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Abstract

:

Electroenzymatic processes are interesting solutions for the development of new processes based on renewable feedstocks, renewable energies, and green catalysts. High-selectivity and sustainability of these processes are usually assumed. In this contribution, these two aspects were studied in more detail. In a membrane-less electroenzymatic reactor, 97% product selectivity at 80% glucose conversion to gluconic acid was determined. With the help of nuclear magnetic resonance spectroscopy, two main side products were identified. The yields of D-arabinose and formic acid can be controlled by the flow rate and the electroenzymatic reactor mode of operation (fuel cell or ion-pumping). The possible pathways for the side product formation have been discussed. The electroenzymatic cathode was found to be responsible for a decrease in selectivity. The choice of the enzymatic catalyst on the cathode side led to 100% selectivity of gluconic acid at somewhat reduced conversion. Furthermore, sustainability of the electroenzymatic process is estimated based on several sustainability indicators. Although some indicators (like Space Time Yield) are favorable for electroenzymatic process, the E-factor of electroenzymatic process has to improve significantly in order to compete with the fermentation process. This can be achieved by an increase of a cycle time and/or enzyme utilization which is currently low.
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1. Introduction


Gluconic acid is widely used in pharmaceutical, detergent, food, textile, and other industries [1,2]. It is a product of partial glucose oxidation. Glucose itself belongs to the renewable feedstock for the chemical industry. It is an abundant carbon source with good biodegradability. These aspects make it a platform chemical for different syntheses and a good candidate for replacing the use of fossil raw materials [3,4].



Various routes, including chemical, microbial, enzymatic, and bioelectrochemical, have been employed to convert glucose to gluconic acid. Chemical catalysis attracts a lot of attention as a very fast and efficient way. However, it suffers from low selectivity towards gluconic acid, resulting in further gluconic acid oxidation to glucaric acid [5]. Additionally, the utilization of noble metal catalysts like Pt and Au increases the production costs due to problems with catalyst deactivation and recovery [6,7]. The dominant route for the production of gluconic acid is a fermentation process using different microbial species like Aspergillus niger [8,9], Gluconobacter suboxidans [10], or Aureobasidium pullulans [11]. The major drawbacks of this technology are a complex downstream processing and disposal of large amounts of waste liquids [12]. Alternatively, replacing the whole cell with isolated enzymes will provide numerous advantages over the classical fermentation process. Due to the absence of biomass and less (no) by-products, separation and purification steps might be largely simplified. The use of isolated redox enzymes requires a smart strategy for the co-factor regeneration. Here, electrochemical methods for the co-factor regeneration can be quite advantageous since no co-substrates are needed and no further by-products are formed. These so-called electroenzymatic systems are a highly promising platform for the development of new sustainable processes [13,14,15]. In our previous publication, a novel process for electroenzymatic gluconic acid production was introduced [16], utilizing glucose oxidase (GOx) as a catalyst for glucose oxidation on both anode and cathode sides. It was shown that by changing the electrode structural parameters, the conversion can be improved up to 47%. We demonstrated that under our process conditions a very high Space Time Yield (STY) can be achieved compared to similar processes in literature [17,18,19,20]. In this previous publication, only glucose conversion was determined, but no product selectivity was discussed. Product selectivity is normally not an issue for enzymatic processes since a high selectivity of enzymatic catalysts is assumed [21]. The same applies to electroenzymatic processes, and to date, no publication on this topic considers selectivity issue [16,22]. Still, depending on the reactor design (without or with separator (a “separator”, is a physical barrier inside of an reactor, which either completely separates analyte and catholyte allowing passage of only one type of ion (ion-exchange membrane), or just partly prevents mixing of analyte and catholyte (diaphragm); both possibilities are thinkable in bioelectrochemical systems (for further reading please see for example [13,23]), type of catalysts and regeneration mechanisms on anode/cathode sides, further electrochemical or follow up chemical reactions can take place, decreasing the product selectivity.



Having in mind the high importance of selectivity for technical applications, this issue was studied in detail in the present publication. The product analysis has been performed with the help of nuclear magnetic resonance (NMR) spectroscopy. The influence of operating conditions (flow rate, cell potential, and conversion time) and different cathode catalysts (GOx/Horseradish peroxidase (HRP) combination vs. bilirubin oxidase (BOD)) on glucose conversion and selectivity was checked. In order to increase the understanding of involved processes and their interactions, additional measurements in a 3-electrode set up, followed by product analysis, were performed. Additionally, sustainability of enzymatic processes is usually assumed, without further quantifications. In this publication, sustainability of the electroenzymatic process is estimated based on several sustainability indicators.




