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Abstract

:

This work compared the effect of soaking and roasting Phoenix dactylifera L. seeds pretreatment methods on oil yield. The conversion of the Phoenix dactylifera L. seed oil to fatty acid methyl ester (FAME) was conducted via transesterification reaction using Ce-Zr/Al-MCM-41 monometallic and bimetallic catalysts. The reaction conditions were optimized using response surface methodology based on the central composite design (RSM-CCD). The result shows a quadratic model fitting with an R2 value of ~0.98% from the analysis of variance. In addition, the optimum FAME yield of 93.83% was obtained at a reaction temperature of 60.5 °C, a reaction time of 3.8 h, a catalyst concentration of 4 wt.%, and a methanol to oil molar ratio of 6.2:1 mol/mol. The effect of the regenerated catalyst was significantly maintained for five cycles. The fuel properties of the produced FAME lie within the values reported in studies, ASTM D6751, and EN14214 standards.
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1. Introduction


Energy consumption increases with the rise in economic and population growth, leading to problems such as a decline in the fossil fuel reserves and an adverse impact on the environment due to the increase in greenhouse gases (GHG) [1] Thus, extensive research on the alternative energy source to reduce demand on the primary energy source and to tackle the environmental concerns is ongoing, as the highest percentage of the emission of toxic gases comes from the industries and the transport sector [2]. Generally, eco-friendly renewable energy sources and wastes such as biofuels have a higher potential to be used as sources of alternative energy. Liquid biofuels derived from biomass include biodiesel produced using fresh or used vegetable oils and animal fats. Biofuels make a significant contribution as a promising solution to the increasing energy demand on fossil-derived fuels, especially by the transport sector. At the same time, the penetration of biofuels promoted the continuous reduction of toxic gases and improved supply security [3]. The production of biodiesel as a viable alternative to fossil fuel using renewable feedstock and a reusable catalyst has shown promising advantages by contributing to the economic and environmental sustainability development [4,5].



However, the high cost of biodiesel production is the major drawback, resulting in its limited usage as an alternative fuel. The solutions highlighted for the total cost reduction include biodiesel yield improvement, capital, and raw materials costs reduction (especially the feedstock) [1]. Edible vegetable oils referred to as first-generation oils such as canola, palm kernel, coconut, and sunflower oil were considered as feedstocks for biodiesel production [6,7]. However, the use of such raw materials amounts to 80% of the total production cost of biodiesel [5]. For instance, Rahimi et al. [8] concluded that biofuels’ sustainable production could be attainable using non-edible energy crops. Thus, non-edible oils, which include waste oils and waste seed oil serve as a substitute feedstock to produce biodiesel. For example, Joshi et al. [9] reported that low-quality non-edible feedstock such as waste cooking oil significantly reduced the biodiesel production cost. Recently, Phoenix dactylifera L. seed oil has attracted the attention of researchers from various fields such as in biodiesel production, as a promising new renewable source that is low-priced and abundant. In fact, it could be considered with a high priority as a potential feedstock that will reduce the total biodiesel production cost. As shown in [7], Phoenix dactylifera L. seed oil biodiesel production cost was lower than that of waste cooking oil, Jatropha oil, sunflower oil, and palm oil.



The Phoenix dactylifera L. tree, commonly known as the date palm, is one of the oldest plants majorly cultivated in arid and semi-arid regions [10]. In 2007, the world annual production of Phoenix dactylifera seed was estimated to be 69,700 t [11], which escalated to an estimate of 1.3 million t [12]. The palm seed is 6–15% of the weight of the fruit, oblong in shape, and ventrally grooved with a hard coat that can withstand harsh conditions [13]. Thus, the seeds are inedible and mostly discarded as waste, or as animal feed from date processing plants [14]. The hardness and compactness of the seed’s matrix inhibit the extraction of the oil. As such, there is a need for seed pretreatment like grinding and texturing [15]. The grinding or pulverization process of the seeds to powder requires several pretreatment stages such as washing, drying under the sun or roasting, and the use of a heavy-duty grinder. Thus, the availability of a suitable grinder in the laboratory or an alternative method such as soaking to facilitate the grinding process of the hard seeds plays a significant role. For instance, it was found in a study that the ground palm seeds were used as animal feed and for oil extraction after soaking in water for 72 h [16]. However, to the best of the authors’ knowledge, there is no literature on the possible impact of soaking the seeds on the oil yield for biodiesel production.



Reported studies on the potential use of Phoenix dactylifera L. seed oil as a feedstock for biodiesel production was in the presence of homogeneous catalysts such as KOH [17,18] and NaOH [19], in contrast to the limited studies conducted on biodiesel production from Phoenix dactylifera L. seed oil using a heterogeneous catalyst. Examples of the heterogeneous catalysts used for the conversion of Phoenix dactylifera L. seed oil to biodiesel include CaO-Fe3O4 nano-magnetic catalyst [20], eggshell derived catalyst [21], Mn@MgO-ZrO2 metallic oxide catalyst [7], and green carbon catalyst [22]. Therefore, there is a need for further studies on biodiesel production from Phoenix dactylifera L. seed oil using a heterogeneous catalyst. The transesterification reaction of vegetable oils is commonly used to produce biodiesel in the presence of methanol and a homogeneous catalyst. Nevertheless, despite the high activity of the homogeneous catalysts at mild reaction conditions, its limitations such as soap formation, wastewater generation, and lack of catalyst reusability paved way for research on heterogeneous catalysts [23]. However, unlike homogeneous catalysts, problems linked to heterogeneous catalysts include mass transfer resistance, limited catalytic active centers, and leaching [24]. Therefore, one of the solutions provided to overcome the disadvantages of using heterogeneous catalysts was making use of supports for the catalysts [25].



