S.; Aqeel, A.; Shah, F.I. Current trends in biodiesel production technologies and future progressions: A possible displacement of the petro-diesel. J. Clean. Prod. 2022, 370, 133479. [Google Scholar] [CrossRef]

	



Fadhil, A.B.; Al-Tikrity, E.T.B.; Khalaf, A.M. Transesterification of non-edible oils over potassium acetate impregnated CaO solid base catalyst. Fuel 2018, 234, 81–93. [Google Scholar] [CrossRef]

	



Donoso, D.; Bolonio, D.; Lapuerta, M.; Canoira, L. Oxidation stability: The bottleneck for the development of a fully renewable biofuel from wine industry waste. ACS Omega 2020, 5, 16645–16653. [Google Scholar] [CrossRef]

	



Venkatesan, H.; Sivamani, S. Evaluating the predicting capability of response surface methodology on biodiesel production from grape seed bio-oil. Energy Sources Part A Recovery Util. Environ. Eff. 2022, 44, 2473–2488. [Google Scholar] [CrossRef]

	



Yu, J.; Smith, I.; Carver, J.; Holmes, B. Fatty Acid Composition of Grape Seed Oil as Affected by Grape Variety and Extraction Solvent. EC Nutr. 2021, 16, 51–58. [Google Scholar]

	



Di Serio, M.; Tesser, R.; Pengmei, L.; Santacesaria, E. Heterogeneous catalysts for biodiesel production. Energy Fuel 2008, 22, 207–217. [Google Scholar] [CrossRef]

	



Ma, F.R.; Hanna, M.A. Biodiesel production: A review. Bioresour. Technol. 1999, 70, 1–15. [Google Scholar] [CrossRef]

	



Sakai, T.; Kawashima, A.; Koshikawa, T. Economic assessment of batch biodiesel production processes using homogeneous and heterogeneous alkali catalysts. Bioresour. Technol. 2009, 100, 3268–3276. [Google Scholar] [CrossRef]

	



Widayat, W.; Darmawan, T.; Hadiyanto, H.; Rosyid, R.A. Preparation of heterogeneous CaO catalysts for biodiesel production. J. Phys. Conf. Ser. 2017, 877, 012018. [Google Scholar] [CrossRef]

	



Weldeslase, M.G.; Benti, N.E.; Desta, M.A.; Mekonnen, Y.S. Maximizing biodiesel production from waste cooking oil with lime-based zinc-doped CaO using response surface methodology. Sci. Rep. 2023, 13, 4430. [Google Scholar] [CrossRef]

	



Boey, P.L.; Maniam, G.P.; Abd Hamid, S. Performance of calcium oxide as a heterogeneous catalyst in biodiesel production: A review. Chem. Eng. J. 2011, 168, 15–22. [Google Scholar] [CrossRef]

	



Liu, X.J.; He, H.Y.; Wang, Y.J.; Zhu, S.L.; Piao, X.L. Transesterification of soybean oil to biodiesel using CaO as a solid base catalyst. Fuel 2008, 87, 216–221. [Google Scholar] [CrossRef]

	



Lam, M.K.; Lee, K.T.; Mohamed, A.R. Homogeneous, heterogeneous and enzymatic catalysis for transesterification of high free fatty acid oil (waste cooking oil) to biodiesel: A review. Biotechnol. Adv. 2010, 28, 500–518. [Google Scholar] [CrossRef] [PubMed]

	



Kouzu, M.; Kasuno, T.; Tajika, M.; Sugimoto, Y.; Yamanaka, S.; Hidaka, J. Calcium oxide as a solid base catalyst for transesterification of soybean oil and its application to biodiesel production. Fuel 2008, 87, 2798–2806. [Google Scholar] [CrossRef]

	



Viriya-Empikul, N.; Krasae, P.; Puttasawat, B.; Yoosuk, B.; Chollacoop, N.; Faungnawakij, K. Waste shells of mollusk and egg as biodiesel production catalysts. Bioresour. Technol. 2010, 101, 3765–3767. [Google Scholar] [CrossRef]

	



Boey, P.L.; Maniam, G.P.; Abd Hamid, S. Biodiesel production via transesterification of palm olein using waste mud crab (Scylla serrata) shell as a heterogeneous catalyst. Bioresour. Technol. 2009, 100, 6362–6368. [Google Scholar] [CrossRef] [PubMed]