2. Results and Discussion


2.1. GOx/GOx-HRP Reactor


The influence of the flow rate on conversion and selectivity in the electroenzymatic reactor with GOx on the anode side and the GOx-HRP cascade on the cathode side has been studied. Flow rates were varied from 0 to 14 mL min−1 at 22 °C, pH 6.00 and 20 mM glucose concentration (Figure 1a). In general, an increase of the flow rate improves the glucose mass transport. This provides more reactant to the electrode surface improving the electrochemical performance of the reactor from 0.2 mA cm−2 without electrolyte circulation to approx. 0.6 mA cm−2 at 14 mL min−1 (the maximal power density of 109 μW cm−2 has been achieved at 0.45 V (Figure S1)). These performances in the fuel cell mode of operation (Ucell > 0, icell > 0) are comparable to performances of other glucose/oxygen enzymatic fuel cells [24,25,26,27,28]. The electroenzymatic reactor in the present study also outperforms significantly other fuel cells based on the same combination of anode and cathode catalysts (e.g., approx. 16 µW cm−2 at 160 mM glucose and pH 6 was achieved in [27]). During performance measurements, the half-cell potentials were measured simultaneously in addition to the overall cell potential by using a reference electrode (Figure 1b). Due to the position of the reference electrode (at the middle distance between the anode and the cathode), the half-cell potentials always contain a contribution of the Ohmic drop in the electrolyte. The values in Figure 1b have been plotted in terms of overpotentials defined with respect to the open circuit values, without correction for the Ohmic drop in the electrolyte. The calculated values of the Ohmic drop have been presented in the same graph. As can be seen, the Ohmic drop loss in the electrolyte is very small due to very low currents in the electroenzymatic reactor. The results in Figure 1b show that the cathode overpotential is strongly influenced, while the anode overpotential is only slightly influenced by the flow rate. In our previous publication [22], the influence of the mass transport was studied under half-cell conditions. According to these data, both the anode and the cathode were influenced by the electrode rotation rate. This influence was larger at higher overpotentials (from ca. 0.2 to 0.4 V (anode) and from approx. −0.2 to −0.6 V (cathode)), while it was less expressed at lower overpotentials (up to ca. 0.2 V). Under present conditions (Figure 1b), the anode overpotential does not exceed 0.2 V, while the cathode overpotential goes up to 0.65 V. This explains why there is almost no influence of the flow conditions on the anode, and a larger influence on the cathode side.



In order to study the influence of the flow rate on glucose conversion, the electroenzymatic reactor was operated for 7 h at a constant cell potential of 0.00 V. During this time, the glucose concentrations were determined every hour with the help of an enzymatic assay. The conversion (Figure 2) is first increasing, with the flow rate reaching a maximum of approx. 60% at 5 mL min−1. Further increase of the flow rate (10 and 14 mL min−1) did not improve the glucose conversion (49% and 49.5%, respectively). These data are in contradiction with electrochemical performances of the reactor that increase monotonously with the flow rate change. Additionally, and surprisingly, the flow rate impacts not only the conversion, but also the product selectivity. Therefore, the reaction mixtures after 7 h of operation (at 0.0 V cell potential and at different flow rates), the glucose solution before conversion, as well as lyophilized samples (not shown), were analyzed with the help of nuclear magnetic resonance spectroscopy (NMR). The 1H chemical shifts for α-H1 and β-H1 at the C1 atom of glucose are 5.2 and 4.6 ppm (Figure 3), confirming the glucose structure previously reported in Holade Y. et al. [29]. The chemical shift of 4.1 ppm that is typical for 1H at the C2 position reveals the presence of gluconic acid in the reaction mixture (Figure 3). Furthermore, chemical shifts of 4.5 for H1 and 96.6, 72.3, 71.7, 68.4, and 66.3 ppm for C1 (Figure S2) in the 1H and 13C spectra (obtained from the lyophilized sample) are typical for the presence of D-arabinose. D-arabinose is a monosaccharide with 5 carbon atoms, and it has high importance for vitamin B2 and DNA syntheses. Although most saccharides in nature occur normally in their D-form, D-arabinose is not abundant in nature, but L-arabinose [30]. The chemical shift of 8.4 refers to the typical peak position of H1 for formic acid (Figure 3). This also was confirmed in 1D wet NMR spectra in [31]. Based on the information obtained from the 1H spectra, the selectivity towards gluconic acids and product yields were calculated according to equations 2 and 3, taking into account only amounts of gluconic acid, glucose, arabinose, and formic acid. The traces of the other products that were also found in the reaction mixture due to low quantities were not taken into consideration for yields and selectivity calculations. Ratios of the obtained peaks for each sample are marked in the spectra (see Figure S3). The selectivity and yield data have been summarized in Table 1. So, based on the NMR results, the major by-products of the electroenzymatic glucose oxidation under present conditions are formic acid and arabinose. The largest yield of arabinose (7%) was obtained at the lowest flow rate of 2 mL min−1. At 5 mL min−1 only traces of arabinose and approx. 2% of the formic acid were detected. At this flow rate, the highest selectivity with respect to the gluconic acid was observed. At higher flow rates (10 and 14 mL min−1), the selectivity for gluconic acid decreased again and the yield of arabinose increased to approx. 3%.


  C =    moles   of   Reactant   consumed       moles   of   Reactant   total     



(1)






  S =    moles   of   Product       moles   of   Reactant   consumed     



(2)






  Y =    moles   of   Product       moles   of   Reactant   total     



(3)







As shown in Table 1, the total glucose conversion based on NMR correlates well with the values obtained using the glucose assay. The selectivity for gluconic acid follows, similar to the conversion, the bell-shaped dependence on the flow rate, with the highest selectivity of 96.5% at 5 mL min−1 flow rate. The selectivity data obtained in the electroenzymatic reactor, although lower than 100%, are still much higher than normally reported selectivities achieved using traditional catalysts. For example, it was shown that during glucose oxidation to gluconic acid by a concentrated FeCl3 solution at 110 °C, other by-products, like formic, acetic acid, and humins, are formed with a product selectivity in the range from 3 up to 57% depending on the conditions [32]. In the electrocatalytic system using a MnO2/Ti electrode as an anode for glucose oxidation, gluconic and glucaric acids were obtained with the yields of 45% and 49%, respectively [5].



