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Biodiesel is a growing alternative to petroleum fuels and is produced by the catalyzed transesterification of fats in presence of an alcohol base. Transesterification processes using homogeneous catalysts are considered to be among the most efficient methods but rely on the feedstock quality and low water content in order to avoid undesirable saponification reactions. In this work, the electro-catalytic conversion of canola oil to biodiesel in a 1% aqueous methanolic and ethanolic reaction mixture was performed without the addition of external catalyst or cosolvent. An inexpensive stainless steel (SS) electrode and a hybrid SS electrode coated with an ion-exchange resin catalyst were used as cathode materials while the anode was composed of a plain carbon paper. The cell voltages were varied from 10 to 40 V and the reaction temperature maintained at 20 or 40°C. The canola oil conversion rates were found to be superior at 40°C without saponification reactions for cell voltages below 30 V. The conversion rates were as high as 87% for the hybrid electrode and 81% for the plain SS electrode. This work could inspire new process development for the conversion of high water content feedstock for the production of second-generation biodiesel.
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INTRODUCTION

Biodiesels have become over the past decade a viable energy and renewable alternative to fossil fuel sources (Mardhiah et al., 2017). The culture of non-edible feedstocks or the use of vegetal or animal oils is particularly of interest as a route to value potential waste-products for direct energy generation (Ma and Hanna, 1999). Canola oil was extensively investigated as a first-generation feedstock, particularly, in Australia due to being the second largest exporter of canola seed in the world, with an annual production between 2 to 3 million tons of oilseeds1 (O’Connell et al., 2007). Biodiesels are produced through the transesterification of glycerides including tri, di and monoglycerides present in oils and fats, with alcohol molecules, such as methanol or ethanol (Mardhiah et al., 2017). Biodiesels produced using methanol consist of methyl esters (MEs) with variable carbon chain length and unsaturated bonds related to the oil and fat feedstock used (Yoon et al., 2014). Conventional transesterification of the triglycerides (TGs) with an alcohol (A) is a typical two-phase reaction due to the poor solubility of the alcohol into the TG phase (Tang et al., 2006). In order to increase the yield and rate of the reaction, a homogeneous acid or alkaline catalyst is usually introduced with excess alcohol molecules to shift the reaction equilibrium toward the product side (Ma and Hanna, 1999; Clements and Gerpen, 2004). The catalyst is dissolved in the alcohol phase and the transesterification reaction (Eq. 1) can be expressed as follows (Ma and Hanna, 1999; Dias et al., 2008):
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The transesterification reaction of canola oil, for instance, occurs in the methanol phase where sodium methoxides, the reactive species, are formed by reaction of the methanol molecules with the sodium hydroxide catalyst (Sridhar, 1996). However, during the methoxide formation process, water molecules are formed and parasitic saponification reactions may occur, reducing the yield and quality of the final product (Mardhiah et al., 2017). In addition, for such systems, the removal of unreacted catalysts requires extra purification steps which may hamper the competitiveness of the process and increase the production cost of the biodiesels (Huang et al., 2008). Purification of the product esters phase is usually carried out by using warm distilled water baths (50°C) followed by drying with brines such as anhydrous sodium or magnesium sulfate (Sharma et al., 2008). Depending on the feedstock quality and until fulfilment of the standard (EN 14214 or ASTM D 6751), it can take up to 0.4 to 1 l of water to produce 1 l of purified biodiesel (Atadashi et al., 2011).

