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Abstract:



The objective of this research is to develop a kinetic model to describe the transesterification of soybean oil with methanol using NaOH-impregnated calcined oyster shell (Na-COS). Batch experiments were performed via a two-factor randomized complete block design using a molar ratio of methanol to oil (MR) of 6, 12, and 18 and catalyst loadings (CL) (mass of catalyst/mass of oil in %) of 2%, 4%, 6%, and 8% to obtain fatty acid methyl ester yields. In addition, the catalyst was studied by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and time-of-flight secondary ion spectrometry (TOF-SIMS) to elucidate the role of the catalyst in the transesterification reaction. XRD and XPS analyses suggested that the formation of sodium peroxide (Na2O2) on the surface contributed to catalytic activity. The TOF-SIMS analysis suggested that the transesterification occurred between adsorbed triglyceride and free methanol, similar to the Eley-Rideal mechanism. The transesterification of adsorbed triglyceride to adsorbed diglyceride was found to be the rate-determining step with a rate constant of 0.0059 ± 0.0002 L mol−1 min−1.
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1. Introduction


Biodiesel or fatty acid methyl ester (FAME) is considered an alternative fuel for public transportation because of its favorable cetane rating, desirable lubricating properties, and low toxic emissions [1]. The most commonly employed method to produce biodiesel is transesterification, a chemical reaction that occurs between fat (usually vegetable oil) and an alcohol (usually methanol) catalyzed by an acid or a base to produce FAMEs, which are further modified as qualified biodiesel [2].



Despite promising features, biodiesel production has a few practical challenges. One of the major drawbacks is the complicated downstream processing of the product, which consists of FAMEs, unreacted methanol and NaOH, as separation of these products involves washing with large amounts of water, resulting in wastewater production [3]. In addition, NaOH is difficult to recover, and for all practical purposes is considered to be a non-reusable catalyst [4]. Thus, usage of NaOH is therefore considered to be non-environmentally friendly and non-economical. Hence, research has shifted towards the development of the heterogeneous base catalysts to replace traditional homogeneous catalysts such as NaOH [4]. The heterogeneous base catalysts are insoluble in the reaction system and easy to regenerate, thus simplifying the downstream processing of biodiesel production [5].



Many solid base catalysts have been reported as potential substitutes for NaOH. Alkaline earth metal oxides, such as MgO [6], CaO [7], and SrO [8], have proven to be active in transesterifying edible oils into FAMEs. Yacob et al. synthesized the nano MgO using the hydration-dehydration method for transesterifying palm oil and obtained the highest conversion of 51.3% [6]. Similarly, Liu et al. used commercial CaO to catalyze the transesterification of soybean oil in the presence of water. The highest yield exceeded 95% with a molar ratio of methanol to oil (MR) of 12, catalyst loadings (CL) (mass of catalyst/mass of oil in %) of 8%, a water content of 2.03%, at 65 °C in 1.5 h [7]. In addition, Liu et al. tested SrO as a superbase for transesterification of soybean oil, and the yield exceeded 95% at MR = 12, CL = 3%, at 65 °C [8]. Further, mesoporous material-supported solid base catalysts, such as KOH/Al2O3 [9] and KF/Al2O3 [10], were also tested for the transesterification reaction. Noiroj et al. used KOH/Al2O3 to catalyze the transesterification of palm oil. The 25% KOH-loaded Al2O3 was suggested as the optimal loading for a yield of 91.07% with MR = 15.3 g catalyst (300 rpm) at 60 °C in 2 h [9]. Boz et al. developed a series of KF/Al2O3 via wet impregnation methods to obtain a yield of 97.7% with MR = 15, CL = 3%, at 65 °C (8 h). The authors concluded that this high yield might attribute to the high surface to volume ratio of the nano-γ-Al2O3 that increased the basicity substantially [10].