Since the by-products are not expected in enzymatic processes, and they have not been reported before, the mechanisms of their formation is studied further. In general, in electrochemical systems, product selectivity can be influenced by electrode potentials. Additionally, in the absence of a separator (as in the present case), the products of reactions on the anode and cathode sides might react with each other. In the present electroenzymatic reactor, glucose was converted on both electrodes. One artificial and one natural mediator (TTF and oxygen) were involved into glucose conversion on the anode and cathode sides, respectively. Due to electrochemical mediator regeneration on the anode side, one can expect the formation of oxidized TTF form (TTF+), which might diffuse out of the anode catalyst layer. On the cathode side, hydrogen peroxide is formed due to the presence of the enzymatic cascade, which can be either further enzymatically consumed, or it can diffuse out of the catalyst layer. So, to understand the mechanisms of by-product formation in the electroenzymatic reactor anode and cathode potentials, over 7 h of operation were monitored (Figure 4). For the zero cell potential, and by neglecting the Ohmic drop in the electrolyte, the cell potential balance provides the same values for the anode and cathode half-cell potentials. Therefore, the lines in Figure 4 describe the changes of both anode and cathode potentials over time. Considering that for system understanding the changes of overpotentials (the overpotentials were expressed with respect to ocp values of anode and cathode reactions) are more insightful, these values were plotted in the Figure 4b,c for three different flow rates. As can be seen, the overpotentials of two electrodes are changing in different ways at different flow rates. While the cathode overpotential at 10 mL min−1 increases over time, the opposite trend has been observed for the cathode overpotential at the lowest flow rate (2 mL min−1). In comparison to other flow rates, the cathode and anode overpotentials at 5 mL min−1 are not changing significantly. In general and as observed in Figure 1b, the whole system is limited by the enzymatic cathode. At higher flow rates, the enzymatic cathode performs better, thus the cathode overpotential is lower. Consequently, the enzymatic anode can also operate at higher overpotentials. The initial behaviors of the enzymatic reactor at three different flow rates correspond to the behaviors presented in Figure 1. The increase of the cathode overpotential over time at 10 mL min−1 indicates cathode deterioration. At the same time at the low flow rate, the cathode seems to improve over time. One possible reason for the cathode deterioration at higher flow rates is catalyst leaching, which might happen since enzymes have been only physically adsorbed [16]. Additionally, at higher flow rates, the cathode operates (at first) at low overpotentials. Under such conditions, based on our simulation results, the cathode works through; with the hydrogen peroxide concentration reaching mM range [33].



HRP inhibition by its product hydrogen peroxide has been reported at concentrations higher than 5 mM [22]. Therefore, enzyme inhibition by the hydrogen peroxide might be responsible for the loss of activity of the cathode at higher flow rates. This seems not to be the case at lower flow rates. At low flow rate, the initially high cathode overpotentials favor more efficient hydrogen peroxide removal, therefore lower hydrogen peroxide concentrations inside of the catalyst layer. Still, a decrease of the overpotential over time might indicate the accumulation of hydrogen peroxide, which renders overpotentials lower over time. Hydrogen peroxide is produced in situ, where the rate of its production depends on GOx loading and glucose/oxygen flow rates, but not significantly on the electrochemical potential. An increase of the hydrogen peroxide concentration might be first followed by a decrease of the cathode overpotential. At lower overpotentials, inhibition effects might appear. This indeed was observed at 2 mL min−1 flow rate after approx. 4 h of operation. So, it can be postulated that the observed electrode potential profiles reflect the fine balance between the rates of hydrogen peroxide production (not dependent on potential), its consumption (potential dependent), its removal (flow rate dependent), as well as kinetics of enzyme inhibition (indirectly potential dependent). Based on this, one might assume that these profiles indirectly reflect the changes of hydrogen peroxide concentrations in the catalyst layer over time. One can deduce that at low cathode overpotentials, the hydrogen peroxide concentration in the catalyst layer will be high (10 mL min−1 t < 2 h, 2 mL min−1 t > 3 h), while at high overpotentials it will be low (10 mL min−1 t > 2 h, 2 mL min−1 t < 3 h). These dependences were also confirmed in our simulation studies [33]. The overpotentials of the cathode at 5 mL min−1 are always moderate. That might indicate the best balance between rates of hydrogen peroxide production and consumption which resulted in almost 100% selectivity for gluconic acid.



In the previous discussion, the cathode was implicitly considered responsible for the lowering of the gluconic acid selectivity. To confirm this, the anode and the cathode were studied separately in half-cells. Two kinds of experiments were conducted where anode and cathode overpotentials were predominantly high or predominantly low over 7 h of operation. The change of the electrode potentials in the half-cell was roughly mimicking the conditions of the electrode potential change during 7 h of reactor operation. The conditions of the experiments are summarized in Table 2. The reaction mixtures after 7 h of operation were analyzed by NMR. The results show that the selectivity on the anode side is independent on the overpotential. No by-products were detected on the anode side. On the cathode side, the selectivity was much below 100% and it was overpotential dependent (approx. 80% at high overpotentials and approx. 70% at low overpotentials). The electrode overpotentials are also influencing the glucose conversion. On the anode side, a conversion of only 6% was achieved at low overpotentials compared to 34% at high overpotentials. On the cathode side, the overall conversion was higher than on the anode side, and it followed the same tendency as the overpotential. The glucose conversion on the anode side follows Faraday’s law (100% current efficiency is calculated), which is not the case for the conversion on the cathode side (14% and 16% of conversion is based on electrical current passed through the cell (“electrochemical conversion”)). On the cathode side, glucose is converted in an enzymatic reaction. Therefore, the Faraday’s law based conversion correlates merely with the amount of the electrochemically reduced hydrogen peroxide by-product. Having in mind the large difference between the electrochemical and the overall conversion on the cathode side, one can assume that the large amount of hydrogen peroxide will be unreacted on the cathode side and might contribute to side reactions or to enzyme inhibitions.



Possible pathways for the side product formation are shown in Figure 5. Hydrogen peroxide can react with D-glucose or with D-gluconic acid. In both cases, D-arabinose might be formed. In addition to D-arabinose, formic acid or CO2 could emerge. Furthermore, in the presence of hydrogen peroxide, D-arabinose can be oxidized stepwise to formic acid [34,35]. D-glucose oxidation with hydrogen peroxide has been reported at temperatures between 120–200 °C [36]. In this process, many by-products were formed, but no D-arabinose. The production of D-arabinose and lower carbohydrates is based on chemical oxidation of sodium gluconate with sodium hypochlorite or the electrochemical oxidation in a fluidized bed reactor [30,37,38]. Additionally, Ruff oxidative degradation of gluconate to arabinose has been reported in the presence of hydrogen peroxide and iron (III) or copper (II) as catalysts [39]. The formation of D-arabinose based on pathways depicted in Figure 5 has not been reported so far in electroenzymatic systems.