Various batch and continuous processes were developed for the production of biodiesel including both catalyzed and non-catalyzed systems (Ma and Hanna, 1999). Additions of a cosolvent, such as tetrahydrofuran or methyl tert-butyl ether, were investigated in order to accelerate the reaction rate. However, cosolvent-assisted processes require specific equipment to recover and recycle the solvents and to deal with such toxic volatile compounds in relatively large quantities at industrial levels (Demirbas, 2009). Non-catalytic supercritical processes were also developed at high temperature (350–400°C) and high pressure (>8 MPa). The limitations of supercritical processes include the cost of the equipment and the overall energy consumption making the biodiesel production relatively energy inefficient (Van Kasteren and Nisworo, 2007). Other catalytic processes include the use of enzymes, such as lipase, immobilized onto a material support (Bajaj et al., 2010). While the enzymatic reaction was found to be highly selective and non-water sensitive, the high cost and stability of the enzymes remain challenges to achieve cost competitive and efficient biodiesel production processes (Bajaj et al., 2010). Finally, the use of low temperature or cold plasma technologies were investigated for the conversion of vegetable oil to biodiesel (Abdul-Majeed et al., 2016; Cubas et al., 2016). Experimental corona plasma or plasma jet processes allowed for the injection of partially ionized gas into the vegetable oil and alcohol reaction mixture. Radical species, such as methoxides, were then directly produced in the reactor without the addition of catalysts (Cubas et al., 2016). High conversion rate (>95%) were successfully achieved but required expensive argon gas carrier as well as high voltages for plasma generation (Abdul-Majeed et al., 2016).

Recently, ion-exchange resins have been studied as a reusable heterogeneous catalyst and were shown to be promising means for the production of biodiesel since they offer high esters yield (>90%) and almost stoichiometric TGs to alcohols ratio (1:3.5, TG:A molar ratio). The availability of polymeric ion-exchange resin materials and their relative low cost also make them attractive for such large-scale operations (Shibasaki-Kitakawa et al., 2007, 2011; Atadashi et al., 2011). Both cation- and anion-exchange resins were found to be effective catalysts of the transesterification reaction (Mazzotti et al., 1997; Shibasaki-Kitakawa et al., 2007, 2011). However, continuous production is limited by the need to regenerate the ion-exchange resin bed with concentrated base or acid solutions (Shibasaki-Kitakawa et al., 2007, 2011). In order to tackle these issues, electro-assisted biodiesel production methods have been investigated combining the addition of a limited amount of water (<2 wt% of the reaction mixture) and an electrolyte support [sodium chloride (NaCl)] in the methanolic reaction mixture in presence of either a cosolvent and/or a heterogeneous catalysts (Guan and Kusakabe, 2009; Putra et al., 2016). During the electro-chemical process, the proton (H+) and hydroxide ions (OH−) formed at the surface of the electrodes, from water splitting, were found to act as acid and base catalysts enhancing the reaction rate (Guan and Kusakabe, 2009). Although these methods allow for a high yield of MEs (>95%), both were using a cosolvent to achieve a one-phase solution. In addition, the use of platinum electrodes (Guan and Kusakabe, 2009) or the addition of heterogeneous catalysts in the reaction mixture (Putra et al., 2016, 2017) rendered the methods less competitive compared to conventional homogeneous catalyzed transesterification methods.

Electro-catalytic methods are, however, particularly attractive for the conversion of used cooking oils containing a high weight percentage of water (>5%), which provides a necessary acid and base catalyst source without the parasitic saponification reactions (Guan and Kusakabe, 2009; Putra et al., 2016).

In this work, a novel electro-catalytic method for the production of biodiesel from canola oil using a simple electro-catalytic process in an aqueous methanolic and ethanolic reaction mixture is presented. The transesterification reaction took place in a two-phase reaction mixture where an emulsion of canola oil in the alcohol phase is formed under strong stirring at either 40°C or room temperature. The electro-catalytic reactor was constituted of two electrodes. A 316L stainless steel (SS) mesh and hybrid SS/ion-exchange resin electrode, recently developed by our group, were used as the cathode materials as a plain carbon paper was used for the anode material (Dumée et al., 2014; Allioux et al., 2015). The water-splitting reactions at the surface of the electrodes were used to regenerate the ion-exchange resin coating and provide catalyst to the transesterification reaction. The effects of the applied voltage, electrode materials, reaction time, and temperature on the methyl and ethyl esters yield were studied and the reaction products were analyzed by high-performance liquid chromatography (HPLC).