In order to use solid base catalysts to produce biodiesel in industry, the kinetic behavior of the catalyst needs to be studied. Understanding the kinetics of the solid base-catalyzed transesterification reaction is crucial to the reactor design, for process control, and for scale-up. Based on the overall transesterification, it is intrinsic that the reaction rate depends on both the concentrations of triglyceride and methanol. However, in most heterogeneous, base-catalyzed transesterification reports, methanol is usually provided in excess to achieve high oil conversion. Hence, the concentration of methanol during the reaction is assumed to be constant throughout the reaction. As a result, most reported studies for solid base catalyzed transesterification reactions employed a pseudo-first-order model with respect to triglyceride [11,12,13,14]. Lukic et al. studied the kinetics of sunflower and used vegetable oil transesterification catalyzed by CaO/ZnO, and they proposed a pseudo-first order reaction for the overall process [11]. The pseudo-first- order rate constants were determined for different reaction temperatures which ranged from 0.043 min−1 at 60 °C to 0.120 min−1 at 96 °C. Similarly, Jairam et al. simulated the data from KI-impregnated calcined oyster shell catalyzed transesterification of soybean oil using pseudo-first-order kinetics. The pseudo-first-order rate constant was estimated as 0.4385 h−1 [12]. Zhang et al. used a pseudo-first-order kinetics to model the transesterification of palm oil with dimethyl carbonate catalyzed by KOH. The activation energy and pre-exponential factor, Ea and k0, were determined as 79.1 kJ mol−1 and 1.26 × 109 min−1 [13]. Ramezani et al. also employed pseudo-first-order kinetics to describe the transesterification of castor oil with methanol. A good fit was observed, and the reaction rate constant was estimated to be 4.91 × 10−3 min−1 at 65 °C [14].



In addition to pseudo-first-order kinetics, other kinetics models have also been proposed. Pseudo-second-order kinetics with respect to the triglyceride were used to describe the initial period of transesterification of sunflower oil with ethanol by Marjanovic et al. The estimated activation energy, Ea, was reported to be in the range of 8.3–35.1 kJ mol−1 at the reaction temperature ranging from 25 °C to 75 °C [15]. Issariyakul et al. modeled the transesterification of palm oil with methanol catalyzed by KOH as three consecutive reactions (triglyceride to diglyceride, diglyceride to monoglyceride, and monoglyceride to glycerol), each of which followed second-order kinetics with respect to triglyceride and methanol. The reaction rate constants of each stepwise reaction (forward and backward) were estimated, and the rate-determining step was found to be the step from triglyceride to diglyceride [16]. Xiao et al. used the Eley-Rideal mechanism to model the stepwise transesterification of palm oil withtri methanol catalyzed by KF/Ca-Mg-Al hydrotalcite solid base. The reaction was assumed to occur between free triglyceride and adsorbed methanol wherein the transesterification of triglyceride to diglyceride was the rate-determining step. The activation energy, Ea, was determined to be 111.6 kJ mol−1 [17]. Further, Veljkovic et al. described a sigmoidal-type kinetic model, in which the transesterification process was assumed to be mass transfer-limited during the initial period, and reaction-limited during the completion of the reaction between sunflower oil and methanol catalyzed via CaO [18]. The authors proposed a kinetic model with a rate constant that differed between the initial and ending periods, attributing to the different mass transfer/reaction approximation premises and resulting in a sigmoidal FAME yield curve. The pseudo-first order rate constant was determined as 0.070 min−1 for the terminal period of the reaction [18]. Miladinovic et al. also employed a sigmoidal-type model to describe quicklime-catalyzed transesterification of sunflower oil via a full factorial experimental design (MR set to 6, 12, 18 and CL set to 1%, 2.5%, 5%, 10%). Although their model was found to be suitable, the underlying reaction mechanism was not elucidated [19].