	



Jo, Y.B.; Park, S.H.; Jeon, J.K.; Ko, C.H.; Ryu, C.; Park, Y.K. Biodiesel Production via the Transesterification of Soybean Oil Using Waste Starfish (Asterina pectinifera). Appl. Biochem. Biotech. 2013, 170, 1426–1436. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.; Jung, S.; Park, Y.-K.; Moon, D.H.; Kwon, E.E. Exploiting starfish in pyrolysis for the enhanced generation of syngas and CO2-looping agent. J. Clean. Prod. 2020, 276, 123228. [Google Scholar] [CrossRef]

	



Brügmann, L.; Lange, D. Trace metal studies on the starfish Asterias rubens L. from the western Baltic Sea. Chem. Ecol. 1988, 3, 295–311. [Google Scholar] [CrossRef]

	



Verziu, M.; Cojocaru, B.; Hu, J.C.; Richards, R.; Ciuculescu, C.; Filip, P.; Parvulescu, V.I. Sunflower and rapeseed oil transesterification to biodiesel over different nanocrystalline MgO catalysts. Green Chem. 2008, 10, 373–381. [Google Scholar] [CrossRef]

	



Granados, M.L.; Alonso, D.M.; Sádaba, I.; Mariscal, R.; Ocón, P. Leaching and homogeneous contribution in liquid phase reaction catalysed by solids: The case of triglycerides methanolysis using CaO. Appl. Catal. B-Environ. 2009, 89, 265–272. [Google Scholar] [CrossRef]

	



Chen, G.Y.; Shan, R.; Li, S.Y.; Shi, J.F. A biomimetic silicification approach to synthesize CaO-SiO2 catalyst for the transesterification of palm oil into biodiesel. Fuel 2015, 153, 48–55. [Google Scholar] [CrossRef]

	



Thitsartarn, W.; Kawi, S. An active and stable CaO-CeO2 catalyst for transesterification of oil to biodiesel. Green Chem. 2011, 13, 3423–3430. [Google Scholar] [CrossRef]

	



Dai, Y.M.; Li, Y.Y.; Lin, J.H.; Kao, I.H.; Lin, Y.J.; Chen, C.C. Applications of M2ZrO2 (M = Li, Na, K) composite as a catalyst for biodiesel production. Fuel 2021, 286, 119392. [Google Scholar] [CrossRef]

	



Bournay, L.; Casanave, D.; Delfort, B.; Hillion, G.; Chodorge, J.A. New heterogeneous process for biodiesel production: A way to improve the quality and the value of the crude glycerin produced by biodiesel plants. Catal. Today 2005, 106, 190–192. [Google Scholar] [CrossRef]

	



Tamaddon, F.; Amrollahi, M.A.; Sharafat, L. A green protocol for chemoselective O-acylation in the presence of zinc oxide as a heterogeneous, reusable and eco-friendly catalyst. Tetrahedron Lett. 2005, 46, 7841–7844. [Google Scholar] [CrossRef]

	



Alba-Rubio, A.C.; Santamaría-González, J.; Mérida-Robles, J.M.; Moreno-Tost, R.; Martín-Alonso, D.; Jiménez-López, A.; Maireles-Torres, P. Heterogeneous transesterification processes by using CaO supported on zinc oxide as basic catalysts. Catal. Today 2010, 149, 281–287. [Google Scholar] [CrossRef]

	



Kumar, D.; Ali, A. Transesterification of Low-Quality Triglycerides over a Zn/CaO Heterogeneous Catalyst: Kinetics and Reusability Studies. Energy Fuel 2013, 27, 3758–3768. [Google Scholar] [CrossRef]

	



Arenas-Quevedo, M.G.; Manríquez, M.E.; Wang, J.A.; Elizalde-Solís, O.; Gonzalez-Garcia, J.; Zúñiga-Moreno, A.; Chen, L.F. ZnO-Doped CaO Binary Core-Shell Catalysts for Biodiesel Production via Mexican Palm Oil Transesterification. Inorganics 2024, 12, 51. [Google Scholar] [CrossRef]

	



Hlaing, N.N.; Othman, R.; Hinode, H.; Kurniawan, W.; Thant, A.A.; Mohamed, A.R.; Salim, C.; Sreekantan, S. The Influence of Hydrothermal Temperature on CaO-based Adsorbents Synthesized by Sol-Gel-Hydrothermal Method. Procedia Environ. Sci. 2014, 20, 71–78. [Google Scholar] [CrossRef]