The discovery of mesoporous molecular sieves has received immense attention from various fields as a support (or catalyst) for the conversion of bulky molecules due to their properties such as high specific surface area and adjustable pore size [26]. For biodiesel production, metals are incorporated into the mesoporous molecular sieves framework to provide active sites for effective reaction to take place. For example, 79% yield of biodiesel was obtained from palmitic acid using Al-MCM-41 (Si/Al = 8) as the catalyst at a reaction temperature of 130 °C, a reaction time of 2 h, a catalyst concentration of 0.6 wt.%, and a methanol to oil molar ratio of 60:1 [27]. However, in another study, the Zr30-MCM-41 catalyst produced 91.5% sunflower oil biodiesel yield at a reaction temperature of 200 °C, a reaction time of 6 h, a catalyst concentration of 14.6 wt.%, and an ethanol to oil molar ratio of 12:1 [28]. Additionally, 95.4% biodiesel yield was attained from waste cooking oil in the presence of Mg/ACM-U (Si/Ce = 25) as the catalyst at a reaction temperature of 70 °C, a reaction time of 6 h, a catalyst concentration of 5 wt.%, and a methanol to oil molar ratio of 9:1 [29]. Thus, the observed increase in biodiesel conversion rate was influenced by the incorporation of the active metals like Ce and Zr in the mesoporous silica framework. Moreover, metal incorporation enhances properties such as the addition of active sites, the regulation of the surface acidity of the support, and an improvement in catalyst stability [30,31,32].



Furthermore, the reaction parameters such as reaction temperature, reaction time, alcohol to oil ratio, and amount of catalyst has an influence on the biodiesel yield. Thus, it is essential to optimize the reaction conditions for an efficient conversion of triglycerides to biodiesel. Additionally, the reaction process for biodiesel production usually involves the study of one variable at a time (OVAT). Therefore, reaching inconclusive evidence for the possibility of one factor over the other with no provision for results on the interaction of the variables. For research involving the independent and dependent variables, the statistical design of experiments is a suitable alternative to measure the quantity effectively, efficiently, and economically [33,34]. Furthermore, contrary to the OVAT approach, design experts’ use offers more accurate, valid, and reliable results on the effect of any influencing factor individually or when interacting with another factor on the biodiesel yield. Response surface methodology combined with central composite design (RSM-CCD) designs an experiment for optimum biodiesel yield [35]. The central composite design (CCD) is a suitable approach to study the effect of variables on biodiesel yield.



For example, Gupta et al. [36] employed the 24 full-factorial CCD to study the effect of four reaction conditions, namely, methanol to oil molar ratio at a range of 3–9 mol/mol, reaction temperature of 35–65 °C, catalyst loading of 0.5–2 wt.%, and reaction time 10–60 min, making up a total number of 29 experiments. The study revealed that a maximum biodiesel yield of 97% was obtainable at a reaction temperature of 59 °C, catalyst loading of 0.51 wt.%, a methanol to oil molar ratio of 5.9:1, and a reaction time of 30 mins. Krishnamurthy et al. [37] designed a total number of 30 experiments using RSM-CCD and obtained 96.929% and 98.93% biodiesel yield from dairy waste scum and Hydnocarpus wightiana oil at optimum conditions of reaction temperatures 58.56 °C and 61.6 °C, reaction times of 119.684 min and 145.154 min, methanol to oil molar ratios of 12.7:1 and 12.4:1, and catalyst dosages of 0.866 wt.% and 0.892 wt.%, respectively. In another study conducted using CCD, the optimum reaction conditions for a maximum biodiesel yield of 85.94% were a reaction temperature of 89.21 °C, a reaction time of 6.48 h, a catalyst concentration of 11 wt.%, and a methanol to oil molar ratio of 29.14:1 [38].



Therefore, this present study investigated the impact of roasting and soaking pretreatment methods on Phoenix dactylifera L. seed oil yield, followed by a transesterification reaction of the extracted oil for fatty acid methyl ester (FAME) production. Thus, previously synthesized Ce-Zr/Al-MCM-41 monometallic and bimetallic catalysts prepared by impregnation and sonication methods were used [39,40]. Lastly, the optimum reaction conditions using RSM-CCD, the catalyst reusability, and the analysis of fuel properties were studied.




2. Result and Discussion


2.1. Phoenix dactylifera L. Seeds Pre-Treatment and Extraction of Oil


The roasted Phoenix dactylifera L. seeds were found to have an uneven discoloration after oven treatment due to a lack of occasional tossing. However, the soaked seeds seem to have increased in size with the increase in water content. The size of the soaked seeds was efficiently reduced using a pair of scissors to cut the seeds into smaller pieces before the grinding process. Both the pretreatment methods were considered to increase the yield of oil content and simplify the grinding process of the hard Phoenix dactylifera L. seeds. It was found that soaking the seeds until soft enough to cut made the grinding easier with a household mill. Moreover, mechanical wear and tear and maintenance expenses may be minimized. Although the roasted seeds remained hard even after the prolonged drying process in a vacuum oven, the obtained oil yield of 7.83 ± 0.16% was comparable to that of the soaked seeds, 7.04 ± 0.25% per 50 g of the Phoenix dactylifera L. seed powder. The maximum oil yield obtained for both the roasted and soaked seeds was with a particle size of 0.50 mm. The oil yields obtained for both pretreatment methods were obtained from seeds with particle sizes of 0.50mm, 0.25 mm, 1 mm, and 2 nm, in decreasing order. As such, the larger surface area of the smaller particle sizes allows for better solvent contact with the seeds, thereby providing access to the oil. Conversely, smaller particle sizes may cause channeling effects to occur—that is, the solvent runs down without penetrating the cell wall [10]. As a result of the uneven penetration of the solvent, the cell wall remains intact without extracting the oil contained in the unaffected areas of the seed. Thus, the highest oil yield found in this study using a particle size of 0.50 mm falls within the recommended range of 0.12–0.50 mm size for effective Phoenix dactylifera L. seed oil extraction [41].