Of late, there is a renewed interest using agricultural wastes as precursors for the synthesis of solid base catalysts. For example, naturally occurring shells, due to their high content of CaCO3, are considered excellent precursors for CaO that can catalyze transesterification reactions [20]. Wei et al. used calcined eggshell as the catalyst for transesterification of soybean oil, to obtain a maximum FAME yield greater than 95% with MR = 9, and CL = 3%, at 65 °C within 3 h [21]. Similarly, Rezaei et al. employed calcined mussel shell as the catalyst and reported a FAME yield of up to 94.1%, using a MR of 24, CL of 12% at 60 °C in 8 h [22]. Suryaputra et al. utilized the calcined capiz (Amusium cristatum) shell to catalyze the transesterification of palm oil. The maximum yield of 93% with a MR = 8, CL = 3% at 60 °C in 6 h was observed [23]. Xie et al. employed the turtle shell as the precursor, and prepared the catalyst via a tri-step procedure including incomplete carbonization followed by KF impregnation (25%) and activation (300 °C). When tested, FAME yield reached 97.5% with MR = 9, CL = 3% at 70 °C in 3 [24]. Recently, we prepared highly active solid catalysts from oyster shells by impregnating NaOH on the surface, followed by calcination (Na-COS). When tested in batch systems, FAME conversions of up to 90% were obtained [25]. These results suggest that catalysts prepared from wastes could potentially make biodiesel production processes economically competitive. However, for scale-up and reactor design, reaction kinetics and understanding of the reaction pathway is needed. However, at this time, there is limited data on the kinetics of transesterification for catalysts derived from animal and aquatic shells. Hence, the objectives of this research are to (1) develop a kinetic model to describe the kinetics of transesterification and (2) elucidate how the reaction proceeded based on the observed experimental data.




2. Materials and Methods


2.1. Catalyst Preparation


Waste oyster (Eastern oyster, Crassostrea virginica) shells were collected from a local restaurant. The shells were washed with warm water to remove the dirt from the surface, and dried at ambient temperature overnight. The washed shells were calcined at 500 °C for 2 h in a furnace (Paragon Industries, Mesquite, TX, USA) to remove the organic compounds from the shell. Subsequently, the shells were crushed using a hammer and particles of size 1–2 mm were collected via a 1–2 mm sieve. Further, the oyster shell particles were soaked in the 50% NaOH solution (in water) (CAS 1310-73-2, Fisher Scientific, Pittsburgh, PA, USA) at 90 °C for 5 h. After NaOH impregnation, the shells were filtered and calcined at 1000 °C for 3 h under a nitrogen environment to obtain the catalyst (Na-COS). The control, calcined oyster shell (COS), was prepared by calcining the crushed oyster shell particles (without impregnation) at 1000 °C for 3 h.




2.2. Catalyst Characterization


X-ray powder diffraction (XRD) data were collected using a Rigaku SmartLab X-ray diffractometer with Cu Kα radiation (λ = 0.15418 nm) in the 2θ range of 5–80°. The diffraction data were acquired using a step size and count time of 0.05° (2θ) and 3 s/step, respectively.



X-ray photoelectron spectroscopy (XPS) studies were performed with a SPECS FlexMod system equipped with a hemispherical analyzer PHOIBIS 150 and a Mg Kalpha (1254 eV) X-ray source. High-resolution spectra were recorded at take-off-angle normal to surface. The X-ray incidence angle is ~30° from the surface and the X-ray source to the analyzer is ~60°. Energy calibration was established by referencing to adventitious Carbon (C1s line at 285.0 eV binding energy). The base pressure in the analysis chamber is in 10−10 mbar range.



The surface features of Na-COS and COS were studied using a Hitachi S-3200N scanning electron microscope (SEM) via a 20 kV electron beam.



A time of flight-secondary ion mass spectrometer (TOF-SIMS) was employed to study the catalyst surfaces. A TOF SIMS V (ION TOF, Inc., Chestnut Ridge, NY, USA) instrument equipped with a Binm+ (n = 1–5, m = 1, 2) liquid metal ion gun, Cs+ sputtering gun and electron flood gun for charge compensation was used. Both the Bi and Cs ion columns are oriented at 45° with respect to the sample surface normal. The instrument vacuum system consisted of a load lock for rapid sample loading and an analysis chamber, separated by the gate valve. The analysis chamber pressure was maintained below 5.0 × 10−9 mbar to avoid contamination of the surface to be analyzed.



For high mass resolution spectra acquired in this study, a pulsed Bi3+ primary ion beam at 25 keV impact energy with less than 1 ns pulse width was used. The total accumulated primary ion dose data acquisition was less than 1 × 1013 ions/cm2, an amount of ions which is within the static SIMS regime. The mass resolution on Si wafer is about ~8000 m/Δm at 29 AMU. First, the fresh catalyst (Na-COS) was analyzed directly. Subsequently, to determine the adsorption of reactants on the catalyst surface, 0.1 g Na-COS was soaked into 2 mL soybean oil and 1 mL methanol, respectively, for 10 min. The catalyst was then separated and washed five times using hexane and dried at 70 °C in the oven and subjected to TOF-SIMS analysis.