MATERIALS AND METHODS

Chemicals

Commercial grade canola oil (Coles brand) was obtained from a local supermarket. Reagent grade methanol and ethanol (ACS, >95% purity), NaCl, and sodium hydroxide were purchased from ChemSupply (SA, Australia) and used for the transesterification reactions. HPLC grade methanol, 2-propanol, and hexane were obtained from Sigma-Aldrich (NSW, Australia) and used for the HPLC analysis.

Electrodes Materials

Stainless steel woven wire mesh (316L grade, 70 × 70 mesh size, 180 ± 10 µm thick) and plain carbon paper (AvCarb® MGL 190, 190 µm thickness) were obtained from FuelCellStore (TX, USA). The hybrid electrodes consisted of the SS woven wire cloth coated with an anion- or cation-exchange resin paste, hybrid AEX, and CEX, respectively. The hybrid electrodes were prepared using a pore filling method across the porous SS wire mesh. The full fabrication details of the hybrid electrodes can be found elsewhere (Dumée et al., 2014; Allioux et al., 2015).

Electro-Catalytic Reactor

The electro-catalytic reactor consisted of an electrolysis cell containing two electrode plates (20 mm × 20 mm) separated by a distance of 30 mm (Figure 1). The working electrode (cathode) was made of the SS wire mesh or the hybrid electrode materials, and the carbon paper was used for the counter-electrode (anode). The electrolysis reaction was carried out using a constant potential varying from 10 to 40 V and was applied between the two electrodes at room temperature or at 40°C and under agitation.
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FIGURE 1 | Schematic of the electro-catalysis cell and reactions occurring at the surface of the electrodes.



Reaction Mixtures

The electro-catalytic reactor was filled with 30 ml of a methanolic or ethanolic reaction mixture comprising of canola oil, methanol or ethanol, deionized water (DI water), and NaCl as the supporting electrolyte. The molar ratio of alcohol to canola oil was fixed at 10:1. In addition, 0.3 wt% of NaCl and 1 wt% of DI water was added based on the oil weight and on the total reaction mixture weight, respectively. In order to promote the dissociation of the ionic species, NaCl was first dissolved into the alcohol and water mixture before adding the oil into the electro-catalytic reactor. Conductivity and pH values of the reaction mixtures were recorded prior and post reaction using a conductivity meter (CondTPS, WP-81).

Conventional transesterification of canola oil using a homogeneous catalyst (sodium hydroxide, NaOH) was performed in a closed reactor at 40°C under agitation for 30 min. The canola oil was transesterified using a 10:1 M mixture of alcohol to canola oil ratio with a catalyst concentration of 1.5 wt% of the total oil weight.

HPLC Analysis

Samples Preparation

Small-volume samples of the reaction mixture (1 ml) were collected at the end of the experiment or at regular time intervals. The collected samples were allowed to settle for 24 h in order to separate the ester and glycerol phase by decantation and to allow the excess alcohol to evaporate. Both ester and oil phase were analyzed due to the high water content of the electro-catalytic method which may prevent the separation of MEs from the glycerol and unreacted TGs (Ma and Hanna, 1999). The sample solutions were then dissolved in 2-propanol/hexane (80:20, v/v%) to form 1% (v/v) solutions and filtered through a 0.45-µm pore size nylon syringe filter (Advantec MFS) prior to HPLC analysis.

HPLC Instrument and Methods

The HPLC system (Agilent Technologies 1200 Series liquid chromatography system, Agilent Technologies, VIC, Australia) was equipped with an ultraviolet detector, a solvent degasser, and quaternary pump. Agilent Chemstation software was used for system control and data acquisition. All separations were carried out using an Agilent Poroshell column (2.7 µm; EC-C18; 4.6 mm × 100 mm), with an injection volume of 10 µl. The temperature of the column oven and the wavelength of the detector were 40°C and 205 nm, respectively. A mobile phase gradient consisting of methanol and a 2-propanol/hexane (80:20, v/v%) mixture was pumped at a flow rate of 1.0 cm3 min−1 through the column. Samples were injected into 100% methanol, which was then linearly decreased to 50% methanol and 50% 2-propanol/hexane (80:20, v/v%) over 15 min. Each sample analysis was performed in at least duplicate and the relative error between consecutive measurements was evaluated at 5%. This method has previously been developed and successfully applied for the rapid quantitative determination of the yield of the transesterification reaction (Holčapek et al., 1999). The HPLC chromatograms of the raw canola oil, the methyl, and ethyl esters obtained from the transesterification of canola oil using a homogeneous catalyst are shown in Figure S1A in Supplementary Material. Deviations due to the methanolic and ethanolic reaction mixtures corresponded to approximately 60 AU as shown in Figure S1B in Supplementary Material.