In order to check which of the two pathways shown in Figure 5 is more likely to occur, further experiments with C1 labeled D-glucose were performed. The labeled D-glucose is a glucose molecule that has an isotope 13C at the position C1. The utilization of this glucose type does not change, nor has any influence on the reaction mechanism and enzyme catalytic activity. If the route goes through glucose oxidation with H2O2, formic acid containing the C1 glucose atom and D-arabinose are formed (Figure 5). If the second route is operative, oxidation of D-gluconic acid gives D-arabinose and CO2 (which should also contain the C1 glucose atom), that can easily exit the reaction mixture. Formic acid, in addition to the pathway described in Figure 5, can be formed by further degradations of glucose oxidation products. The presence of 13C in the formic acid spectra would confirm the pathway with glucose oxidation by hydrogen peroxide. However, the NMR spectra obtained from this experiment do not show any sharp signals for 13C, at the typical position for formic acid. This confirms that the D-arabinose is formed by gluconic acid and not by glucose oxidation (Figure S5). This brings us to the conclusion that formic acid might be formed by D-arabinose degradation to lower sugars. Unfortunately, as discussed before, their concentrations are too low to be detected by NMR.



The half-cell experiments have shown that the conversion on the anode side is favored by more positive anode potentials, while on the cathode side by more negative. Having in mind that at the cell potential of 0.0 V, anode and cathode potentials are mandatory the same, and that under the fuel cell mode of operation the cathode potential is always more positive than the anode, it appears logical to test the conversion and selectivity of the reactor operating into ion-pumping mode. The glucose conversion and selectivity were checked at cell potential of −0.1 V at a prolonged time of operation of 16 h. The half-cell potentials were monitored by using the reference electrode, and the results are presented in Figure 6a. The data on conversion and selectivity are summarized in Table 3. As can be seen, the cathode and anode potentials follow the same trend, as observed at the cell potential of 0.0 V and at the 5 mL min−1 flow rate (Figure 4). During the first ca. 4 h of operation, both anode and cathode potentials become more positive. Afterwards, they become more negative. As already commented, the initial changes of potentials into positive direction might be caused by a local increase of the hydrogen peroxide concentration in the catalyst layer. The change of potentials into negative direction is likely influenced by a decrease of the glucose concentration in the reactor over time. As expected, the overall glucose conversion increased to 72%, while the selectivity remained high (approx. 96%). The main by-product under these conditions is formic acid, and only traces of D-arabinose were detected. During this experiment, the cathode potentials were mostly below 0 V. In this potential range, oxygen can be reduced electrochemically on Vulcan carbon support (Figure S7), forming mainly hydrogen peroxide [40,41]. The consequences of this are twofold; on one side, oxygen which is needed for the enzymatic oxidation of glucose is used up. On the other side, additional hydrogen peroxide is formed. This might explain a small decrease of selectivity in comparison to the experiment at 0 V cell potential and the presence of D-arabinose only in trace amounts. In an additional experiment, the cell potential change over time was further modified, and the time of operation was increased to 21 h (Figure 6b,c). The cell potential has been changing from an overall ion-pumping mode of operation (−0.1 V) to an overall fuel cell mode of operation (0.05 V). The results on conversion and selectivity in Table 3 show a further increase of conversion (to 80%), followed by a small decrease of selectivity. The main side products were D-arabinose and formic acid.




2.2. GOx/BOD Reactor


To avoid by-product formation, an electroenzymatic reactor comprising a GOx anode (GOx-TTF/Vulcan-Gelatin) and a bilirubin oxidase (BOD) cathode has been developed. The main advantages of employing BOD as a catalyst on the cathode side are: (1) No intermediate step with hydrogen peroxide formation, (2) same optimal operation window as for GOx (pH 7.00, 37 °C), (3) in comparison to GOx-HRP electrode, BOD enzymatic electrode performs better (Figure S8). The main disadvantage is that glucose conversion takes place only at the anode side.



In terms of electrochemical performances, the GOx/BOD reactor outperforms the GOx/GOx-HRP reactor (Figure 7). Only the ocp value is a bit lower (approx. 0.7 V compared to approx.0.8 V for the GOx/GOx-HRP reactor), which is caused by a less positive ocp value of the BOD cathode in comparison to the GOx-HRP cathode (Figure S8). The reactor employing BOD at the cathode side reached a power density of approx. 0.2 mW cm−2 and a current density of approx. 0.9 mA cm−2. These values are in good agreement with literature values of similar fuel cells [24,42]. The glucose conversion and selectivity in these two reactors have been compared at a cell potential of 0.0 V and 5 mL min−1 flow rate (Figure 8, Table 4). Under these conditions, the GOx/BOD combination achieved less than 30% of glucose conversion, while GOx/GOx-HRP achieved approx. 60%. As expected, the GOx/BOD reactor was highly selective towards the glucose conversion, and no by-products were detected.