However, the oil yield found after prolonged treatment of the seeds by soaking in water before extraction was found to be lower than that of the roasted seeds. Seed oil plays an essential role during the process of germination of the seeds, thereby decreasing the amount of oil content. As such, the decrease in the yield of the extracted oil could be attributed to the early germination of the Phoenix dactylifera L. seeds during the soaking period [42]. Moreover, the decrease in the oil yield from soaking pretreatment method could be correlated to possible moisture retention. Therefore, higher moisture content decreases the oil yield obtained using solvent extraction [43]. The triglyceride concentrations of the extracted Phoenix dactylifera L. seed oil calculated from the HPLC result for both the pretreatment methods were 96.58 ± 031% for the roasted seeds and 90.99 ± 0.66% for the soaked seeds. The observed triglyceride concentration of the roasted Phoenix dactylifera L. seeds was relatively higher than that of the soaked seeds, which was due to a moisture barrier in the seeds, thereby reducing the solubility between the structurally hydrophobic triglyceride compound and the hydrophobic solvent (n-hexane) [44]. The result obtained for the triglyceride concentration in roasted Phoenix dactylifera L. seed oil was close to the range 96.90–97.26% [45].




2.2. Catalytic Activity


The activity of the catalysts used for the transesterification reaction to produce FAME was observed based on the set of fixed reaction conditions used. Figure 1 shows the FAME yield obtained using the Ce-Zr/Al-MCM-41 monometallic and bimetallic catalysts prepared by impregnation and sonication methods. The result shows that there was no significant difference in the FAME yield obtained using impregnated or sonicated catalysts. However, a difference was observed from the comparison of the FAME yield obtained using Al-MCM-41 support and catalysts. As the FAME yield increased upon the incorporation of Ce and Zr metals into the framework of the support. A regular trend was observed from a comparison of both the impregnated and sonicated catalyst catalysts. All the catalysts prepared by the sonication method resulted in higher FAME yield, except for the 7.5Ce-2.5Zr/Al-MCM-41 catalyst, which may be due to the accessibility of the suitable active sites responsible for the catalytic activity. Nevertheless, the catalyst with the highest FAME yield was obtained using the 5.0Ce-5.0Zr/AlMCM-41 sonicated bimetallic catalyst.



The FAME produced indicates the success of the reaction conducted using the extracted Phoenix dactylifera L. seed oil. Therefore, the oil has a potential as a feedstock for biodiesel production, which is comparable to other studies. For example, 30% FAME yield was obtained from Phoenix dactylifera L. seed oil at a reaction temperature 40 °C, a reaction time 6 h, and a methanol to oil molar ratio of 5:1 using Novozym®435 as a catalyst [19]. In another study, 95.88% FAME yield was obtained from Phoenix dactylifera L. seed oil using KOH as the catalyst, a methanol to oil molar ratio of 6:1, and a reaction time of 1 h [46].




2.3. Optimization of Reaction Conditions by Response Surface Methodology


In this study, the optimization of FAME yield produced by the transesterification reaction of Phoenix dactylifera L. seed oil was conducted in the presence of sonicated 5.0Ce-5.0Zr/Al-MCM-41 bimetallic heterogeneous catalyst. The statistical analysis was carried out using RSM-CCD to study the correlation between the independent variables and the FAME yield. Table 1 shows the generated result for the independent variables ranging from minimum to maximum, namely, reaction temperature A (50–90 °C), reaction time B (1–5 h), catalyst concentration C (1–5 wt.%), and methanol to oil molar ratio D (4:1 to 12:1 mol/mol), and that of the response which consists of the predicted and experimental FAME yield ranging from 73.68% to 93.34%.



The regression coefficient (R2) was obtained from the analyzed experimental data. The fit summary for the response (FAME yield) suggested a second-order polynomial quadratic model (Table S1). The R2 indicated a high chance of variability for the suggested model. The cubic model was found to be aliased as given by the heuristic scoring system. The quadratic model is the sequential sum of squares for the quadratic terms. The fit summary model shows the final quadratic regression equation, owing to the correlation between the reaction conditions and the FAME yield (%), as seen in Equation (1):


     Y i e l d    ( % )      = 77.99 − 0.83 A − 0.16 B + 3.84 C − 1.96 D + 0.91 A B − 1.38 A C         + 0.8 − 0.49 − 0.42 B D − 2.92 C D − 0.013  A 2  − 0.16  B 2          + 1.70  C 2  + 0.57  D 2      



(1)




where A was the reaction temperature (°C), B was the reaction time (h), C was the catalyst concentration (wt.%), and D is the methanol to oil molar ratio.



Table 2 shows the fitness of the model and significance in terms of the variables. The significance of each regression coefficient was determined using the probability value (p-value). The values reported supported that the quadratic model was significant. Thus, the p-values were less than 0.05 (95% confidence limit), indicating significant terms. The significant model terms were A, C, D, AB, AC, AD, CD, C2, and D2. However, the variables B, BC, BD, A2, and B2 were not significant. Thus, the software suggested that an improvement of the model may be achieved through model reduction.



However, the removal of the terms will decrease the p-value of the lack of fit. The goodness of the result relies on when the lack of fit was not significant relative to the pure error. The highest F-value of the model was that of the catalyst concentration (C) with a small p-value, which is attributed to the high significance of the corresponding coefficient [47] The predicted R2 of 0.951 was in reasonable agreement with the adjusted R2 of 0.967, with a difference of less than 0.2.



The R2 indicates the relationship between the predicted and actual Phoenix dactylifera L. seed oil FAME yield. The calculated values of the adjusted R2 and predicted R2 indicated the fitness of the model. The adequate precision is the signal to noise ratio that compares the range of predicted yield at the design points to the average predicted error, so model discrimination can be determined when the ratios are greater than 4. Therefore, the adequate precision or signal to noise ratio greater than 4 is desirable [48]. In this study, adequate precision was found to be ~30.02, as in Table 1, indicating that the model can be used to navigate the design space. Another important factor considered for the evaluation process of the model’s fitness was the coefficient of variation (CV). CV is a standard deviation expressed as the percentage of the mean. The value from the CV result must be below 10% for the model to be adequate. In this study, the value was found to be 1.17%, indicating the suitability of the model for the FAME conversion.



Figure 2 shows the graphical illustration of the result obtained from actual and predicted yield data for Phoenix dactylifera L. seed oil FAME. The actual data fits the model better than the predicted data. However, the observed data shows an acceptable correlation between the predicted and actual results obtained.