Calculation of the Biodiesel Percentage Yield

The qualitative and semi-quantitative determination of the conversion of canola oil was carried out by comparing the sums of the areas of the peaks corresponding to the MEs and unreacted glycerides (mono-, di-, and triglycerides). The percentage yield was calculated as follows (Holčapek et al., 1999):
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The conversion of canola oil to MEs was also assessed based on the volume difference between the initial quantity of oil in the electro-catalytic reactor (t0) and the remaining amounts of oil in the reactor at the end of the experiment (tf). The conversion yield was calculated from the following equation (Dubé et al., 2007):
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Materials Characterization

The morphology of the plain carbon, SS wire mesh, and hybrid electrodes was characterized by scanning electron microscopy (JEOL Neoscope, JCM-5000) at 10 kV and 10 mm working distance. The samples were gold coated (model SCD 050 sputter coater, Bal-Tec) prior to imaging with a <5 nm thick layer of gold.

Thermogravimetry (TGA) experiments were performed under air with a Q50 TGA (TA instrument, USA). During the TGA experiments, the gas flow was maintained at 60 cm3 min−1 and the heating rate was fixed at 10°C min−1.

Attenuated total reflectance Fourier transform infrared spectra of the hybrid electrodes before and after electro-catalysis experiments were acquired on a Bruker Vetex-70 FTIR spectrometer and recorded in the range of 600–4,000 cm−1 at a resolution of 4 cm−1. A total of 64 spectra were averaged for each measurement. The hybrid electrodes were dried using Kimwipe® tissues to remove excess solutions prior TGA or FTIR analysis.

RESULTS AND DISCUSSION

Electrode Materials Characterization

The SS wire mesh electrode (Figure 2A) consisted of large open mesh made of 100 µm diameter woven fibers with an open porosity of 55%. The hybrid electrode (Figures 2B,C) showed a dense, textured surface with visible ion-exchange resin catalyst embedded within the polymer binder (Allioux et al., 2015). The TGA analysis (Figure 2D) revealed an uptake of reactants and products of 16.45 and 16.75 wt% across the anion- and cation-exchange catalyst, respectively, which was associated to the weight loss up to 210°C for the anion-exchange catalyst and up to 250°C for the cation-exchange catalyst. This first weight loss was followed by the thermal degradation of the functional ion-exchange groups and polymer backbone at higher temperatures (Vinodh et al., 2011). The ion-exchange catalyst coatings were, therefore, stable above 40°C, which corresponded to the maximum temperature used for the electro-catalytic biodiesel production process. The TGA and DTG curves are showed in Figure S2 in Supplementary Material. The FTIR spectra of the anion-exchange catalyst before and after experiments are presented (Figure 2E). The biodiesel characteristic bands at 1,744, 1,450, and 1,170 cm−1 corresponding to the C=O ester bonds stretching, to the asymmetric stretching of –CH3 and O–CH3 respectively were detected at the surface of the hybrid materials (Rabelo et al., 2015). The coating of ion-exchange resin catalyst was, therefore, able to swell upon absorption of the reaction mixture and catalyze some of the TGs into MEs.
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FIGURE 2 | Scanning electron microscopy images of (A) the stainless steel wire mesh, (B) the hybrid anion-exchange, and (C) hybrid cation-exchange electrode. (D) Thermogravimetry and (E) FTIR analysis of the ion-exchange catalyst coating. FTIR spectra 3 and 4 were shifted from spectra 1 and 2 (by 0.40 AU).