2.3. Process Sustainability


The importance of development of more sustainable and green processes in comparison to already existing alternatives brings the need for the evaluation of electroenzymatic route in this direction. The process sustainability can be evaluated by life cycle analysis (LCA) with cradle-to-grave approach [43]. This requires the inventory and environmental impacts assessment of all input and outputs of the production system, but due to the multiplicity of processes and chemicals involved, and availability of data, prices, and energy requirements, this approach is hardly applicable for the processes in early stage of development. Therefore, some indicators of sustainability from two categories (efficiency and environment) are selected for comparison between fermentation and the electroenzymatic process (Table 5). The analysis is restricted to reactor level, since not enough data are available for separation of reaction mixture exiting the electroenzymatic reactor. In the category efficiency four indicators were chosen: Space time yield (STY), product titre, reaction yield, and atom efficiency. As environmental indicator, so called E-factor is determined. Since, for the calculation of this indicator, not all data are available in all publications, an environmental indicator was calculated only for the present electroenzymatic and a selected fermentation process.



The STY is defined as a mass of product obtained during the cycle time (tcycle) in a reactor of volume VR. This definition is a bit different than the one used in our previous publication [16], where the STY was defined with respect to the electrode surface area. This was done in order to account for differences in the geometrical electrode surface areas (from 1 cm2 to 30 cm2) and total reaction volumes (from 28 to 200 cm3) between the reported electroenzymatic processes [17,18,19,20,44]. However, in order to enable more straightforward comparison with fermentation processes, STY in the present paper is expressed with respect to reactor volume. The two values of STY for the present electroenzymatic process are obtained from experiments where the total reaction volume was changing. The conversion time for the smaller volume (30 cm3) was shorter than for the larger one (70 cm3), while the STY was almost the same (ca. 35 ± 1 g dm−3 h−1). As can be seen in Table 5, the present electroenzymatic process outperforms other electroenzymatic processes, and other reported fermentation processes in terms of STY.



Yet, the product titre is low and the cycle times are a bit longer than for other electroenzymatic processes. The product titre of all reported electroenzymatic processes (ca. 1.66–14.5 g dm−3) is much lower than of fermentation processes (ca. 100–350 g dm−3), since the majority of enzymatic processes utilize very diluted glucose solutions (20 mM). The low product titre is increasing the end price of the product, however, based on literature for product titre larger than 10 g dm−3, the effect on the production cost becomes negligible [46]. One can assume that the product titre in the present work (3.1 g dm−3) should increase at least 4 times for the process to become competitive with fermentation. The cycle time is directly related to the total reaction volume and the required conversion. In the present study, the decrease of the total volume to 30 cm3 decreases the cycle time to 8 h (for the same reactor volume and the same conversion).



The reaction yields (amount of product/theoretical amount of product) (Table 5) are calculated based on conversion and selectivity data. Since the selectivity data are not provided for other electroenzymatic processes, their reaction yields are calculated assuming 100% selectivity. The atom efficiency is calculated based on reaction stoichiometry for all discussed processes (Equations (4)–(11)).



For fermentation process:


Glucose + O2 = D-glucono-1,5 lactone + H2O2 (catalyzed by GOx)



(4)






H2O2 = H2O + 1/2 O2 (catalyzed by catalase)



(5)






D-glucono-1,5 lactone + H2O = gluconic acid (hydrolysis)



(6)







Overall: Glucose + 1/2O2 = gluconic acid



For electroenzymatic process in this work:



Anode:


Glucose = D-glucono-1,5 lactone + 2H+ + 2e− (catalyzed by GOx)



(7)







Cathode:


Glucose + O2 = D-glucono-1,5 lactone + H2O2



(8)






H2O2 + 2H+ + 2e− = 2H2O (catalyzed by HRP)



(9)






2D-glucono-1,5 lactone + 2H2O = 2gluconic acid (hydrolysis)



(10)







Overall: Glucose + 1/2O2 = gluconic acid



The overall stoichiometry for the fermentation and the present electroenzymatic process is the same, giving the same atom efficiencies (100%). The overall stoichiometry for other electroenzymatic processes, assuming hydrogen evolution reaction on the cathode side reads:


Overall: Glucose + H20 = gluconic acid + H2



(11)




resulting in a bit decreased atom efficiency (99%)



The E-factor represents the ratio between kg waste and kg product [47]. For electroenzymatic process, waste calculation included, the waste formed during enzyme production, waste of biocatalyst, and carbon materials/mediators needed to be replaced at the end of one production cycle. For fermentation process, the waste included the amount of the biomass formed in the reactor during one production cycle. For both processes, water and inorganic salts used for buffering of solutions are excluded from the waste calculation. Additionally, for electroenzymatic process, waste formed during carbon nanoparticles production was not taken into account.



The amount of biomass formed during enzyme production is estimated from the literature data, which relates the enzyme activity per dm3 with the biomass dry weight (DW) per dm3 [48] or biomass wet weight (WW) per dm3 [49]. For GOx, typically enzymatic activity of 4000 U dm−3 corresponds to ca. 4.2 gDW_biomass dm−3. GOx enzyme, which was employed in the present manuscript, had activity of 200 U mgenzyme−1, therefore it was calculated that 0.21 gDW_biomass mgenzyme−1 will be formed. Since some loss of enzymes occurs during purification steps, this was additionally accounted for by respecting the literature yield data (these data relate the total enzyme activity after each purification step and the activity of the original homogenate). The values which are reported for GOx are between 63.3 and 95.6% yield. By assuming the more conservative value of the yield, one can estimate that 0.33 gDW_biomass mgenzyme−1 enzyme will be formed. The amount of enzyme which was needed for formation of an enzymatic anode was 1 mg cm−2, while for enzymatic cathode 0.6 mg cm−2. The total biomass required for formation of required GOx loadings on the anode and cathode sides were 0.53 gDW_biomass cm−2. Additionally, the cathode contained as the second enzyme horseradish peroxidase. Based on literature, 0.714 gWW_biomass is formed per 1 mg of HRP enzyme, assuming enzyme activity of 1000 U mgenzyme−1 [49]. The HRP loading on the cathode side was 1.8 mg cm−2, so one can estimate that 1.3 gDW_biomass cm−2 was required to form this amount of active enzyme. In total, the amount of biomass was 1.8 gbiomass cm−2 (this number contains some water, since the value for the HRP is reported as a wet weight value). This value is normalized with respect to the reactor volume, to allow the comparison with the fermentation process according to:


      waste     (     kg   dm    − 3    )  =          biomass     (     kg   dm    − 2    )    ×     A   electrode    (    dm   − 2    )     A  electrode    (    dm   − 2    )    ×   distance  (  dm  )      ⏟    waste   of   enzyme   production     +        total   enzyme   loading     (     kg   dm    − 2    )    ×     A   electrode    (    dm   − 2    )     A  electrode    (    dm   − 2    )    ×   distance  (  dm  )      ⏟    waste   of    − biocatalyst   +               (   total   carbon   loading  +  mediator   loading   )   (     kg   dm    − 2    )    ×     A   electrode    (    dm   − 2    )     A  electrode    (    dm   − 2    )    ×   distance  (  dm  )      ⏟    waste   of   other   materials    =            6 , 0  (     kg   dm    − 3    )    ⏟    waste   of   enzyme   production    +     0.011    (     kg   dm    − 3    )    ⏟    waste   of   biocatalyst    +     0.011    (     kg   dm    − 3    )    ⏟    waste   of   other   materials    = 6.022      kg   dm    − 3        











The E-factor has been further calculated based on:


  E − factor =      waste     (     kg   dm    − 3    )       product     (     kg   dm    − 3    )    =      waste     (     kg   dm    − 3    )       STY     (     kg   h    − 1     dm   − 3    )       ×   t    cycle     = ca .9  











The calculated E-factor for the fermentation process, based on process described in [11] is ca. 0.06. This analysis suggests that the E-factor of electroenzymatic process has to improve significantly in order to compete with the fermentation process. There are several possibilities to achieve this. At first, the life time of enzymatic electrodes (tcycle) has to increase. Assuming 6 months of continuous operation of electroenzymatic reactor (tcycle = 6 month × 30 day month−1 × 24 h day−1), the E factor will reduce to 0.04, which is close to the value calculated for the fermentation process. In general, GOx-electrodes are stable under optimal conditions for a couple of months [50,51,52]. In the present case, the stability of enzymatic electrode depends primarily on the immobilization procedure applied. Under present conditions, the enzymatic anode is very stable, while the enzymatic cathode shows a decrease of activity of ca. 25% over time. This loss is attributed to the leaching out effect as shown in Varnicic et al. [16].



Further possibility for the waste reduction is a decrease of enzyme loadings. Our data show that the reduction of enzyme loading to only half of the original loading is changing the overall activity only a little. However, 50% reduction of enzyme loadings will results in only factor 2 in waste and E-factor reduction. The analysis points out an additional problem of electroenzymatic process, which is related to enzyme utilization in enzymatic electrodes. Based on our calculations, the enzyme utilization in the enzymatic electrodes is very low [53]; only ca. 0.01% can be considered active. Therefore, increase of enzyme utilization would contribute significantly to the waste reduction. As a last point, product titre has to increase, which means that more concentrated glucose solutions are required to improve process sustainability.



The product titre is influencing the product separation. Low product titre, as in the case of electroenzymatic process, has significant impact on the product cost [46]. It additionally restricts the choice of separation technology. In the present case, electrodialysis could be a technology of choice. Based on patent data [54], two step electrodialysis could be used to separate gluconic acid from the reaction mixture, while the buffer solution and non-reacted glucose are recycled back to the process. This elegant option would significantly simplify the downstream processing of the electroenzymatic process compared to fermentation [45]. Still, the sustainability analysis of such reactor/separator unit including in addition to efficiency and environmental also some energy indicators of the suitability have to be conducted.





3. Materials and Methods


3.1. Chemicals and Instrumentation


All reagents, poly(vinylidene fluoride) (PVDF), glutaraldehyde (GA), 1-methyl-2-pyrrolidone (MP), D-glucose, D-Glucose-1-13C, tetrathiafulvalene (TTF), and sodium phosphate dibasic were purchased from Sigma-Aldrich, Taufkirchen, Germany. Gelatin for microbiology was supplied from Merck, Gernsheim, Germany. Potassium dihydrogen phosphate was provided by Carl Roth GmbH&Co.KG, Karlsruhe, Germany. Vulcan XC72 carbon nanomaterials were supplied by Cabot Corporation, Rheinfelden, Germany.



Biocatalysts, glucose oxidase (EC 1.1.3.4, 200 U mg−1 GOx) from Aspergillus niger and bilirubin oxidase from Myrotheciumverrucaria (EC 1.3.3.5, 15–16 U mg−1 protein, BOD) were supplied by Sigma-Aldrich, Taufkirchen, Germany. Horseradish peroxidase (EC 1.11.1.7, 1000 U mg−1 lyophil., HRP) from Amorica rusticana was provided by Serva Electrophoresis GmbH, Heidelberg, Germany. All solutions were prepared with Millipore water.



The electrochemical experiments were carried out using Autolab potentiostat (PGSTAT302, Eco Chemie), Metrohm Autolab B.V., Utrecht The Netherlands. The reactor was operated as a 2-electrode system, while for half-cell investigations, the 3-electrode set up using a rotating disk electrode (RDE, model ED101, Radiometer Analytical, Düsseldorf, Germany) as a working electrode was employed. A saturated calomel electrode (SCE) was used as a reference and Pt as a counter electrode. During the reactor operation, anode and cathode electrode potentials were measured with external voltmeters connected to the reference electrode (see Figure 9). All experiments were conducted in 20 mM glucose solution in 0.1 M phosphate buffer at pH 6.00 or 7.00. Temperature was in the range between 22 °C and 37 °C. The polarization curves were obtained by extracting the data from chronopotentiostatic measurements after 120 s at constant potential with a potential step of 0.05 V.