Figure 3 shows three-dimensional (3D) RSM model surface plots for the interactive effects of two independent variables at a time on the response. The remaining variables were kept in a fixed position at central levels. Figure 3a shows the effect of the interaction between the reaction temperature and the reaction time on FAME yield, at fixed catalyst concentration and methanol to oil molar ratio. The increase in FAME yield to ~80% can be seen with an increase in reaction temperature and a reaction time. Concurrently, the decreases in FAME yield was not substantial, with an increase in reaction time and reaction temperature towards the center (above 65 °C). However, a significant decrease was observed with further increase in reaction temperature. As such, the FAME yield gradually decreased with an increase in reaction temperature above methanol boiling temperature. The decrease in FAME yield at higher temperatures is related to the evaporation of the solvent [49]. However, the maximum FAME yield was obtained at 80 °C using a PTSA/MCM-41 (PTSA, p-toluene sulfonic) catalyst in a membrane reactor [47]. Therefore, the evaporation of methanol at a high reaction temperature resulting in FAME yield decrease may be correlated to the reactor used.



Figure 3b shows the effect of interaction between the reaction temperature and catalyst concentration on FAME yield at constant reaction time and methanol to oil molar ratio. The 3D plot shows that the FAME yield increased as the catalyst concentration increased towards 4 wt.% and reaction temperature close to 65 °C. The observed gradual increase in FAME yield was from 76% to 84% with an increase in catalyst concentration. Thus, the lowest yield was obtained with a decrease in catalyst concentration and further increase in reaction temperature. The low FAME yield is attributed to the incomplete transesterification reaction for methyl ester conversion with the inadequate catalyst concentration [6].



Figure 3c shows the interaction between reaction temperature and methanol to oil molar ratio while the other variables were kept constant. The FAME yield found was in the range of 77% to 82% from the interaction. A linear decrease in FAME yield was observed with a decrease in reaction temperature and methanol to oil molar ratio. From the 3D plot, the highest FAME yield was found when the methanol to oil molar ratio was slightly above 6:1 at a reaction temperature closer to 60 °C. However, when the amount of methanol was further increased at a higher reaction temperature, the FAME yield decreased. Excess methanol (above the stoichiometric 3 moles) is required for the reversible transesterification reaction to shift forward and favor the production. However, when the methanol exceeds the adequately required amount, it may lead to difficult phase separation for the glycerol and the ester layers resulting in low FAME yield. Another possible reason for the decrease in yield with an increase in methanol to oil molar ratio and reaction temperature may be due to the methanol and heterogeneous catalyst’s insufficient miscibility. Consequently, the methanol accumulates at the surface of the catalyst and evaporates with an increase in reaction temperature [50].



Figure 3d shows the 3D plots of the interaction between the reaction time and catalyst concentration, at a fixed reaction temperature and methanol to oil molar ratio. A positive interaction was observed with the gradual increase as the FAME yield increased from 76% to 82%, with an increase in reaction time and catalyst concentration. However, the highest FAME yield was obtained when the reaction time was below 4 h. Further increase in reaction time may lead to a reverse reaction, which will result in lower FAME yield. Figure 3e shows the 3D plot for the interaction between the reaction time and methanol to oil molar ratio. It was observed that the FAME yield obtained increased with a decrease in methanol to oil molar ratio. The FAME yield ranges from 76% to 80%, which favors low methanol to oil molar ratio slightly above 6:1 with an increase in reaction time. Another significant interaction between two of the variables was observed in Figure 3f for the interaction between catalyst concentration and methanol to oil molar ratio. It was observed that an increase in the catalyst concentration and a decrease in methanol to oil molar ratio increased the FAME yield. The lowest yield was obtained when the methanol to oil molar ratio exceeded 8:1. From the result, the optimum FAME yield obtained was 76% to 88%. Therefore, the best interactive effect for the production was that of the methanol to oil molar ratio and catalyst concentration, considering the highest FAME yield obtained in Figure 3a–f.



The numerical optimization for Phoenix dactylifera L. seed oil FAME yield was carried out to ascertain the optimum reaction conditions. The requirement was for the goals to be set at either equal to, maximum, minimum, target to a specific value or in range of the independent variables’ set values for the highest yield response. The desirability function was employed to achieve optimum FAME yield. The options were set as ’in range’ by default for the operating conditions and ’maximum’ for FAME yield for the minimum and maximum independent variables. The set goals combine to form a desirability function close to 1. The closer the desirability to 1, the better the generated solution given. The optimum temperature of 60.5 °C, reaction time of 3.8 h, catalyst concentration of 4 wt.% and methanol to oil molar ratio of 6.2:1 were required for the optimum FAME yield of 94.24% as predicted by the software when all the conditions were set “in range”.



The predicted yield observed was close to the highest yield obtained from the experimental study, indicating the model’s fitness. Validation of the predicted result was carried out at optimum reaction conditions, and the FAME yield was found to be 93.83 ± 0.29%. The difference between the experimental and predicted yield was within the acceptable range, thus, implying that the designed model was suitable for the experimental study. For example, Samart et al. [51] reported the predicted yield of 84.0% and experimental yield of 83.1% from the optimization study conducted using SO3H-MCM-41 and rubber seed oil for biodiesel production. The reaction was conducted at a reaction temperature of 129.6 °C, a reaction time of 48 h, a catalyst concentration of 14.5 wt.%, and a 16:1 methanol to oil molar ratio. In another study, 96.6% predicted yield and 95.5% experimental yield were obtained at a reaction temperature of 153 °C, a reaction time of 120 min, a catalyst concentration of 5.06 wt.%, and 0.266 molar composition of 3-mercaptopropyl (methyl) dimethoxy siloxane, MPMDS using SO3H-MCM-41 as a catalyst [52].




