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Abstract

:

The aim of this research was to synthesize, characterize, and apply a heterogeneous acid catalyst to optimum biodiesel production from hydrolyzed waste cooking oil via an esterification reaction, to meet society’s future demands. The solid acid catalyst S–TiO2/SBA-15 was synthesized by a direct wet impregnation method. The prepared catalyst was evaluated using analytical techniques, X-ray diffraction (XRD), Scanning electron microscopy (SEM) and the Brunauer–Emmett–Teller (BET) method. The statistical analysis of variance (ANOVA) was studied to validate the experimental results. The catalytic effect on biodiesel production was examined by varying the parameters as follows: temperatures of 160 to 220 °C, 20–35 min reaction time, methanol-to-oil mole ratio between 5:1 and 20:1, and catalyst loading of 0.5%–1.25%. The maximum biodiesel yield was 94.96 ± 0.12% obtained under the optimum reaction conditions of 200 °C, 30 min, and 1:15 oil to methanol molar ratio with 1.0% catalyst loading. The catalyst was reused successfully three times with 90% efficiency without regeneration. The fuel properties of the produced biodiesel were found to be within the limits set by the specifications of the biodiesel standard. This solid acid catalytic method can replace the conventional homogeneous catalyzed transesterification of waste cooking oil for biodiesel production.
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1. Introduction


The demand for alternative energy sources has increased due to the depletion of fossil fuels. Recently, biodiesel has become the most promising alternative energy source to address the energy and global warming crises because of its cost effectiveness, eco-friendliness, and renewability [1]. Biodiesel is composed of fatty acid mono alkyl esters and is synthesized by esterification or transesterification of vegetable oils [2], animal fats [3,4], or waste oils with methanol in the presence or absence of acid, base, or enzyme catalyst [5,6,7].



In general, biodiesel is produced via a transesterification reaction in the presence of a homogeneous or heterogeneous catalyst [8,9,10]. However, to get the maximum biodiesel yield, most commercial biodiesel is produced through a transesterification reaction in the presence of a homogeneous acid or base catalyst, such as sodium hydroxide (NaOH), potassium hydroxide (KOH), sulfuric acid (H2SO4), or phosphoric acid (H3PO4). A homogeneous catalytic transesterification reaction proceeds more rapidly in mild reaction conditions than do those using the other types of catalysts [10,11,12].



However, homogeneous catalysts possess some disadvantages: they are corrosive, toxic, hygroscopic, and easily soluble in reaction mixtures, causing poor product quality [13]. Homogeneous acid/base catalysts are very sensitive to a high content of free fatty acids (FFAs) in feedstocks. Moreover, when these catalysts are used, saponification products can be formed, which require washing by considerable amounts of fresh water; this, in turn, causes a loss of biodiesel yield and generates a large amount of wastewater. Besides this, these catalysts cause unavoidable reactor corrosion and are very hard to recover, thus increasing the overall production cost. In this case, biodiesel can be produced from FFA by an esterification reaction using a heterogeneous acid catalyst; a schematic of this esterification reaction is presented in Figure 1 [13,14,15].



Biodiesel production by noncatalytic transesterification at supercritical conditions can resolve the difficulties resulting from homogeneous catalytic transesterification as it can handle impurities in the oil sample, such as high FFA or moisture content. However, it involves high production cost and requires high reaction conditions (high temperature and pressure) and a special alloyed reactor [2,16]. Therefore, to overcome these drawbacks, the focus of the current advancements in heterogeneous catalysis research is to develop a reusable heterogeneous solid acid catalyst. Solid acid catalysts can be separated more easily from the reaction mixtures and can also be reused more efficiently [17]. As a result of the reuse of these catalysts, biodiesel synthesis could be more economical. Also, solid acid catalysts are insensitive to moisture and the high FFA content of low-grade oil, which would lead to cheaper production without any pretreatment [15,18].



Some research has been done using solid acid catalysts, such as ion exchange resin, zeolites, and zeotype materials. However, more work is still needed in the search for new solid acid catalysts for sustainable biodiesel production [15,19,20]. In recent years, mesoporous silica-supported catalysts have been used in the esterification process because of their high surface area, uniformity, nonporous channel, stability, and large pore size, which make them helpful to reactions involving large molecules [2,20].