Conversion of Canola Oil in Methanolic and Ethanolic Reaction Mixture

The electro-catalytic conversion of canola oil in a methanolic reaction mixture was studied across a series of cell voltages at either 20 or 40°C. The percentage of canola oil converted into MEs after 1 h of reaction is shown in Figures 3A,B. The canola oil conversion rate to MEs was found to be lower at 20°C as compared to 40°C using the SS mesh electrode. However, when the electro-catalytic reaction was performed using the hybrid electrode coated with the anion-exchange resin (hAEM), the temperature of the reaction had very limited impact on the conversion rate of canola oil to MEs. As shown in Figures 3A,B, the conversion rate at 10 V was 19.9 ± 0.1% at 20°C and 21.2 ± 0.9% at 40°C with the hAEM electrode. Similarly, for a cell voltage of 20 V, the conversion rates at 20 or 40°C were comparable.
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FIGURE 3 | Effect of the cell voltage and temperature on the conversion of canola oil in methanolic reaction mixture at (A) 20°C and (B) at 40°C. Panels (C,D) are the photographs of the reaction products with the stainless steel (SS) mesh and hAEM electrodes at 40°C, respectively.



The conversion rates at 20°C increased with the applied voltage from 10 to 20 V, which was related to an increase formation of reactive species at the cathode (Guan and Kusakabe, 2009). However, the conversion rates were found to subsequently decrease when the experiments were performed at higher voltages, above 20 V, likely due to side reactions occurring in the reaction mixture. On the other hand, at 40°C, the conversion rates increased steadily by 15 and 22% between 20 and 40 V for both the SS mesh and hAEM electrodes. Side parasitic reactions, however, also occurred above 20 V. The apparition of a brown and cloudy phase, as seen on the photographs in Figures 3C,D, indicated that side reactions, such as hydrogenation and saponification, occurred at higher voltages (Ma and Hanna, 1999; Jang et al., 2005). The electro-catalytic conversion of canola oil was, therefore, greater at 40°C when using the plain SS mesh electrode. However, at 20°C, the hAEM electrode was found to perform better than the SS mesh electrode.

The canola oil-conversion rate was then studied as a function of the reaction time at 20 V and 40°C for the SS mesh and hAEM electrodes (Figure 4A). The HPLC chromatograms corresponding to the ester and canola oil phase sampled every hour are displayed Figures S1C–F in Supplementary Material. The conversion rate increased rapidly during the first hour of experiment to 45% for the SS mesh electrode and 34% for the hAEM electrode and further increased at a slow and steady pace to 58 and 39% at the end of the experiments for the SS mesh and hAEM electrodes, respectively. Figure 4B shows the electrode reaction rates in milliampere per second as a function of the reaction time. The electrode reaction rates correspond to the slopes of the intensity plotted as a function of time as displayed in Figures S3A,B in Supplementary Material. The slope of the curve reflects the rate of the electro-chemical reactions occurring at the surface of the electrodes. The values of the electrode reaction rate were shown to decrease over time while the cell voltage was kept constant. This trend indicated an increase of the reaction mixture resistance due to consumption of water and methanol molecules at the electrodes and during the transesterification reactions, respectively. The decrease in electrode reaction rate Figure 4B followed a similar trend as the canola oil conversion rate (Figure 4A). As seen in Figures 4A,B, and from the variation of the respective slopes, the majority of the electrolysis reactions, therefore, occurred during the first hour of the experiment.
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FIGURE 4 | (A) Effect of the reaction time on the conversion of canola oil in methanolic solutions at 40°C for an applied voltage of 20 V and (B) electrode reaction rate across the electro-catalysis cell as a function of the reaction time. Quantitative determination of the conversion of canola oil from (C) a methanolic reaction mixture and (D) from an ethanolic reaction mixture as a function of the cell voltage.