The glucose concentrations were measured spectrophotometrically (UV/Vis spectrophotometer, SPECORD S600, Analytik jena, Jena, Germany) with the help of glucose assay kits (UV-test, R-Biopharm, Darmstad, Germany).



Nuclear magnetic resonance spectroscopy was performed in D2O as a solvent at 400.13 frequency (NMR, Bruker DPX, Oudenbosch, Nederland 400 MHz (400.13 MHz for 1H; 100.61 MHz for 13C) and Bruker AV 600 MHz (600.13 MHz for 1H), AVANCE III, Bruker, Billerica, US), and was used to obtain information about system conversion, selectivity, and products yields.




3.2. Enzymatic Electrode Preparations


Enzymatic electrodes were prepared by following two procedures. Both of them are based on using Vulcan carbon nanomaterials as support for biocatalysts. The difference was in binding material and way of enzyme immobilization. In the procedure used for the anode side named “GOx-TTF/Vulcan-Gelatin”, 2% of gelatin solution was employed as a binder. A homogeneous suspension (100 μL) of carbon nanoparticles (20 mg mL−1), enzyme (10 mg mL−1), and tetrathiafulvalene (10 mg mL−1) in gelatin were cast on stainless steel discs, which were used as current collectors. After drying at room temperature, electrodes were cross-linked by immersion in 5% glutaraldehyde solution for 1 min. The second procedure, specified as “GOx-HRP/Vulcan-PVDF”, was used for the cathode side. It combines previously prepared Vulcan carbon nanoparticles (2 mg mL−1) bound by PVDF (0.25% in MP) on the carbon disc or hydrophilic Toray paper (TGP-H-060, Toray Deutschland GmbH) porous matrix, with physical biocatalyst adsorption. On the anode side, GOx was used, while on the cathode side, either GOx: HRP enzyme cascade (6 mg mL−1 of GOx and 18 mg mL−1 of HRP) or BOD (10 mg mL−1) were used as biocatalysts. Enzyme solutions were always freshly prepared using 0.1 M phosphate buffer. The adsorption time was 18 h for the cascade and 2 h for BOD. Both procedures for enzymatic electrode preparation already were described in detail in Varnicic et al. [16,22]. The electrodes used in the electroenzymatic reactor had the geometrical surface area of 1 cm2, while the surface area of the working electrode in the 3-electrode set up was 0.28 cm2.




3.3. Electroenzymatic Reactor


The electroenzymatic reactor was already described in our previous publication [16]. In short, a parallel plate configuration with the distance of 3 mm between the electrodes was used. No separator was implemented, and the opening for the reference electrode was positioned in the middle of the distance between the anode and the cathode (Figure 9). Stainless steel and a graphite flow field were employed as current collectors on the anode and cathode sides, respectively. Glucose solution, prepared at least one day before, was recirculated from reservoir (Vr = 70 mL) with the flow rate variation from 2 to 14 mL min−1. Oxygen was supplied from the gas phase at the constant flow rate of 500 mL min−1. On the cathode side, between the graphite flow field and the hydrophilic Toray paper, an additional hydrophobic Toray paper was implemented.





4. Conclusions


The influences of flow rate, cell potential, operational time and type of biocatalysts on the performance of the electroenzymatic reactor for glucose oxidation were studied. An increase of the flow rate has a positive impact on the electrochemical performance of the reactor. In the case of conversion and selectivity, a bell-shaped dependence on the flow rate was observed. During 7 h of operation, the largest conversion and selectivity (60% and 97% respectively) was observed at 5 mL min−1. By adjusting the cell potential and the conversion time (21 h), conversions up to 80% at a somewhat reduced selectivity (92%) can be achieved. The half-cell measurements under conditions simulating the electrode potential changes in the reactor followed by NMR product analyses revealed that the enzymatic cathode, based on the GOx-HRP cascade, is mainly responsible for the decreasing of selectivity. It was postulated that the intermediate product of glucose oxidation by enzymatic cascade, namely hydrogen peroxide, is responsible for the formation of side products in the reactor. Two main side products were detected: D-arabinose and formic acid. The possible pathways for their formation were suggested. Based on experiments with C1 labeled glucose, the D-arabinose is formed by degradation of gluconic acid with hydrogen peroxide. This pathway has not been reported so far in literature regarding electroenzymatic synthesis. The electroenzymatic reactor employing GOx and BOD catalysts showed 100% selectivity for the glucose oxidation. However, the level of conversion was below 30%.



The preliminary sustainability analysis suggests that the E-factor of electroenzymatic process has to improve significantly in order to compete with the fermentation process. One possibility is to operate continuously electroenzymatic process for at least 6 months and/or to improve enzyme utilization within electrodes, which will allow reduction in enzyme loading necessary for preparation of the enzymatic electrodes. The comparison of the STY between the fermentation processes (0.1–21 g dm−3 h−1) and the present electroenzymatic process (ca. 35 ± 1 g dm−3 h−1), reveals the potential of the electroenzymatic process for gluconic acid production.
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Figure 1. (a) Polarization curves of the electroenzymatic reactor at different flow rates; (b) Potential loss distribution, anode: GOx-TTF/Vulcan-Gelatin, cathode: GOx-HRP/Vulcan-PVDF, blue line- 2 mL min−1, red line 5ml min−1, black line 10 mL min−1, Conditions: 20 mM glucose in 0.1 M phosphate buffer, O2 supply from the gas phase, pH 6.00, 22 °C, volume of the glucose reservoir: 70 mL. 
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Figure 2. Glucose conversion during 7 h in an electroenzymatic reactor at different flow rates. 
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Figure 3. NMR product spectra with identified peaks, black line: initial solution; blue line: final solution after 7 h of reactor operation. 
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Figure 4. Change of (a) anode and cathode electrode potentials (Ea = Ec); (b) anode overpotential; (c) cathode overpotential during 7 h of reactors operation at Ucell = 0.0 V. 
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Figure 5. Proposed pathway of glucose oxidation to gluconic acid and other by-products. 
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Figure 6. (a) Change of anode and cathode electrode potentials during reactors operation for the reactor 1; (b) change of anode electrode potential and (c) changed of cathode electrode potential during the reactor operation for the reactor 2, conditions presented in Table 3. 
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Figure 7. Polarization and power curves of electroenzymatic reactors based on two different cathodes, flow rate 5 mL min−1, 20 mM glucose in 0.1 M phosphate buffer, O2 supply from the gas phase, condition for GOx||GOx-HRP: pH 6.00, 22 °C; GOx||BOD system: pH 7.00, 37 °C. 
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Figure 8. Comparison of glucose conversion in two different reactors. 
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Figure 9. Schematic representation of electrochemical reactor experimental facility. 
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Table 1. Nuclear magnetic resonance (NMR) analysis of reaction solutions after 7h in electroenzymatic reactors tested at three different flow rates (Corresponding spectra shown in Supporting information, Figure S3).
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	Flow Rate/mL min−1
	Conversion/%
	Selectivity/%
	Y:GA/%
	Y:A/%
	Y:FA/%