The aim of this work was to synthesize and characterize a highly efficient supported solid acid catalyst by a direct wet impregnation catalytic method, and to optimize biodiesel production from waste cooking oil using the prepared catalyst. The activity of the prepared solid catalyst was evaluated for biodiesel production from high-FFA-content raw material, and the performance of the catalyst was compared with that of other solid acid catalysts. Although several kinds of solid catalysts have been used for biodiesel production, the directly synthesized catalyst (S–TiO2/SBA-15) is expected to reduce the severe reaction conditions. The prepared catalyst was characterized using surface area analysis (BET: Brunauer–Emmett–Teller), XRD (X-ray diffraction), and an acid–base neutralization method. The reusability of the prepared catalyst was also observed.




2. Results and Discussion


2.1. Characterization of the Prepared Catalyst


2.1.1. Physical Properties of the Catalyst


The porosity of the prepared S–TiO2/SBA-15 catalyst was evaluated from N2 adsorption isotherms (Figure 2). The surface characteristics of the synthesized catalyst and support, including surface area, pore volume, and pore size, are reported in Table 1. It can be seen that the surface area, pore volume, and pore size of the catalyst decreased as TiO2 loading increased on the SBA-15 support. The decrease in the surface area, pore volume, and pore size are due to the gradual accumulation of the metal oxide species blocking some of the pores of the support during preparation. However, the decrease in the surface area is very small, suggesting that the active sulfated metal oxide species are highly dispersed on the surface of the support [2,4].




2.1.2. Low- and Wide-Angle X-ray Diffraction


Figure 3 shows the XRD patterns of the support and catalyst as measured using an X-ray diffractometer system (D/MAX-2500V). Low-angle XRD analysis is a very effective probe to understand mesostructured materials. Figure 4A shows the small-angle XRD patterns of the SBA-15 support and the S–TiO2/SBA-15 catalyst. The SBA-15 support and the S–TiO2/SBA-15 catalyst both exhibited XRD diffraction patterns with one very intense diffraction peak and two small peaks. The intense peak was indexed as d100, and the smaller peaks were indexed as d110 and d200, which are characteristic of the 2-D hexagonal (p6 mm) ordered mesoporous structure of the SBA-15 with excellent textural uniformity [2]. From this finding, it can be concluded that the S–TiO2/SBA-15 catalyst retains the mesoporous structure of the SBA-15 support.



Figure 3B shows the large-angle XRD patterns of the S–TiO2/SBA-15 catalyst. Only one broad peak appeared between 20° and 30°. This is characteristic of the SBA-15 silica [21]. There were no additional peaks related to TiO2 in the patterns. The results indicated that TiO2 was finely dispersed on the SBA-15.




2.1.3. Scanning Electron Microscopy


The morphology of pure SBA-15 (A) and the S–TiO2/SBA-15 (B) catalyst was characterized by SEM, as shown in Figure 4. The well-ordered hexagonal mesoporous structure of the SBA-15 template was preserved after the impregnation of metal oxide in the SBA-15 support. The micrographs (Figure 4) revealed that the S–TiO2/SBA-15 retained the well-defined wheat-like macrostructure of pure SBA-15. The SEM images in Figure 5 indicate that the hexagonal shape of SBA-15 remained unchanged after being incorporated with S–TiO2, which was also shown by XRD in Figure 3.




2.1.4. Acid–Base Neutralization Technique


The concentration of acidic sites on the catalyst surface (surface acidity) was measured by means of a neutralization titration technique [2,17]. The surface acidity of the catalyst is presented in Table 2. The surface acidity of the prepared S–TiO2/SBA-15 catalyst plays a key role in the esterification of waste cooking oil.





2.2. Statistical Analysis


The optimization of biodiesel production from waste cooking oil was performed using a custom full factorial design. The process factors (catalyst loading, temperature, methanol-to-oil mole ratio, and reaction time) and their results are presented in Table 2. The biodiesel yield was selected as a response in the experimental design.