2.3. Batch Experiments


Transesterification reactions were performed in 250 mL three-neck glass reactor in duplicates. A typical reaction consisted of 24 mL of pure soybean oil (Wesson) mixed with a predetermined amount of methanol (Certified ACS, CAS 67-56-1, Fisher Scientific, Pittsburgh, PA, USA) and catalyst on a process-controlled hot plate (Isotemp, Fisher Scientific, Pittsburgh, PA, USA). A predetermined amount of HPLC grade hexane (CAS 110-54-3, Fisher Scientific, Pittsburgh, PA, USA) (based on the volumetric ratio of methanol to hexane equal to 1.83:1) was added to the reaction mixture as the co-solvent. Temperature and stirring rate were set to 62 °C and 800 rpm, respectively. While the reaction was progressing, a 0.3 mL sample was withdrawn every 10 min for the first hour and every 20 min for the second hour. The reaction was stopped after 2 h. All samples were centrifuged at 14,000× g rpm to remove the solids. The remaining liquid was placed in an oven at 70 °C for 30 min to remove methanol, and then washed with deionized (DI) water. Washed samples were centrifuged again at 14,000 rpm, and the supernatant liquid was analyzed using a gas chromatograph equipped with a mass spectrometer.




2.4. Gas Chromatograph–Mass Spectrometer (GC-MS) Analysis


The FAME concentration was determined using a gas chromatograph coupled with a mass spectrometric detector (Agilent 7890/5975C VLMSD) and equipped with an Agilent HP-Plot Q column. Ultra-high pure helium (3 L min−1) was used as a carrier gas. The instrument was set to an inlet temperature 250 °C while the oven temperature maintained at 100 °C for 2 min and was increased to 250 °C at a rate of 15 °C min−1 and maintained at 250 °C. Methyl laurate (99% purity, CAS 111-82-0, from Alfa Aesar, Tewksbury, MA, USA) was used as an internal standard for quantitative analysis of FAME concentration. The ratio of FAME peak area to internal standard peak area was calculated for each sample. FAME yields were calculated as proposed by Liu et al. and Chung et al. [7,26].


[image: ]



(1)








2.5. Experimental Design


A two-factor randomized complete block design was employed in which the levels of MR were maintained at 6, 12, and 18, while the levels of CL (mass of catalyst/mass of oil in %) were maintained 2%, 4%, 6%, and 8%. All 12 experiments were performed at 62 °C and 800 rpm in duplicates.





3. Results and Discussion


3.1. Catalyst Characterization


The X-ray diffraction (XRD) analyses were conducted to investigate the bulk structure and crystallinity of the catalyst. The XRD pattern of the COS (Figure 1) presented five major peaks (2θ = 32.35°, 37.5°, 53.95°, 64.3°, 67.5°), all of which were the characteristic peaks of CaO, indicating that the major component of COS is CaO. No characteristic peak of CaCO3 was presented, suggesting that CaCO3 in the oyster shell had been converted into CaO. The XRD pattern of the Na-COS (Figure 1) showed a few additional peaks than those observed with COS. After impregnation of NaOH and subsequent calcination, the resulting catalyst acquired two new phases, Na2O2 and Na2CO3, indicated by the newly generated peaks at 2θ = 46.6° and 2θ = 30.45°, 34.5°, 35.1°, 39.9°, 41.3°, 41.6°, respectively.


Figure 1. X-ray diffraction patterns of calcined oyster shell (COS) and NaOH-impregnated COS (Na-COS).
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Similar observations were reported by Xie et al, wherein KNO3-impregnated Al2O3 was observed to acquire a newly-generated K2O phase [27]. The addition of alkaline metal on the oxide would facilitate the insertion of the alkaline metal ions into the vacant sites of the oxide, thereby enhancing the basicity during calcination.