	10 and 14
	49.0
	83.7
	41.5
	3.0
	5.0 + traces of other products



	5
	57.0
	96.5
	55.0
	-Traces
	2.0 + traces of other products



	2
	46.0
	73.9
	34.0
	7.0
	5.0 + traces of other products







Y—yield, GA—gluconic acid, A—arabinose, FA—formic acid.
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Table 2. NMR analysis of reaction mixtures after 7 h of enzymatic electrodes operation in half-cell experiments, Conditions: 20 mM glucose in 0.1 M PBS, pH 6.00, 22 °C, 70 mL; cathode: In the presence of O2, anode: In presence of N2 (Corresponding spectra shown in Supporting information, Figure S4).






Table 2. NMR analysis of reaction mixtures after 7 h of enzymatic electrodes operation in half-cell experiments, Conditions: 20 mM glucose in 0.1 M PBS, pH 6.00, 22 °C, 70 mL; cathode: In the presence of O2, anode: In presence of N2 (Corresponding spectra shown in Supporting information, Figure S4).





	Electrode
	Ea/Ec/V (Time)
	Overpotentials/V (Time)
	Glucose Conversion/%
	Selectivity/%
	Y:GA/%
	Y:A/%
	Y:FA/%





	ANODE:

V-Gel/GOx-TTF
	Ea = 0.2 (2 h)

Ea = 0.15 (2 h)

Ea = 0.1 (3 h)
	0.35 (2 h)

0.3 (2 h)

0.25 (3 h)
	35
	100
	34
	0
	1



	ANODE:

V-Gel/GOx-TTF
	Ea = 0.15 (2 h)

Ea = 0.1 (2 h)

Ea = 0.05 (3 h)
	0.30 (2 h)

0.25 (2 h)

0.20 (3 h)
	6
	100
	6
	0
	0



	CATHODE:

V-PVDF/GOx-HRP
	Ec = 0.05 (2 h)

Ec = 0.0 V (2 h)

Ec = −0.05 (3 h)
	0.50 (2 h)

0.55 (2 h)

0.60 (3 h)
	56
	80
	44
	6
	6 + traces of other products



	CATHODE:

V-PVDF/GOx-HRP
	Ec = 0.15 (2 h)

Ec = 0.1 (2 h)

Ec = 0.05 (3 h)
	0.4 (2 h)

0.45 (2 h)

0.50 (3 h)
	43
	70
	29
	7
	7 + traces of other products







Ea—anode electrode potential, Ec—cathode electrode potential, Y—yield, GA—gluconic acid, A—arabinose, FA—formic acid.
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Table 3. NMR results for electroenzymatic reactors operated at two different conditions of cell potential and time, 5 mL min −1 (Figure S6).






Table 3. NMR results for electroenzymatic reactors operated at two different conditions of cell potential and time, 5 mL min −1 (Figure S6).





	Reactor
	Time/h
	Cell Potential/V
	Conversion/%
	Selectivity/%
	Y:GA/%
	Y:A/%
	Y:FA/%





	1
	16
	U = −0.1
	67
	95.5
	64
	-Traces
	3 + traces of other products



	2
	21
	U = −0.1 (5.5 h)

U = −0.05 (3.5 h)

U = 0.0 (3 h)

U = 0.05 (9 h)
	80
	92
	74
	4
	2 + traces of other products
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Table 4. NMR results for electroenzymatic reactors employing different cathodes.






Table 4. NMR results for electroenzymatic reactors employing different cathodes.





	System
	Conditions
	Cell Potential/V
	Flow Rate/mL min−1
	Conversion/%
	Selectivity/%





	GOx-HRP based cathode
	pH 6.00/22 °C
	Ucell = 0.0
	5
	60
	97



	BOD based cathode
	pH 7.00/37 °C
	Ucell = 0.0
	5
	28
	100
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Table 5. Comparison of different processes for the gluconic acid production.






Table 5. Comparison of different processes for the gluconic acid production.





	Indicators
	Electroenzymatic
	Fermentation
	Electroenzymatic





	STY, g h−1 dm−3
	33.7–36.1
	0.132–21
	0.13–4.9



	Product titre, g dm−3
	3.1
	100–350
	1.66–14.5



	tcycle, h
	8–20
	20–100
	3–12



	Reaction yield, %
	75
	74–99.4
	43–85



	Atom efficiency, %
	100
	100
	99



	E-factor/kg kg−1
	9
	0.06 [11]
	N/A



	References
	This work
	[45]
	[17,18,19,20,44]











© 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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