	



Liu, F.; Zhang, Y. Hydrothermal growth of flower-like CaO for biodiesel production. Ceram. Int. 2012, 38, 3473–3482. [Google Scholar] [CrossRef]

	



Kim, S.; Ji, S.; Jeong, S.; Yang, H.; Lee, S.; Choi, H.; Li, O.L. Switching Electric Double Layer Potential by Phase Structure Control for Advanced Oxygen Reduction Reaction of Cobalt@Nitrogen Doped Carbon Core-Shell. Small 2024, 20, 2307483. [Google Scholar] [CrossRef]

	



Lee, S.; Kim, S.; Lee, J.H.; Choi, H.; Takeuchi, N.; Li, O.L. Plasma surface modification of single-atom Fe active sites on nano-sized graphene platelets for advanced oxygen reduction reaction. IJPEST 2022, 16, e03002. [Google Scholar] [CrossRef]

	



Kim, S.; Yang, H.Y.S.; Jeong, S.; Lee, T.W.; Chae, S.; Lee, J.H.; Li, O.L. Negative surface charge-mediated Fe Quantum dots with N-doped graphene/Ti3C2Tx MXene as chlorine-resistance electrocatalysts for high performance seawater-based Al-air batteries. J. Power Sources 2023, 566, 232923. [Google Scholar] [CrossRef]

	



Zhang, Y.; Niu, S.; Han, K.; Li, Y.; Lu, C. Synthesis of the SrO–CaO–Al2O3 trimetallic oxide catalyst for transesterification to produce biodiesel. Renew. Energy 2021, 168, 981–990. [Google Scholar] [CrossRef]

	



Fasanya, O.O.; Gbadamasi, S.; Osigbesan, A.A.; Ahmed, O.U.; Isa, A.R.; Ozogu, A.N.; Hayatudeen, A.; Yusuf, A.I.; Gano, Z.S. Effect of Hydrothermal Treatment on the Properties of Calcium Oxide from Eggshells Used as a Biodiesel Catalyst. Chem. Eng. Technol. 2022, 45, 283–290. [Google Scholar] [CrossRef]

	



FoodsafetyKorea, Grapeseed Oil Nutrition Detail. Available online: https://various.foodsafetykorea.go.kr/nutrient/general/food/detail.do?dbGrpCm=A&searchTextPre=&searchTextListStr=&sortOrder=DESC&sortFieldCnt=1&searchProcCode=LOG_IDX&searchLogType=main&searchSubOrderby=&searchDetailMode=all&searchGroup=&searchCrtMth=1&searchMaker=&searchSource=&searchClass=&searchQc=&searchHcln=&searchReduct=&searchText=%ED%8F%AC%EB%8F%84%EC%94%A8%EC%9C%A0&searchOper=AND&searchGroupText=&searchMakerText=&searchOrderby=CAL&searchPageCnt=10&pagenum=1&totalListCnt=1&pageblock=10&pagesize=10&searchFoodCd=R114-026000000-0000&searchRegionCd=ZZ&searchMonthCd=AVG (accessed on 29 June 2024).

	



He, H.Y.; Wang, T.; Zhu, S.L. Continuous production of biodiesel fuel from vegetable oil using supercritical methanol process. Fuel 2007, 86, 442–447. [Google Scholar] [CrossRef]

	



Lani, N.S.; Ngadi, N.; Yahya, N.Y.; Abd Rahman, R. Synthesis, characterization and performance of silica impregnated calcium oxide as heterogeneous catalyst in biodiesel production. J. Clean. Prod. 2017, 146, 116–124. [Google Scholar] [CrossRef]

	



Xavier, C.S.; Sczancoski, J.C.; Cavalcante, L.S.; Paiva-Santos, C.O.; Varela, J.A.; Longo, E.; Li, M.S. A new processing method of CaZn2(OH)6· 2H2O powders: Photoluminescence and growth mechanism. Solid State Sci. 2009, 11, 2173–2179. [Google Scholar] [CrossRef]

	



Chokradjaroen, C.; Wang, X.; Niu, J.; Fan, T.; Saito, N. Fundamentals of solution plasma for advanced materials synthesis. Mater. Today Adv. 2022, 14, 100244. [Google Scholar] [CrossRef]