The formation of Na2CO3 phase probably resulted from the abundant surface NaOH species, which perhaps reacted with the CaCO3 to form Na2CO3 during the calcination process. Since Na2CO3 exhibited weak basic strength, the increased catalytic activity of the Na-COS may thus be attributed to the formation of Na2O2 on the shell surface.



The XPS analysis showed the difference in surface species between Na-COS and COS (Figure 2). In COS, the Na might be the composition element of the original oyster shell [28]. The data also indicated that the proportion of Na increased while the proportion of Ca decreased in Na-COS, possibly due to adsorption of NaOH and subsequent calcination, which may have covered the Ca species. In addition, the percentage of oxygen in Na-COS decreased when compared to COS, suggesting that carbonate had been converted into oxide.


Figure 2. X-ray photoelectron spectroscopy (XPS) spectra of COS and Na-COS.
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Figure 3 presented C 1s, Ca 2p, O 1s, and Na 1s regions for COS (bottom) and Na-COS (top). In the C 1s region, both COS and Na-COS exhibited two signals at 285.0 eV and 289.6 eV, due to C-H and carbonate groups, respectively [29]. The Ca 2p of COS and Na-COS exhibited a doublet with a separation of 3.5 eV, 2p1/2, and 2p3/2 components, whose binding energy (BE) values were 347.00 eV, 350.5 eV, and 346.3 eV, 349.8 eV, respectively, suggesting that the Ca was associated with CaO [30,31]. In the O 1s spectra, both COS and Na-COS displayed doublet peaks; however, the intensity distribution was different. Both COS and Na-COS showed the major O 1s peak at 531.5 eV, assigned to CaO [30]. However, the percentage of this major peak only contributed to 69.8% of the total intensity in Na-COS, compared with 96.8%, in COS. The minor O 1s peak appeared at lower BE (530.3 eV and 529.0 eV for Na-COS and COS, respectively), contributed 30.2% to the total intensity in Na-COS and only 3.2% in COS, suggesting that more surface oxygen in Na-COS had been shifted to lower BE. The Na 1s spectra also differed between COS and Na-COS, as COS only displayed a single peak at 1071.7 eV while Na-COS displayed doublet peaks at 1071.9 eV and 1071.0 eV, indicating that two different Na species existed on the Na-COS surface. For COS, the Na originated from the oyster shell that led to a substantially lower intensity compared with Na-COS. For Na-COS, the substantially higher amount of Na attributed to the impregnated NaOH, and the two Na 1s peaks at 1071.0 eV and 1071.9 eV might be assigned to Na2CO3 and Na2O2, respectively, based on the XRD results. Compared with the references, these two Na 1s peaks were both negatively shifted [32,33,34]. The negative shift in O 1s indicated that the surface oxygen atoms acquired higher effective negative charge, which led to an increase in electron donating ability. The increased electron donating ability was attributed to the newly formed basic site, suggesting that the surface oxygen was more basic [35]. As shown in Figure 4, the increased electron donating ability may have facilitated the reaction between adsorbed triglyceride and methanol to form the tetrahedral intermediate, which further produced FAME under the structure rearrangement during transesterification [7]. Because Na-COS contained more negatively shifted surface oxygen than COS did, it was more active in forming the tetrahedral intermediate and, further, increasing the FAME production rate.


Figure 3. Deconvoluted XPS spectra of C 1s (a); Ca 2p (b); O 1s (c); and Na 1s (d) of Na-COS (top) and COS (bottom).
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Figure 4. Role of Na-COS surface basic site on the improved activity.
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The scanning electron micrographs of morphologies of Na-COS and COS are shown in Figure 5. The surface of COS was nearly homogeneous and covered somewhat uniformly-sized CaO aggregates. However, on the surface of Na-COS, larger particles were generated due to the reaction between adsorbed NaOH and CaCO3. In addition, the morphology of Na-COS was more irregular than COS, probably because of the adsorbed NaOH prevented the complete calcination of the surface CaCO3 and led to the co-existence of both oxides and carbonates.