A statistical analysis of variance (ANOVA) was performed to emphasize the acceptability and significance of the experimental data obtained from investigations of the effect of the process parameters on biodiesel production using the S–TiO2/SBA-15 heterogeneous acid catalyst (Table 3). The coefficient of determination (R2) and adjusted coefficient of determination (adj R2) were used to evaluate the adequacy of the model. The F values and p values were also used to check the significance of the corresponding coefficient. If the p value was lower than 0.005, then the given model was considered to be significant and the process factors to contribute significantly to the responses [22].



According to the ANOVA results (Table 3), it can be seen that the p value of the model is 0.001, which indicates that model is very suitable. The significance of the coefficients of process factors were also confirmed by their p values (p < 0.005). in addition, the adequacy of the model was proven by the coefficient of determination R2 (0.998) and the adjusted coefficient of determination adj R2 (0.995). The larger the F value and smaller the p value, the more significant the corresponding coefficient of the studied factor. According to the p values (Table 3), the order of significance of the studied factors on the biodiesel yield is temperature first, followed by time, mole, and catalyst; this was also confirmed by the Pareto chart (Figure 5).




2.3. Effect of Process Parameters and Optimization


The effect of each process parameter on the response variable (biodiesel yield) at their different level is shown in Figure 6. In each plot of performance parameters, the maximum biodiesel yield indicates the optimum condition for an individual parameter. From Figure 6, it can be seen that the maximum biodiesel yield was obtained at 1 wt % catalyst loading. However, the biodiesel yield started to decrease when the catalyst loading exceeded 1 wt %. This is because excess catalyst can disturb the reaction mixture, causing diffusion problems [23]. Hence, 1 wt % catalyst loading was selected as the optimum level. In the case of the effect of temperature, from Figure 6, it can be observed that with increasing temperature, the biodiesel yield increases as the reacting molecules collide very frequently [12]. The maximum biodiesel yield was obtained at 220 °C. Since our target was higher biodiesel yield at lower temperature, 200 °C was selected as optimum reaction temperature. Since the esterification reaction is reversible in nature, an excess amount of methanol is needed to shift the reaction equilibrium to the right-hand side with greater formation of methyl ester (biodiesel yield). The maximum biodiesel yield was obtained when the methanol-to-oil mole ratio was increased up to 15:1. On the other hand, from Figure 6, when the methanol-to-oil mole ratio was beyond 15:1, the biodiesel yield decreased. Performing the reaction at a higher methanol-to-oil mole ratio favors the reverse reaction and decreases the biodiesel yield [12,24]. The reaction time also played an important role in increasing biodiesel yield in the acid-catalyzed esterification process. Figure 6 shows that with increasing reaction time, the biodiesel yield also increased. Biodiesel yield sharply increased when the reaction time was increased from 25 to 30 min. However, when the reaction time was increased from 30 min to 35 min, there was no significant change. Therefore, a reaction time of 30 min was taken to be the optimum point.



The optimum conditions for biodiesel yield are catalyst loading of 1 wt %, reaction temperature of 200 °C, methanol-to-oil mole ratio of 15:1, and reaction time of 30 min. An experimental confirmation test was carried out at optimum conditions to verify the results obtained from the experimental design. The confirmation test was run in duplicate, and the optimum biodiesel yield obtained was 94.96 ± 0.12% at optimum conditions.




2.4. Catalytic Activity of S–TiO2/SBA-15 Solid Acid Catalyst in Esterification and Comparison with Other Solid Acid Catalysts in Transesterification


To investigate the performance of the catalyst, a comparison study was carried out between catalytic and noncatalytic esterification reactions for biodiesel production. A comparison of reaction conditions and the performance of various solid acid catalysts used in biodiesel production from waste cooking oil is presented in Table 4. The results presented in Table 4 indicate that the production of biodiesel using the S–TiO2/SBA-15 catalyst was much higher than that using the noncatalytic process and higher than that using the SBA-15 support. This is due to the acid density on the surface of the catalyst influencing the catalytic activity in the esterification of waste cooking oil [2]. It also can be seen in Table 4 that a yield above 95% was achieved in more mild reaction conditions using our S–TiO2/SBA-15 solid acid catalyst, compared to all other catalysts, except S–TiO2/MCM-41. As shown in Table 4, 99.29% biodiesel yield was possible at the methanol supercritical temperature (240 °C) using S–TiO2/SBA-15.