The electro-assisted transesterification of canola oil may be rationalized as a two-step process (Guan and Kusakabe, 2009). First, the OH− ions formed at the cathode by water splitting (Figure 1) reacted with the methanol molecules to form reactive methoxide ions (CH3O−), with sodium ions (Na+) as counter-ions (Sridhar, 1996). Then, the methoxide ions attacked the TG molecules to form esters in a process similar to the reaction (1) (Guan and Kusakabe, 2009). No cosolvents were used to enhance the miscibility of the alcohol and canola oil system in the electro-catalytic process presented in this work (Tang et al., 2006). Therefore, the reaction was performed in a two-phase reaction mixture. The poor miscibility of the canola oil into the methanol phase was due to the high polarity of the methanol molecules (Takeuchi et al., 2009). However, the miscibility of the alcohol and canola oil system could be further increased using higher alcohols with longer hydrocarbons chain such as ethanol (Oliveira et al., 2011). The miscibility of the constituents of the reaction mixture (canola oil + alcohol + water + NaCl) was, therefore, only governed by the temperature and agitation conditions inside the electro-catalytic reactor, which may be tuned in order to increase the conversion rate or to favor phase and products separation. As the stirring was kept constant in the reactor, only the increase of temperature from 20 to 40°C promoted the miscibility of the system and, therefore, greater canola oil conversion rates (Tang et al., 2006; Oliveira et al., 2011).

The canola oil conversion is typically determined by HPLC analysis based on a method which was developed for the quantification of MEs in biodiesel produced from transesterification reactions with a homogeneous catalyst in a water-free environment (Holčapek et al., 1999). The electro-catalytic process without the addition of a cosolvent occurred in a two-phase reaction mixture and in the presence of large quantity of water and salts. Therefore, the HPLC analysis was primarily used as a qualitative and semi-quantitative tool for the conversion of canola oil to methyl and ethyl esters. In order to quantitatively measure the canola oil conversion rate, the volume difference between the initial and final volume of canola oil in the electro-catalytic reactor was calculated based on Eq. 3 (Dubé et al., 2007). The quantitative conversion rates of canola oil as a function of the applied voltage and reaction temperature in a methanolic and ethanolic reaction mixture are shown in Figures 4C,D, respectively. The conversion rate using the hAEM electrode was found to be comparable at both 20 and 40°C and on the order of 80% across all the cell voltages. The conversion rates of canola oil with the SS mesh electrode at 10 and 20 V were found to be three times greater at 40°C than at 20°C confirming the previous HPLC analysis and observations. However, the measured canola oil conversion rates at 30 and 40 V also accounted for the products of the side reactions and were, therefore, included into the overall conversion rates. The electro-catalytic conversion of canola oil to ethyl esters was also performed in an ethanolic reaction mixture at 20 V and at either 20 or 40°C for 1 h. The conversion rates are shown in Figure 4D and were found to follow a similar trend that the conversion rates of canola oil in methanol. The conversion rate observed at 20°C with the SS mesh electrode was 63% lower as compared to 40°C. However, the conversion of canola oil in an ethanolic reaction mixture at 20 V and 20°C was greater than in a methanolic reaction mixture due to the higher miscibility of the ethanol/canola oil system. At 40°C, the conversion rate in ethanol was similar to that of methanol obtained with the hAEM and SS mesh electrode systems. The conversion rates were only 7–14% lower when compared to other electro-catalytic conversion method using similar condition but with a cosolvent and more expensive platinum electrodes (Guan and Kusakabe, 2009) or 10–12% lower as compared to mixed electrolytic and heterogeneous catalyzed biodiesel production method (Putra et al., 2016). Despite the lower conversion rate due to the absence of cosolvent resulting in a two-phase reaction mixture, the separation of products and potentially the recycling of reactants were facilitated.