2.4. Reusability Studies


The stability of the catalyst was determined by conducting reusability studies using Phoenix dactylifera L. in the presence of a 5.0Ce-5.0Zr/Al-MCM-41 bimetallic catalyst under optimized reaction conditions at a reaction temperature of 60.5 °C, a reaction time 3.8 h, catalyst loading of 4 wt.%, and a methanol to oil molar ratio of 6.2:1 (Figure 4). The reusability studies show that the catalyst activity was maintained with high Phoenix dactylifera seed oil FAME conversion for the first 5 runs. The high activity observed after the catalyst was regenerated was due to the proper treatment during the washing steps (hot distilled water and n-hexane). As a result, the catalyst performance for the first 5 runs was similar, indicating its economic viability. The findings from this study were similar to [53], where the treatment of [CTA]MCM-41 catalyst with water and methanol resulted in 5 runs with minor deactivation for the transesterification of canola oil. Additionally, the loss in catalytic activity for Na/Zr-SBA-15 catalyst after washing with benzene was not significant for 3 runs [26]. The authors reported that the washing step was not adequate due to the observed loss in the FAME yield. However, in this study, a slight but gradual decrease was observed due to the amassing of the heavy triglyceride, which in turn slows the activity of the catalyst. Thus, in run 6, a remarkable decrease in the FAME yield was found, as it was less than 90% lower than run 5. The significant decrease in FAME yield is attributed to the clogging of the activity sites [25,54].




2.5. Physicochemical Properties


Table 3 shows the properties of the extracted Phoenix dactylifera L. seed oil and the produced FAME, which includes the acid value, density, iodine value, saponification value, oxidation stability, cetane number, flash point, pour point, total glycerol, and free glycerol. The quantity expressed in milligrams of potassium hydroxide (KOH) per gram of oil or sample is referred to as acid value. The acid value of the oil was found to be 1.95 mg KOH/g, which was lower than the range of 2.47–2.55 mg KOH/g, reported in [55]. However, the acidity was higher than the specified limit in ASTM D651 and EN14214 standards. Therefore, the oil was not suitable to be used directly as an engine fuel before the FAME conversion.



In contrast, the acid value of the FAME found in this study was within the acceptable range specified in both the American and European standards. The lower the acid value, the higher the FAME quality maintenance during storage [11,56]. Density refers to the mass in grams per volume of a sample. The density is linearly correlated to the carbon chain length, molecular mass, and saturation level [17,57]. The density of the oil and FAME in this study was found to be within the EN and ASTM standard range. Iodine value refers to the quantity of iodine (I2) in grams absorbed per 100 g of the sample. Iodine value is the measure of the degree of unsaturated (double bonds) fatty acid present. The high iodine value correlates to the higher degree of unsaturation of the fatty acid in the sample as a result of oxidation. The saponification value is related to the carbon chain length. The higher saponification value of the seed oil is an indication of shorter chain length. The saponification value is inversely proportional to the carbon chain length and the molecular weight [56,57].



The level of unsaturation or number of double bonds of fatty acids (especially polyunsaturated) is the major factor for oxidative stability determination [13,58]. In this study, the degree of unsaturation (DU) for the FAME was calculated to be 19.27%, and the SFA, MUFA, and PUFA were found to be 80.64%, 16.69%, and 1.29%, respectively. Therefore, the oxidation stability found obtained complies with the EN and ASTM standard limits. The cetane number is directly proportional to the engine ignition [59]. Higher cetane number signifies better ignition. As such, the calculated cetane number was found to be above the minimum limits for both EN and ASTM standards. Furthermore, the pour point refers to the temperature at which fuel flow is inhibited. The pour point found in this study was the same as the value reported in studies [7,18,46]. The flashpoint is defined as the minimum temperature at which the vapor of the sample ignites when exposed to an ignition source. Thus, the ignition power of fuel under specified conditions is determined by the degree of the flashpoint. Moreover, the obtained flashpoint is a measure for the determination of methanol residue in FAME compared to the standard limits. The flashpoint obtained in this study was considerably high, indicating a good storage quality [59].





3. Materials and Methods


3.1. Materials


Phoenix dactylifera L. (date) fruits were supplied by “Green Diamond” importers in Selangor, Malaysia. All the reagents in this study, such as analytical grade (AR) methanol (99% purity), isopropanol (≥99.8 purity), and n-hexane purchased from Merck, and nonadecanoate methyl ester (C19:0, ≥99.5% purity, Sigma Aldrich) were used without further purification. Al-MCM-41 (>97.0% purity, ACS materials) was calcined at 500 °C and used as a support for Ce and Zr monometallic and bimetallic catalysts prepared by impregnation and sonication methods as described in [39,40], respectively (Table 4).




3.2. Pre-Treatment of Seeds and Extraction of the Seed Oil


The Phoenix dactylifera L. seed was washed with water to remove any dirt and remaining pulp. The seeds were divided into two for drying (roasting) and soaking (in water) pretreatment methods. For the drying pretreatment method, the washed seeds were spread on a metal tray, placed in an oven at 40 °C, and dried overnight. For the soaking pretreatment method, the washed seeds were soaked in water at room temperature (25 °C) for 3 days in a 1000 mL beaker. The beaker was covered using a perforated foil paper for air passage. The oven-dried seeds were ground to powder using a strong granulator (Wensui Plastics Machine Group, Model: WSGP-230) and a universal cutting mill combination (FRITSCH PULVERISTTE25/ PULVERISTTE19), whereas the size of the softened soaked seeds was reduced manually by cutting with a pair of steel scissors, and they were ground to powder using a dry mill (Panasonic Blender MX-GM1011H). The soaking pretreatment method ground seeds were dried overnight in a convection oven (Memmert) at 35 °C with air circulation (using FAN control at a speed of 100%). The ground seed powder obtained from both pretreatment methods were separately sieved to pass a particle size of 0.25, 0.5, 1.0, and 2.0 mm using stainless steel sieves on a mechanical shaker (CISA: BA 300 N). The Phoenix dactylifera L. seed oil was extracted using n-hexane as a solvent, at a solvent to seed ratio of 4:1, a temperature of 70 °C, and an extraction time of 7 h as reported in [17]. The oil was separated from the solvent using a vacuum rotary evaporator (BUCHI Model: VIVO RT2, 360 mbar) at a temperature of 40 °C. The percentage yield of extracted seed oil was calculated on a dry weight basis using Equation (2).