The aim of this study was to produce biodiesel at temperatures below the supercritical point. We can see in Table 4 that a 92% yield is possible at a low reaction temperature (80 °C) using a carbon-based catalyst derived from starch, but it needs not only large catalyst amount and methanol-to-oil mole ratio, but also a long reaction time, which can increase the production cost. Using the ZS/Si solid acid catalyst, a higher reaction yield was obtained compared to that using the S–TiO2/SBA-15 synthesized catalyst. However, as can be seen in Table 4, the ZS/Si catalyst also needs a long reaction time and a large amount of catalyst compared to S–TiO2/SBA-15. Hence, it can be concluded that S–TiO2/SBA-15 is a promising alternative solid acid catalyst for biodiesel production.




2.5. Reusability and Stability of the Catalyst


In order to observe the activity and stability of the catalyst, the reusability of the catalyst was studied, as shown in Figure 7. From an economic point of view, the reusability of the catalyst is a very important feature for solid acid catalysts as it could make the post-reaction process simpler and reduce the production cost for the desired product. Another reason to select a solid superacid catalyst is for its easy removal from the final product and its environmental friendliness [28]. The reusability of the catalyst was investigated under the optimum reaction conditions. Upon completion of the reaction, the catalyst was recovered by filtration, washed with hexane, and finally dried at 105 °C. The catalyst was reused successfully three times with 90% efficiency and without significant loss in activity. The experimental results indicate that S–TiO2/SBA-15 is a stable catalyst and can be reused several times.




2.6. Properties of Biodiesel


The physiochemical properties of the produced biodiesel were analyzed and compared with ASTM [1,22] standard values. (Table 5). It was found that the properties of the obtained biodiesel are closely in accordance with the specifications of the biodiesel standard.




2.7. Biodiesel Production from Various Sources by Heterogeneous Catalysis


Nowadays, biodiesel is considered a promising alternative to fossil fuels because of its environmental friendliness and due to the gradual depletion of natural resources. Various sources for biodiesel production using various heterogeneous catalysts are presented in Table 6.



Feedstocks for biodiesel production can be classified into vegetable oil (edible and nonedible), animal fats, and waste cooking oil. The main resources for biodiesel production around the world are edible oils. However, because of the high price and the reduction of food sources, the focus of biodiesel production could be shifted to the nonedible oils, which are comparatively low in price. However, a large amount of land space is needed for cultivating vegetable oil plants. Aside from vegetable oils, animal fats can be another option for biodiesel production which provides an economical advantage. From Table 6, it can also be seen that biodiesel from animal fats can also be produced at a higher rate compared to vegetable oils. However, due to the low availability of animal fats, it is not possible to meet the world’s fuel demand solely from animal fats [30,31].



In this case, waste cooking oil (WCO) can be a very good choice as a feedstock for biodiesel production, and it is more widely available and cheaper than other vegetables oils, too. A large amount of WCO is generated around the world every day. Usually, WCO is dumped into a nearby river or sewer, disturbing the ecological and environmental balance [4,32]. It can be seen from Table 6 that the biodiesel yield from waste cooking oil can be higher than that from vegetables oils or animal fats, if a suitable catalytic method is applied. Therefore, not only can the disposal problem be solved but, also, the ecological and environmental balance can be protected by reusing waste cooking oil.





3. Materials and Method


3.1. Materials


The suppliers and purities of the chemicals used are presented in Table 7.




3.2. Pretreatment of Waste Cooking Oil (WCO)


Waste cooking oil (WCO) was collected from a student restaurant and stored in ambient conditions for pretreatment. Solid particles and other impurities were removed from the WCO by a filtration technique. After the removal of impurities, the WCO was heated at 110 °C for one hour to evaporate any remaining water. A dry wash was performed using sodium sulfate. Sodium sulfate was recovered from the waste cooking oil by a filtration process. The samples were then stored in ambient conditions; their properties were measured and are shown in Table 8.