In addition, control experiments performed without any applied cell voltages showed extremely limited transesterification reactions. The open circuit potential values are shown in Figure S4 in Supplementary Material. The cell voltage using the SS mesh electrodes was found to be 30 and 70 mV at 20 and 40°C, respectively, which was substantially greater than with the hAEM (<10 mV at 20 or 40°C). However, the canola oil conversion rates were almost twice as high with the hAEM (4.7 ± 0.5% and 3.4 ± 0.3% at 20 and 40°C, respectively) than with the SS mesh electrode (2.5 ± 0.5% at 20°C and 1.2 ± 0.1% at 40°C). These results suggest that the conversion of canola oil when using the SS mesh electrode is exclusively due to the formation of reactive species by electrolysis as opposed to with the hAEM electrode, where the formation of reactive species is due to both the electro-chemical reactions and the catalytic activity of the anion-exchange resin.

The use of hybrid electrode coated with the cation-exchange resin (hCEM) (Figure 2C) was proven to be not as efficient as an electrode material with conversion rates below 15% when used as cathode material and below 22% when used as anode materials (Figure 5A). This may be due to reverse bias conditions occurring in the electro-catalytic cell, which are similar to the operation mode of bipolar membranes for electro-dialysis process (Xu, 2005; Xu and Huang, 2008). In this configuration, the negatively charged cation-exchange material facing the cathode resulted in the accumulation of cations near the surface of the cathode with an increased of parasitic side reactions. The photographs (Figure 5B) show a brown and cloudy solution at the end of the experiment with few detectable MEs (Figures 5C,D).
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FIGURE 5 | (A) Quantitative determination of the conversion of canola oil from a methanolic reaction mixture using three electrode configurations; (B) photographs of the canola oil conversion products; high-performance liquid chromatography signal of the reaction products in (C) the ester and (D) glycerol phase.



The electrical conductivity and pH values inside the electro-catalytic cell were monitored and reported in Figures 6A,B. The NaCl concentration (0.3 wt% of canola oil content) was below the solubility limit of the reaction mixture and the NaCl crystals were considered to be fully dissociated in the mixed water/alcohol phase at the start of the reaction. The pH values were found to increase from an initial value of 5 to above 9 within the duration of the experiment and were similar across the different experiments for an electrode material and at a given reaction temperature. The increase in pH can be explained by the formation of basic reactive species OH− and CH3O− during the electro-catalytic process. However, the pH values were found to be stable above an applied voltage of 10 V, which indicated that the electro-chemical reactions participated not only to the formation of reactive species but also to the formation of side products. The initial electrical conductivity value of the reaction mixture was found to be very low (355 μS) due to low water content (1 wt% of canola oil content) and high resistivity of the system methanol/canola oil. The decrease in electrical conductivity at the end of the experiments for an applied voltage of 10 and 20 V was attributed to the formation of MEs and consumption of water and methanol molecules. However, for the experiments performed at 30 and 40 V, the electrical conductivity was found to increase, which may be due to the products of the saponification reactions associated with formation of ionic and charged soap species.
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FIGURE 6 | (A) pH and (B) conductivity values of the canola oil conversion products as a function of the cell voltage; (C) electrode reaction rates as a function of the cell voltage for the stainless steel (SS) mesh and hAEM electrodes at 40°C.



The change in electrical conductivity within the electro-catalytic cell showed similar trends for the SS mesh and hybrid AEM electrodes suggesting that the high cell voltages are the main factor affecting the rate of the side reactions. Figure 6C shows the electrode reaction rate values as a function of the cell voltages for the SS mesh and hAEM electrodes at 40°C. The electrode reaction rates increased with the cell voltage up to 30 V and became stable at higher cell voltage. These results indicate that above 30 V, the electro-catalytic process is limited by the rate of formation of ionic species near the surface of the electrodes.

CONCLUSION

The conversion of canola oil to methyl and ethyl esters was successfully performed without the addition of cosolvent or catalysts in a simple electro-catalytic reactor. Cell voltages above 20 V resulted in undesirable saponification side reactions, which were related to excessive water splitting occurring in such conditions. The plain SS electrode performed better at 40°C while the overall conversion rates were greater with the hybrid electrode at 20°C due to the catalytic activity of the anion-exchange resin. The use of hybrid materials combining the electrical conductivity of the metal support and the reactivity of the ion-exchange resin could inspire new process development for the conversion of high water content feedstock for the production of second-generation biodiesel.
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