	



Zhang, Q.-H.; Li, S.-P.; Sun, S.-Y.; Yin, X.-S.; Yu, J.-G. LiMn2O4 spinel direct synthesis and lithium ion selective adsorption. Chem. Eng. Sci. 2010, 65, 169–173. [Google Scholar] [CrossRef]

	



Subha, T.; Yogeswari, M.; Abarna, B. Impact of alkaline-earth metals (Ca and Mg) on structural, optical, antibacterial and photocatalytic properties of ZnO nanoparticles. MRS Adv. 2022, 7, 450–455. [Google Scholar] [CrossRef]

	



Khan, A.; Wei, D.L.; Khuda, F.; Ma, R.; Ismail, M.; Ai, Y.J. Comparative adsorption capabilities of rubbish tissue paper-derived carbon-doped MgO and CaCO3 for EBT and U(VI), studied by batch, spectroscopy and DFT calculations. Environ. Sci. Pollut. Res. 2020, 27, 13114–13130. [Google Scholar] [CrossRef] [PubMed]

	



Wan, Y.; Samundsett, C.; Bullock, J.; Hettick, M.; Allen, T.; Yan, D.; Peng, J.; Wu, Y.; Cui, J.; Javey, A. Conductive and stable magnesium oxide electron-selective contacts for efficient silicon solar cells. Adv. Energy Mater. 2017, 7, 1601863. [Google Scholar] [CrossRef]

	



Demri, B.; Muster, D. XPS study of some calcium compounds. J. Mater. Process. Technol. 1995, 55, 311–314. [Google Scholar] [CrossRef]

	



Ardizzone, S.; Bianchi, C.L.; Fadoni, M.; Vercelli, B. Magnesium salts and oxide: An XPS overview. Appl. Surf. Sci. 1997, 119, 253–259. [Google Scholar] [CrossRef]

	



Luo, H.Y.; Liu, Y.; Lu, H.X.; Fang, Q.; Rong, H.W. Efficient Adsorption of Tetracycline from Aqueous Solutions by Modified Alginate Beads after the Removal of Cu(II) Ions. Acs Omega 2021, 6, 6240–6251. [Google Scholar] [CrossRef] [PubMed]

	



Radoń, A.; Hawełek, Ł.; Łukowiec, D.; Kubacki, J.; Włodarczyk, P. Dielectric and electromagnetic interference shielding properties of high entropy (Zn, Fe, Ni, Mg, Cd) Fe2O4 ferrite. Sci. Rep. 2019, 9, 20078. [Google Scholar] [CrossRef]

	



Tanabe, K.; Yamaguchi, T. Measurement of acidity and basicity of silica-alumina and acidity of zinc sulfide by calorimetric titration. J. Res. Inst. Catal. Hokkaido Univ. 1966, 14, 93–100. Available online: http://hdl.handle.net/2115/24809 (accessed on 1 June 2024).

	



Moritsuka, M.; Kitasako, Y.; Burrow, M.F.; Ikeda, M.; Tagami, J. The pH change after HCl titration into resting and stimulated saliva for a buffering capacity test. Aust. Dent. J. 2006, 51, 170–174. [Google Scholar] [CrossRef] [PubMed]

	



Rivet, Q.; Beucher, R.; Morfin, F.; Nardin, T.; Farrusseng, D. Quantification of relevant Brønsted acid sites on Cl-doped alumina catalysts for the isomerization of olefins. J. Catal. 2023, 427, 115088. [Google Scholar] [CrossRef]

	



Hu, S.Y.; Wang, Y.; Han, H.Y. Utilization of waste freshwater mussel shell as an economic catalyst for biodiesel production. Biomass Bioenergy 2011, 35, 3627–3635. [Google Scholar] [CrossRef]

	



Wang, A.; Quan, W.; Zhang, H.; Li, H.; Yang, S. Heterogeneous ZnO-containing catalysts for efficient biodiesel production. Rsc Adv. 2021, 11, 20465–20478. [Google Scholar] [CrossRef] [PubMed]








[image: Nanomaterials 14 01313 g001] 