3.3. Catalyst Preparation


To synthesize the catalyst—sulfated titanium oxide supported on SBA-15 (S–TiO2/SBA-15)—a solution of titanium sulfate was directly impregnated onto the prepared Santa Barbara amorphous-15 (SBA-15) silica composite (Figure 8). The catalyst was prepared by a direct wet impregnation method following a method from the literature with little modification [2]. Ti(SO4)2 was used as a precursor and TiO2 source. The sulfation step was excluded here. The mole composition of the catalytic mixture was P123/TEOS/HCl/H2O/Ti(SO4)2 = 1.0:3.75:1.64:434:2.54.




3.4. Experimental Procedure


The process of biodiesel production followed a similar procedure to that in our previous work with a different catalyst [2]. Both the hydrolysis and the esterification reaction were run in a 350 mL 316 stainless steel batch reactor vessel with a glass liner (Hanwol Eng. Co., Ltd. Model HR-8302, Gyeonggi-do, Korea). For the hydrolysis reaction, the required amount of WCO was placed into the batch reactor vessel at the molar ratio of 1:50 (WCO/water). Each hydrolysis reaction was carried out under the same reaction conditions (temperature at 275 °C for 45 min at a stirring speed of 500 rpm). Diethyl ether solvent was used for extracting the hydrolyzed product from the reaction mixture. The hydrolyzed products were separated into two different phases (FFA and glycerol) in a separator funnel. The diethyl ether was heated to its boiling point to evaporate and leave an oil consisting of the hydrolyzed free fatty acids (FFAs). Then, anhydrous sodium sulfate was used to absorb water from the FFAs. Finally, sodium sulfate was recovered by a filtration process. After extraction, the FFAs were transferred to the reaction vessel for the esterification reaction to produce biodiesel under subcritical conditions. The effect of the reaction parameters (methanol-to-oil molar ratio, reaction time, catalyst loading, and temperature) on the biodiesel yield was studied. The range of each parameter was chosen based on the available literature [2,4,12,20,39]. The conversion rate of FFAs to biodiesel during the esterification process was calculated using Equation (1) below [2,40,41,42]:


% conversion FFA (biodiesel yield) = AVFFA − AVBD/AVFFA,



(1)




where AVFFA is the acid value of the free fatty acid (FFA) and AVBD is the acid value of the produced biodiesel.



3.4.1. Purification of Biodiesel


Once the reaction was over, the mixture was cooled down to room temperature before being transferred into a separator funnel and allowed to settle down overnight. The reaction mixture separated into three different layers. The upper layer was unreacted methanol, the middle layer was biodiesel, and the lower layer consisted of byproduct water and catalyst. The layers formed based on density differences. The biodiesel was separated and heated to recover the remaining methanol at its boiling point. The biodiesel was then treated with sodium sulfate (Na2SO4) as a dry wash to absorb any water that was produced from the reaction. Finally, sodium sulfate was removed by a filtration process.




3.4.2. Experiment Design for Optimization of the Biodiesel Yield


The design of the experiment to optimize the biodiesel production from used cooking oil was performed using a custom full factorial method using Minitab 18 statistical software. The reaction parameters of catalyst loading (wt %), temperature (°C), methanol-to-oil mole ratio, and reaction time (min) were selected to study their effect on the percentage yield of biodiesel. The studied factors (reaction parameters) and their levels (ranges) are presented in Table 9.