Figure 5. SEM images of COS (a) and Na-COS (b).
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The results from the time of flight secondary ion mass spectrometry (TOF-SIMS) analysis are shown in Figure 6. The positive ion TOF-SIMS spectra (Figure 6a) of Na-COS (bottom) and soybean oil soaked Na-COS (top) showed that the soybean oil soaked Na-COS contained surface species with m/z values in the range of 590–610, while the fresh Na-COS did not. These surface species were plausibly generated from the triglyceride molecule, suggesting that the triglyceride molecule was adsorbed onto the Na-COS surface.


Figure 6. The results from the time of flight secondary ion mass spectrometry (TOF-SIMS) analysis: (a) TOF-SIMS spectra of the positive ions of Na-COS (bottom) and oil-soaked Na-COS (top); (b) TOF-SIMS patterns of the negative ions of Na-COS (top) and methanol-soaked Na-COS (bottom).



[image: Energies 10 01920 g006a][image: Energies 10 01920 g006b]






Figure 6b shows the negative on TOF-SIMS spectra for of Na-COS (top) and methanol-soaked Na-COS (bottom). Unlike soybean oil, methanol did not seem to adsorb on the surface of Na-COS. Based on XRD analysis, Na-COS was found to contain CaO and Na2O2 on its surface. Adsorption of methanol on Na-COS surface would have resulted in the formation of large peaks of Ca(CH3O)2 and Na(CH3O). However, in methanol-soaked Na-COS, the CH3O− peak intensity (5.8670 × 10−3) was even lower than the O2− peak intensity (1.0640 × 10−2). Considering that ionization of O2 to O2− is more difficult than the ionization of metal methoxide to negative methoxide ion, it is concluded that methanol molecule was not adsorbed on the Na-COS surface.




3.2. Batch Reactor Experiments


Figure 7 and Figure 8 show FAME yields obtained from transesterification reactions performed using different MRs and CLs. It appeared that the transesterification reaction started and progressed immediately from the beginning.


Figure 7. The fatty acid methyl ester (FAME) yield with the progress of the soybean oil transesterification catalyzed by Na-COS grouped by molar ratio of methanol to oil (MR) (a) MR = 6; (b) MR = 12; (c) MR = 18.
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Figure 8. The FAME yield with the progress of the soybean oil transesterification catalyzed by Na-COS grouped by CL (a) CL = 2%; (b) CL = 4%; (c) CL = 6%; (d) CL = 8%).
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Our observations were different from the results reported by Veljkovic et al. and Miladinovic et al., where a slow initial reaction period existed due to the limited mass transfer rate of the triglyceride to the catalyst surface [18,19]. In our research, because hexane was used as a co-solvent to improve the mixing condition, the transesterification reaction was not limited by the mass transfer of triglyceride to the catalyst surface. Another reason might be the generation of the new phase, Na2O2, which was perhaps more active than CaO in the transesterification reaction. In our previous research, transesterification reaction catalyzed by COS showed almost no FAMEs formation in the first hour, suggesting that the surface CaO phase required some time to initiate the transesterification reaction [18,19]. In contrast, the Na-COS, containing the more catalytic active basic sites (Na2O2), catalyzed the reaction immediately once added into the reaction mixture.



From the plots, the FAMEs yields for all Na-COS catalyzed transesterifications increased rapidly for the first 20 min. However, after around 20 min the reaction started to slow down, probably because of the decreasing triglyceride concentration. During the initial reaction period, the surface of Na-COS was saturated with triglyceride; however, as the triglyceride consumed, the Na-COS surface was only partially occupied by the triglyceride after the initial period.



During the initial period (0–20 min), the rate of FAMEs yields at high CL (6%, 8%) was higher than that at the low CL (2%, 4%) at each MR level. This is probably because of availability of a greater number of active sites at higher CL. However, at high MR (12, 18), yields of FAMEs at 6% and 8% in the initial period (0–20 min) showed no significant difference. Excess methanol in the system resulted in a decreased concentration of total triglycerides thereby impacting the rate of FAMEs yield.



In our research, a maximum FAMEs yield of 89.7% was observed in the group of MR = 18, CL = 8% in 80 min. Our yield was similar to the 87% yield obtained from Xie et al. who employed KNO3/Al2O3 catalyst for transesterification of soybean oil [27]. Similar results were reported by other groups, as summarized in Table 1.