Figure 1. The schematic of plasma modification via the plasma process. 
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Figure 2. SEM image of (a) SF, (b) SF700, (c) SF900 (×3k), (d) SFZn1, (e) SFZn2, and (f) SFZn3 (×100k). 
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Figure 3. XRD patterns of the prepared catalysts. 
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Figure 4. XPS spectra of SF900: (a) Ca 2p, (b) Mg 1s, and (c) O 1s. 
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Figure 5. XPS spectra of SFZn2: (a) Ca 2p, (b) Mg 1s, (c) Zn 2p, and (d) O 1s. 
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Figure 6. Possible mechanisms of the transesterification reaction with catalysts. 
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Figure 7. Biodiesel yield of grape seed oil via transesterification under 68 °C: (a) comparison with different reaction times of SFZn2, and (b) transesterification of each sample for 12 h. 
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Figure 8. Biodiesel yield of grape seed oil of each catalyst in three consecutive runs (12 h, 68 °C). 
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Table 1. Representative fatty acid content per 1 g of grape seed oil.
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	Linoleic Acid
	Oleic Acid
	Palmitic Acid
	Stearic Acid





	694.55 mg (74.2%)
	139.38 mg (14.8%)
	61.71 mg (7.2%)
	35.69 mg (3.8%)










 





Table 2. Textural properties of catalysts.
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	Catalyst
	SBET (m2/g)
	Vp (cm3/g)
	Pore Size (Å)





	SF900
	12 ± 5%
	0.031 ± 5%
	106 ± 5%



	SFZn1
	16 ± 5%
	0.032 ± 5%
	81 ± 5%



	SFZn2
	29 ± 5%
	0.052 ± 5%
	73 ± 5%



	SFZn3
	23 ± 5%
	0.045 ± 5%
	77 ± 5%










 





Table 3. ICP data of the prepared samples.
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Catalyst

	
at. %

	
wt. % (RSD, %)




	
Ca

	
Mg

	
Zn

	
Ca

	
Mg

	
Zn






	
SF900

	
91.24

	
8.76

	
0

	
94.50 (0.53)

	
5.50 (0.47)

	
0




	
SFZn1

	
79.81

	
13.81

	
6.38

	
80.95 (0.64)

	
8.49 (0.51)

	
10.56 (0.74)




	
SFZn2

	
70.75

	
14.51

	
14.74

	
68.30 (0.81)

	
8.49 (0.85)

	
23.21 (0.82)




	
SFZn3

	
51.12

	
22.17

	
26.71

	
47.27 (0.36)

	
12.44 (0.44)

	
40.29 (0.35)











 





Table 4. Calculated basic strength and site density of prepared catalysts.
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	SF900
	SFZn1
	SFZn2
	SFZn3





	Basic strength (mmol/g)
	2.48
	2.76
	3.04
	2.77



	Site density (sites/g)
	1.49 × 1021
	1.66 × 1021
	1.83 × 1021
	1.67 × 1021










 





Table 5. Biodiesel yields through transesterification of the prepared catalysts (12 h, 68 °C).
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Catalyst

	
Yield (%)

	
Total Yields

(%)




	
Methyl Linoleate

	
Methyl Oleate

	
Methyl Palmitate

	
Methyl Stearate






	
SF900

	
38.8

	
17.4

	
2.9

	
0.2

	
59.3




	
SFZn1

	
69.2

	
14.6

	
6.7

	
3.6

	
94.1




	
SFZn2

	
71.4

	
15.3

	
7

	
4

	
97.7




	
SFZn3

	
69.7

	
15.8

	
5

	
2.9

	
93.4











 





Table 6. Summary of the production yield of each catalyst in three consecutive runs for 12 h, 68 °C.
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Catalyst

	
Yield (%)

	
Total Yields

(%)




	
Methyl Linoleate

	
Methyl Oleate

	
Methyl Palmitate

	
Methyl Stearate






	
SFZn1

	
1st run

	
69.2

	
14.6

	
6.7

	
3.6

	
94.1




	
2nd run

	
69.4

	
16.3

	
5

	
3.4

	
94.1




	
3rd run

	
59.7

	
14

	
4.3

	
2.8

	
80.8




	
SFZn2

	
1st run

	
71.4

	
15.3

	
7

	
4

	
97.7




	
2nd run

	
70.5

	
15.2

	
5.1

	
3.4

	
94.2




	
3rd run

	
68.6

	
18.5

	
3.6

	
2.5

	
93.2




	
SFZn3

	
1st run

	
69.7

	
15.8

	
5

	
2.9

	
93.4




	
2nd run

	
58.5

	
14.8

	
2.8

	
1.7

	
77.8




	
3rd run

	
23.6

	
4.8

	
1.7

	
2.2

	
32.3

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
@ B Emw e

P TI)