   Total   extraction   yield     ( % )  =    Weight   of   oil   extracted     Weight   of   seed   powder    × 100  



(2)








3.3. Transesterification Reaction Process


The transesterification reaction was carried out using the Ce-Zr/Al-MCM-41 impregnated and sonicated monometallic and bimetallic catalysts in a 50 mL three-neck round bottom flask. First, the desired amounts of the catalyst and the methanol were measured and mixed at 50 °C for 30 min before the addition of the preheated Phoenix dactylifera L. seed oil. Then the reaction was stirred at a reaction temperature of 65 °C, a reaction time of 1 h, a methanol to oil molar ratio of 6:1, and a catalyst concentration of 2.5 wt.% (of the oil used). Subsequently, the reaction was stopped after completion and allowed to cool to room temperature; the catalyst was then filtered with a 0.45 µm syringe filter. The filtrate was centrifuged to aid the phase separation and allowed to stand overnight to separate the fatty acid methyl ester (FAME) produced from glycerol. The FAME was then washed with hot distilled water (that was boiled to 80 °C) and dried in an oven to remove excess moisture. The FAME yield was taken as a measure for the selection of the catalyst with higher activity under the same reaction conditions for optimization studies.




3.4. Optimization and Reusability Studies


The central composite design combined with response surface methodology (RSM-CCD) in Design-Expert version 11.0.5.0 software (Stat-Ease, Inc., USA) was used. The experiments were selected to study the effect of the reaction conditions on the FAME yield. The experiment was designed using a 24 full factorial for four independent variables. The independent variables were selected by considering previous studies on biodiesel production using a heterogeneous catalyst, such as in [61]. The independent variables selected were labeled A to D, standing for reaction temperature, reaction time, catalyst loading, and methanol to oil molar ratio, Table 5.



The FAME yield was selected as the dependent variable (response). The experiment was conducted in a randomized order at a full range for 30 observations. The total number of the experiment designed was calculated using full factorial design as [24 + (2 × 4) + 6], where 4 represents the total of the number of independent variables, and the number 6 is indicating the replicates to accommodate for standard error of prediction. Thus, the experiment consists of 2k factorial points, 2k axial points, and kc center points. The experimental data obtained using the RSM-CCD was subsequently analyzed by the analysis of variance (ANOVA). An empirical model was developed to correlate the response variable and the independent variables based on second-order polynomial to analyze the effect of the variables interaction [33], as follows in Equation (3):


  Y =  β 0  +   ∑   i = 1  k   β i   X i  +   ∑   i = 1  k   β  i i    X i    2  +   ∑   i = 1   k − 1     ∑   j = 2  k     β  i j    X  i      X j  + ε    



(3)




where Y is the response factor (FAME yield); β0 is an intercept; βi, βii, and βj are the linear, quadratic and interactive regression coefficients of the model, respectively; xi, xii, and xj represent the independent variables; and ε represents the model-associated random error.



Reusability studies were conducted using 5.0Ce-5.0Zr/Al-MCM-41 bimetallic catalyst at optimized reaction conditions. After the transesterification reaction, the catalyst was separated from the product mixture by filtration on a vacuum filter, washed first with hot distilled water (80 °C), before a second chemical treatment with n-hexane. The catalyst was centrifuged for 10 min and dried in an oven at 100 °C for 5 h. The dried catalyst was reused for the subsequent FAME conversion after each reaction. The FAME produced was separated, washed, and kept for further analysis.




3.5. Physicochemical Properties


The oil concentration was analyzed using the triglyceride (TG) method as a reference standard for comparison. The analysis was conducted using a high-performance liquid chromatography (HPLC) equipped with a refractive index detector (HPLC-RID, Shimadzu Model, RID-10A) using a mobile phase of n-hexane/isopropanol in a ratio of 97:3 (v/v). The column temperature was set at 40 °C with a flow rate of 1 mL/min and an injection volume of 20 µL (Column: Shim Pack 150 m, 4.6 mm, 5 µm film). After the analysis, the oil concentration was calculated as in Equation (4):


  C R =  (      A R   M R       A S   M S      )  × C S  



(4)




where CR is the concentration of sample reaction mixture in (mol/L), AR is the oil peak of the sample reaction mixture, MR is the mass of sample reaction mixture (mg), AS is the oil peak area of the oil standard (triglyceride), MS is the mass of oil standard (triglyceride, mg), and CS is the oil concentration of the standard (mol/L).



The analysis of FAME from Phoenix dactylifera L. seeds oil was carried out following the BS EN14103:2011 testing method for the determination of ester and linolenic acid methyl ester content [62]. A gas chromatography instrument (Agilent Technologies, 7890A GC Systems) equipped with a flame ionization detector (FID), a spit-spitless inlet (split ratio 50:1 at a split rate of 100:1 mL/min), and a temperature programmable oven was used. The capillary column was a model from Agilent Columns, DB-23 (Model: J & W 122-2362) with a length of 60 m, an internal diameter of 250 µm, and a film thickness of 0.25 µm. The operation conditions for the chromatographic analyses started with a column temperature of 60 °C, which was held for 2 min and raised to 200 °C. The maximum oven temperature of 240 °C was held for 7 mins at a ramping rate of 5 °C /min. The carrier gas was helium at 60 °C, a constant flow rate of 2 mL/min, and a constant pressure mode of ~230 kPa. Approximately 100 mg of the homogenized sample was weighted in a 10 mL sample bottle, and nonadecanoic methyl ester (C19:0) was used as the internal standard. The mixture was diluted with 10 mL toluene. 1 µL of this solution was injected into the GC-FID. For identification of the peaks from the chromatogram obtained after the analysis, the retention time of the sample peaks of the FAME mix was compared, and the FAME yield was calculated using Equation (5):


  % F A M E   y i e l d =   E A − A E I   A E I   ×   C E I × W E I  m  × 100  



(5)




where EA is the total peak area of the methyl esters, AEI is the peak area of the internal standard (nonadecanoic methyl ester, C19:0), CEI is the loading of the internal standard used (mg/mL), WEI is the weight (mL) of the internal standard used, and m is the mass of sample used (mg).