Table 1. Comparison of various solid base catalysts for transesterification reaction.







	
Catalyst

	
MR

	
CL

	
Reaction Temperature (°C)

	
Reaction Time (h)

	
Yield

	
Reference






	
CaO

	
12

	
8%

	
65

	
1.5 h

	
≥95%

	
[7]




	
CaO/Al2O3

	
12.14

	
5.97%

	
64.29

	
5 h

	
98.64%

	
[36]




	
KNO3/Al2O3

	
12

	
6%

	
70

	
6 h

	
84%

	
[37]




	
KOH/Al2O3

	
15

	
3%

	
60

	
2 h

	
91.07%

	
[9]




	
Eggshell

	
9

	
3%

	
65

	
3 h

	
95%

	
[21]




	
Mussel shell

	
24

	
12%

	
60

	
8 h

	
94.1%

	
[22]




	
Capiz shell

	
8

	
3%

	
60

	
6 h

	
93%

	
[23]




	
Turtle shell

	
9

	
3%

	
70

	
3 h

	
97.5%

	
[24]




	
Na-COS

	
18

	
8%

	
62

	
1.33 h

	
89.7%

	
This research











3.3. Kinetics of the Transesterification


From the proposed reaction mechanism, the reaction appeared to have occurred between adsorbed triglyceride and free methanol. The following assumptions were made to describe transesterification based on the work reported by Veljkovic et al. and Miladinovic et al. [18,19].



The initial reaction mixture was a three-phase system consisting of two immiscible liquids (triglyceride and methanol) and a solid (Na-COS). By using hexane as the co-solvent and vigorous stirring system (800 rpm), the mixture was considered as a two-phase system and perfectly mixed. The overall transesterification reaction was shown in [1]:



In this work, the FAME concentration was converted into FAME yield for data visualization and modeling. Based on the stoichiometry of the overall reaction shown above, the various concentration variables could be expressed in terms of the FAME yield, y, as below:


[image: ]



(2)







To develop the kinetic model, the following assumptions were made:

	
The transesterification reaction occurred only on the Na-COS surface. The homogeneous transesterification reaction was negligible and thus was not considered.



	
The produced FAMEs did not neutralize the basic site of the Na-COS. Therefore, the total amount of the basic site for the Na-COS did not change throughout the reaction.



	
Because of continuous stirring of reactants (800 rpm), there was no mass transfer limitation between reactant and the Na-COS surface. Therefore, the production rate of FAMEs depended only on the transesterification reaction rate.



	
The catalyst was assumed to be covered by triglyceride (TG*) only.



	
TG was assumed to have high adsorption on the catalyst surface.



	
The TG adsorption/desorption process (shown below) was fast and at equilibrium.



	
The transesterification occurred in a stepwise manner as below:



	
The stepwise reaction of transesterification was assumed to be irreversible in the initial period (0–20 min).



	
The reaction from TG* to DG* was assumed to be the rate-determining step.
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(4)







The data collected for the initial reaction period (0–20 min) was used to estimate the kinetic parameters in each model. The estimation was performed using Newton-Gauss algorithm via JMP software (Version 12.2.0, SAS Institute). The estimated kinetic parameter was presented as an estimated value ± standard error.



Based on the assumptions above, the starting rate equation was formulated as below:
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From assumption 5, the catalyst is assumed to be covered by triglyceride (TG*) only, since once the diglyceride (DG*) or monoglyceride (MG*) was formed, it was immediately consumed due to its fast consumption rate. By applying the basic site balance, the TG* concentration was expressed as below:
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(6)







The rate equation was re-expressed as below:
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(7)







The TG was assumed to have high adsorption on the catalyst surface, suggesting that [image: ]. Hence,
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(8)







The parameter estimation was performed using the statistical software JMP Pro 12.2.0. The estimated reaction rate constant, k1 = 0.0059 ± 0.0002 L mol−1 min−1, was in the similar range as reported by Aransiola et al. [38]. Figure 9 suggested that this model was a reasonable fit (correlation of coefficient = 0.865) to the data of the initial reaction period (0–20 min). In addition, the experimental and predicted data are shown in Figure 10.