4. Conclusions


In this study, S–TiO2/SBA-15 superacid catalyst was found to be an effective heterogeneous acid catalyst for the esterification of low-grade waste cooking oil feedstock at subcritical conditions. Confirmation of the catalyst structure and acidic nature of the catalyst was acquired using XRD, SEM, BET, and an acid–base neutralization technique. The acid density of the catalyst surface influences the catalytic activity and plays a significant role in the esterification reaction. A custom full factorial design was used to optimize biodiesel production from the waste cooking oil, and the design was followed to optimize the reaction parameters to determine the maximum biodiesel yield. The statistical analysis of variance (ANOVA) was also studied to validate the experimental results. The maximum biodiesel yield obtained using waste cooking oil was 94.96 ± 0.12% under optimum conditions (temperature of 200 °C, catalyst loading of 1.0%, methanol-to-oil molar ratio of 15:1, and reaction time of 30 min). The catalyst was reused successfully three times with 90% efficiency, demonstrating that S–TiO2/SBA-15 is a stable catalyst and maintains high catalytic activity for the esterification reaction. The fuel properties of the produced biodiesel were found to be closely in accordance with the biodiesel standard. The washing step for the purification of biodiesel is unnecessary with this catalyst, which will lessen the generation of wastewater and simplify the purification process. This heterogeneous acid catalytic method is capable of replacing conventional homogeneous catalyzed transesterification and other heterogeneous catalyzed transesterification reactions involving waste cooking oil.
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Figure 1. A schematic representation of the esterification reaction [13]. 
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Figure 2. N2 physisorption isotherm of the SBA-15 support and the S–TiO2/SBA-15 catalyst. 
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Figure 3. (A) Small-angle patterns of the SBA-15 support and the S–TiO2/SBA-15 catalyst; (B) Wide-angle patterns of the S–TiO2/SBA-15 catalyst. 
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Figure 4. FE-SEM images of (A) pure SBA-15 silica and (B) the synthesized S–TiO2/SBA-15 catalyst. 
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Figure 5. Pareto chart of the standardized effects on biodiesel yield. 
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Figure 6. Effect of process parameters on biodiesel yield. 
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Figure 7. Reusability of the catalyst for biodiesel conversion in optimum conditions. T (temperature) = 200 °C, catalyst loading = 1%, methanol-to-oil mole ratio = 15:1, t = 30 min. 
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Figure 8. A schematic illustration of the synthesis process of the S–TiO2/SBA-15 solid acid catalyst. 
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Table 1. Surface area, pore size, and pore volume of the catalyst.
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	Sample
	Surface Area (m2/g)
	Pore Size (nm)
	Pore Volume (cm3/g)
	Surface Acidity (mmole/g)





	SBA-15 [2]
	833.80
	5.38
	0.13
	-



	S–TiO2/SBA-15
	733.98
	5.10
	0.09
	0.18
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Table 2. Experimental design matrix with experimental and predicted values of biodiesel yield.
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	Std Order
	Run Order
	Blocks
	Pt Type
	Catalyst %
	Temperature
	Mole
	Time
	Biodiesel Yield %
	Predicted





	1
	1
	1
	1
	1.00
	160
	20
	20
	75.35
	78.03



	2
	2
	1
	1
	1.00
	180
	20
	20
	80.49
	83.17



	3
	3
	1
	1
	1.00
	200
	20
	20
	89.04
	90.76



	4
	4
	1
	1
	1.00
	220
	20
	20
	96.03
	98.35



	5
	5
	1
	1
	0.50
	220
	20
	20
	91.83
	94.51



	6
	6
	1
	1
	0.75
	220
	20
	20
	93.80
	96.48



	7
	7
	1
	1
	1.00
	220
	20
	20
	96.03
	98.35



	8
	8
	1
	1
	1.25
	220
	20
	20
	95.99
	98.67



	9
	9
	1
	1
	1.00
	200
	5
	20
	83.15
	85.83



	10
	10
	1
	1
	1.00
	200
	10
	20
	85.36
	88.04



	11
	11
	1
	1
	1.00
	200
	15
	20
	88.68
	91.41



	12
	12
	1
	1
	1.00
	200
	20
	20
	87.83
	90.76



	13
	13
	1
	1
	1.00
	200
	15
	20
	89.50
	91.41



	14
	14
	1
	1
	1.00
	200
	15
	25
	90.65
	93.33



	15
	15
	1
	1
	1.00
	200
	15
	30
	95.18
	97.85



	16
	16
	1
	1
	1.00
	200
	15
	35
	95.36
	98.04
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Table 3. Analysis of variance (ANOVA).
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	Source
	DF
	Adj SS
	Adj MS
	F Value
	p Value





	Model
	12
	560.380
	46.698
	131.90
	0.001



	Linear
	12
	560.380
	46.698
	131.90
	0.001



	Catalyst %
	3
	14.234
	4.745
	13.40
	0.030



	Temperature
	3
	3