The fuel properties analyzed include acid value, iodine value, peroxide value, saponification value, density, specific gravity, oxidative stability, cetane number, pour point, flash point, total glycerol, and free glycerol. The acid value, iodine value, and peroxide value were determined, as in [20]. Moisture content was found following ASTM D2216 to calculate the weight difference before and after drying the sample in a vacuum oven at 105 °C for 24 h. The saponification value was obtained using the ASTM D5558-95 standard method. Density and specific gravity were determined using the Anton Paar analyzer following the ASTM D7042. Oxidative stability was obtained using Metrohm 873 Biodiesel Rancimat at 110 °C. The cetane number was determined using the correlation equation in [63]. Pour point was determined using the CPP 5Gs ISL analyzer. The ASTM 93 standard method was used to measure the flashpoint on a CLA 5 flashpoint analyzer. The total and free glycerol determination was conducted by following the ASTM D6584 standard method. The FAME profile obtained from the GC-FID analysis was used to calculate the total saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), and polyunsaturated fatty acid (PUFA). The degree of unsaturation was calculated using the values obtained for MUFA and PUFA [63].





4. Conclusions


Phoenix dactylifera L. seeds were pretreated by roasting and soaking methods for higher oil yield extraction. Compared to roasting, the soaking pretreatment method simplified the grinding process with no significant difference in the oil yield obtained (7.83% and 7.04%, respectively). The highest FAME yield was obtained using a 5.0Ce-5.0Zr/Al-MCM041 bimetallic catalyst prepared by the sonication method. The RSM-CCD statistical technique predicted the optimum FAME yield of 94.24% and an experimental yield of 93.83% at a reaction temperature of 60.5 °C, a reaction time of 3.8 h, a catalyst concentration of 4 wt.%, and a methanol to oil molar ratio of 6.2:1 mol/mol. Deactivation of the catalyst was observed in run 6, with a significant decrease in FAME yield after 5 cycles. However, high catalytic activity was obtained for the first 5 runs, thus indicating that the catalyst can be regenerated and reused several times without significant loss in catalytic activity. The fuel properties of the Phoenix dactylifera L. seed oil FAME were within the ASTM D6751 and EN14214 standards limits.
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Figure 1. Phoenix dactylifera L. seed oil fatty acid methyl ester (FAME) yield using impregnated and sonicated Al-MCM-41 supported monometallic and bimetallic heterogeneous catalysts. 
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Figure 2. Predicted versus actual value plot for Phoenix dactylifera L. seed oil FAME. 
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Figure 3. 3D plots for the interaction effects of reaction conditions on Phoenix dactylifera L. seed oil FAME yield obtained using5.0Ce-5.0Zr/Al-MCM-41 bimetallic catalyst. [(a) reaction temperature vs. reaction time, (b) reaction temperature vs. catalyst concentration, (c) reaction temperature vs. methanol to oil molar ratio, (d) reaction time vs. catalyst concentration, (e) reaction time vs. methanol to oil molar ratio, and (f) catalyst concentration vs. methanol to oil molar ratio]. 
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Figure 4. Reusability studies for a 5.0Ce-5.0Zr/Al-MCM-41 bimetallic heterogeneous catalyst at a reaction temperature 60.5 °C, a reaction time of 3.8 h, a methanol to oil molar ratio of 6.2:1 and catalyst loading of 4 wt.%. 
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Table 1. Experimental design using the central composite design matrix for Phoenix dactylifera L. seed oil FAME.
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Run

	
Independent Variables

	
FAME Yield (%)




	
A

	
B

	
C

	
D

	
Predicted

	
Actual






	
1

	
80

	
4

	
2

	
6

	
76.74

	
76.61




	
2

	
70

	
1

	
3

	
8

	
77.38

	
77.68




	
3

	
70

	
3

	
3

	
8

	
76.15

	
77.99




	
4

	
70

	
3

	
3

	
8

	
79.48

	
77.99




	
5

	
80

	
2

	
4

	
10

	
78.12

	
77.88




	
6

	
70

	
3

	
3

	
8

	
78.77

	
77.99




	
7

	
60

	
4

	
4

	
6

	
90.19

	
90.75




	
8

	
60

	
2

	
4

	
10

	
81.88

	
82.33




	
9

	
80

	
4

	
4

	
10

	
76.73

	
77.57




	
10

	
50

	
3

	
3

	
8

	
79.92

	
79.60




	
11

	
80

	
2

	
2

	
10

	
78.07

	
77.83




	
12

	
60

	
2

	
4

	
6

	
93.15

	
93.02




	
13

	
80

	
2

	
2

	
6

	
73.68

	
73.31




	
14

	
80

	
4

	
4

	
6

	
86.65

	
86.39




	
15

	
70

	
5

	
3

	
8

	
77.61

	
77.03




	
16

	
70

	
3

	
3

	
8

	
79.10

	
77.99




	
17

	
60

	
2

	
2

	
10

	
76.55

	
76.77




	
18

	
70

	
3

	
3

	
12

	
76.83

	
76.34




	
19

	
70

	
3

	
5

	
8

	
93.34

	
92.45




	
20

	
70

	
3

	
3

	
8

	
77.23

	
77.99




	
21

	
90

	
3

	
3

	
8

	
76.24

	
76.29




	
22

	
80

	
4

	
2

	
10

	
79.36

	
79.45




	
23

	
60

	
4

	
2

	
10

	
74.95

	
74.77




	
24

	
60

	
2

	
2

	
6

	
76.31

	
75.79




	
25

	
70

	
3

	
1

	
8

	
76.49

	
77.10




	
26

	
70

	

	
3

	
8

	
77.22

	
77.99




	
27

	
60

	
4

	
4

	
10

	
78.06

	
78.39




	
28

	
60

	
4

	
2

	
6

	
75.27

	
75.46




	
29

	
80

	
2

	
4

	
6

	
84.53

	
85.03




	
30

	
70

	
3

	
3

	
4

	
83.97

	
84.19
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Table 2. Analysis of variance (ANOVA) of the quadratic model for the Phoenix dactylifera seed oil FAME.