Figure 9. The FAME yield with the progress of the soybean oil transesterification catalyzed by Na-COS in the initial period (0–20 min) grouped by MR (a) MR = 6; (b) MR = 12; (c) MR = 18. Error bars represent standard error.



[image: Energies 10 01920 g009a][image: Energies 10 01920 g009b]





Figure 10. The parity plot of the data of the initial period (0–20 min).
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3.4. Proposed Reaction Mechanism


In the light of observations collected from catalyst characterization experiments, it appeared that oil molecules adsorbed on the surface of the catalyst and reacted with methanol in the bulk fluid, similar to the Eley-Rideal mechanism. As shown in Figure 11, the reaction seems to have occurred in steps. In the first step, triglyceride molecules adsorbed on the surface. Subsequently, in the second step, methanol reacted with adsorbed triglyceride molecule to form adsorbed diglyceride and FAME (RDS). In the third step, methanol reacted with adsorbed diglyceride to form adsorbed monoglyceride and FAME. In the last step, methanol reacted with adsorbed monoglycerides to form desorbed glycerol and FAME, and the vacant sites were available for next batch of reactants.


Figure 11. The mechanism of Na-COS-catalyzed transesterification of soybean oil with methanol. TG, DG, MG, M, G, F represent triglyceride, diglyceride, monoglyceride, methanol, glycerol, and FAME, respectively.
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4. Conclusions


In this research, a kinetic model for transesterification of soybean oil via sodium hydroxide impregnated oyster shell as a solid catalyst was developed. The experimental data and reported literature suggested that the stepwise transesterification reaction started between adsorbed triglyceride and free methanol similar to the Eley-Rideal mechanism with the step of transesterifying adsorbed triglyceride to adsorbed diglyceride as the RDS. MR and CL affect the initial reaction rates. Characterization of the catalyst suggested that the electron donating ability was strengthened after the impregnation, probably due to the newly generated phase (Na2O2) on the surface. Using wastes as precursors for the synthesis of solid catalysts is expected to make biodiesel processes more competitive.
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Nomenclature








	a
	Molar ratio of Methanol to oil (MR)



	ΣA
	Summation of peak areas of all methyl esters



	ΣAIS
	The peak area of internal standard



	CIS
	The concentration of internal standard in the final diluted solution



	CF
	Concentration of FAMEs (mol/L)



	CM
	Concentration of methanol (mol/L)



	Coil
	The concentration of soybean oil (g/mL) in the final diluted solution



	Ctot
	Concentration of total basic site of the catalyst (mol/L)



	CTG
	Concentration of triglyceride (mol/L)



	C°TG
	Starting concentration of triglyceride in the reaction (mol/L)



	CTG*
	Concentration of adsorbed triglyceride (mol/L)



	C*
	Concentration of vacant basic site of the catalyst (mol/L)



	kad
	Triglyceride adsorption rate constant (L mol−1 min−1)



	k-ad
	Triglyceride desorption rate constant (min−1)



	k1
	Reaction rate constant of transesterifying triglyceride to diglyceride (L mol−1 min−1)



	k2
	Reaction rate constant of transesterifying diglyceride to monoglyceride (L mol−1 min−1)



	k3
	Reaction rate constant of transesterifying monoglyceride to glycerol (L mol−1 min−1)



	mF
	Mass of FAMEs (g)



	m°TG
	Starting mass of triglyceride (g)



	MF
	Averaged molecular weight of FAMEs (g/mol)



	MTG
	Molecular weight of triglyceride (g/mol)



	r
	Fatty acid methyl esters (FAMEs) production rate (mol L−1 min−1)



	t
	Reaction time (min)



	V0
	Volume of the reaction mixture (L)



	y
	Biodiesel yield



	z
	Dilution ratio



	Greek Symbols
	



	[image: ]
	Density of soybean oil (g/mL)



	Abbreviation
	



	CL
	Catalyst loadings (mass of catalyst/mass of oil) (%)



	F
	Fatty acid methyl esters



	G
	Glycerol



	M
	Methanol



	MR
	Molar ratio of methanol to oil



	TG
	Triglyceride
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