(b) LML MO WP [ IMs
- o2

76

12

11






media/file4.png





nav.xhtml


  nanomaterials-14-01313


  
    		
      nanomaterials-14-01313
    


  




  





media/file16.png
Biodiesel Yield(%)

100

L
=

(=2
=

=
=

20

ML
"94.1  94.1

80.8

97.7

L Imp

94.2 932

[_Ims

93.4

77.8

32.3

1st 2nd 3rd
SFZnl

Ist

2nd
SKZn2

3rd

Ist

2nd
SFZn3

3rd






media/file2.png
Calcination

Starfish

Plasma process

———————————————————————————————————

" MgCaO: Zn
0 SFZnl
~10:1 =) SFZn
. s SFZn3 |

-
___________________________________





media/file5.jpg
"o ~Go
w0 o
“ Bl cnico; o
—— spom0
. 1. .4
H J —semw| £ R
|fslsazss e B e e
- J —— s¥zm|
Sinwem o e e sib
D T T T T ]

20 (degree)

20 (degree)





media/file3.jpg





media/file1.jpg
Calcination

I—»MgCao Zn
— 2 SFZal
L0 == sFzn2

SFZn3

Starfish Plasma process





media/file7.jpg
)






media/file10.png
Intensity (a.u.)

(a) - Ca2p;,

@
N\
EX

Bl caz,

Intensity (a.u.)

Binding energy (eV)

1 i i L i i i i i i 1 i
1314 1312 1310 1308 1306 1304 1302 1300 1298 1296

Binding energy (eV)

Intensity (a.u.)

(c)

B zn 2p** 2p,,
B z» 2" 2p,,

Intensity (a.u.)

(d)

1

B o,
o,
— 1

1 i 1 i 1 " 1 i 1 " 1 L
1050 1045 1040 1035 1030 1025 1020 1015
Binding energy (eV)

P T N PR P |
540 538 536 534 532 530 528 526

Binding energy (eV)





media/file12.png
<Step 1>

<Step 2>

I

H,C—O0—C—R,
0

I
HC-0—C—R,
|
H,C—0—C—OCH,
R3

oI

<Step 3>
(") Il
H,C—0—C—R, H,C—0—C—R,
7 ] 9
HC-0—C—R, + | = HC-0—C-—R,
M—-0 | ~
' [
R H* R,
< Step 4>
i ?
HZC—O_C_R| HZC_O_C_RI
o 0] 0o

+

Il T
HC-0—C—R, = HC-0—C—R, + H;C-O—C—R;

e
HzC—QT(IT—OCHJ H,C—OH
H* R,





media/file9.jpg
Tatensity (a.

Intensiy ()

P —

Intensiy ()

Blading cnergy (V)





media/file0.png





media/file17.png





media/file14.png
Biodiesel Yield(%)

80

60

20 -

(a) [ Imc [Mo [Jmp [ ]Mms
93.8 95.8 97.7
71.6
13.2
4h 6h 8h 10h 12h

Biodiesel Yield(%)

80

60

20

97.7

(o) ML Vo mve [ Ivs

94.1 93.4
| 593
SF900 SFZnl SFZn2 SFZn3






media/file8.png
Intensity (a.u.)

352 350 348
Binding energy (eV)

Intensity (a.u.)

1 M 1 1 1 " 1 M 1 M 1 M 1 A 1 " 1

1314 1312 1310 1308 1306 1304 1302 1300 1298 1296

Binding energy (eV)

Intensity (a.u.)

1 " 1 M 1 M 1 M 1 " 1 1 1 M 1

540 538 536 534 532 530 528 526 524 S22 s
Binding energy (eV)





media/file11.jpg





media/file6.png
o - Ca0 ~ Cao
© MgO © Mgo

&
@

— SF900 H — SFZn3

1
v
v Y
J_LA Wy  m e

el
> B

]

—
——

-

>
__—ﬂ-d
S
—

Intensity(a.u.)

x
3 ‘,
)
| &
. SF700| £ - " ——SFZn2
L - v
118 PR o N O PP
. »
——SF 1 | —skzm
@ o2 e o
e LML stsse e er oo va; * s vy uil