Table 2. Analysis of variance (ANOVA) of the quadratic model for the Phoenix dactylifera seed oil FAME.













	Source
	Sum

of Squares
	Df
	Mean Square
	F-Value
	p-Value





	Model
	750.46
	14
	53.60
	62.16
	< 0.0001



	A: Temperature
	16.40
	1
	16.40
	19.02
	0.0006



	B: Time
	0.6273
	1
	0.6273
	0.7274
	0.4071



	C: Catalyst concentration
	353.28
	1
	353.28
	409.69
	< 0.0001



	D: Methanol: oil molar ratio
	92.36
	1
	92.36
	107.10
	< 0.0001



	AB
	13.14
	1
	13.14
	15.24
	0.0014



	AC
	30.31
	1
	30.31
	35.14
	< 0.0001



	AD
	12.53
	1
	12.53
	14.53
	0.0017



	BC
	3.76
	1
	3.76
	4.36
	0.0541



	BD
	2.81
	1
	2.81
	3.25
	0.0914



	CD
	136.07
	1
	136.07
	157.80
	< 0.0001



	A²
	0.0043
	1
	0.0043
	0.0050
	0.9447



	B²
	0.6912
	1
	0.6912
	0.8016
	0.3848



	C²
	78.92
	1
	78.92
	91.52
	< 0.0001



	D²
	8.83
	1
	8.83
	10.24
	0.0060



	Residual
	12.93
	15
	0.8623
	
	



	Lack of Fit
	4.32
	10
	0.4318
	0.2506
	0.9701



	Pure Error
	8.62
	5
	1.72
	
	



	Cor Total
	763.40
	29
	
	
	







R2 = 0.9831; adjusted R2 = 0.9672; predicted R2 = 0.9512; adequate precision = 30.0197; coefficient of variation (CV) = 1.17%.













[image: Table] 





Table 3. Physicochemical properties of Phoenix dactylifera L. seed oil, produced using a sonicated 5.0Ce-5.0Zr/Al-MCM-41 bimetallic heterogeneous catalyst.
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Properties

	
Phoenix dactylifera L.

Seed Oil

	
Phoenix dactylifera L. Seed Oil

FAME

	
Standard Limits






	
References

	
This study

	
[60]

	
[46]

	
This study

	
[46]

	
[7]

	
[21]

	
[59]

	
[18]

	
ASTM D6750

	
EN14214




	
Acid value (mg KOH/g)

	
1.95

	
0.50 *

	
1.23

	
0.46

	
0.1

	
0.21

	
0.27

	
0.26

	
—

	
0.8 max

	
0.5 max




	
Density (g/cm3)

at 20 °C

	
0.909

	
0.917

	
0.92

	
0.889

	
0.8781

	
0.881

	
0.872

	
0.892

	
0.877

	
0.82–0.9

	
0.86–0.9




	
Iodine value

	
35.53

	
56.76

	
47.66

	
37.44

	
47.66

	
—

	
—

	
—

	
46

	
—

	
120 max




	
Saponification value

(mg KOH/g)

	
225.8

	
205.97

	
212

	
224.4

	
224

	
—

	
—

	
—

	
224

	
—

	
—




	
Oxidation stability (h)

at 110 °C

	
—

	
17.2–22.9

	
—

	
19.94

	
—

	
—

	
—

	
—

	
—

	
3 min

	
6 min




	
Cetane number

	
—

	
—

	
61.32

	
62.20

	
59.75

	
61.12

	
56

	
59.31

	
60.3

	
47 min

	
51 min




	
Flash point °C

	
—

	
—

	
186

	
96

	
141

	
142

	
155

	
145

	
140

	
93 min

	
120 min




	
Pour point °C

	
—

	
—

	
3

	
−1

	
−1

	
−1.23

	
—

	
−2.1

	
−1

	
—

	
—




	
Total glycerol

	
—

	
—

	
0.11

	
0.01

	
0.11

	
0.162

	
—

	
0.21

	
—

	
0.24 max

	
0.25 max




	
Free glycerol

	
—

	
—

	
0.015

	
0.015

	
0.015

	
0.011

	
—

	
0.011

	
—

	
0.02 max

	
0.02 max








* FFA %.
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Table 4. Al-MCM-41 supported catalysts used for biodiesel production from Phoenix dactylifera L. seed oil.
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Metal Concentration

	
References






	
Catalyst

	
Ce (wt.%)

	
Zr (wt.%)

	
Impregnation method

	
Sonication method




	
Ce/Al-MCM-41

	
10

	
—

	
[39]

	
Not published




	
7.5Ce-2.5Zr/Al-MCM-41

	
7.5

	
2.5

	
Not published

	
[40]




	
5.0Ce-5.0Zr/Al-MCM-41

	
5

	
5

	
[39]

	
[40]




	
2.5Ce-7.5Zr/Al-MCM-41

	
2.5

	
7.5

	
Not published

	
[40]




	
Zr/Al-MCM-41

	
—

	
10

	
[39]

	
Not published
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Table 5. Variables levels for the optimization study of Phoenix dactylifera L. seed oil FAME.
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Independent Variables

	
Units

	
Label

	
Range and Level




	
−2

	
−1

	
0

	
+1

	
+2






	
Temperature

	
°C

	
A

	
50

	
60

	
70

	
80

	
90




	
Time

	
h

	
B

	
1

	
2

	
3

	
4

	
5




	
Catalyst loading

	
wt.%

	
C

	
1

	
2

	
3

	
4

	
5




	
Methanol to oil ratio

	
mol/mol

	
D

	
4

	
6

	
8

	
10

	
12












© 2020 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 (http://creativecommons.org/licenses/by/4.0/).
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