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Valorization of waste streams is becoming increasingly important to improve resource recovery and economics of bioprocesses for the production of fuels. The pyrolysis process produces a significant portion of the biomass as an aqueous waste stream, called bio-oil aqueous phase (BOAP), which cannot be effectively converted into fuel. In this report, we detail the separation and utilization of this stream for the production of electrons, hydrogen, and chemicals, which can supplement fuel production improving economics of the biorefinery. Separation methods including physical separation via centrifugal separator, chemical separation via pH manipulation, and electrochemical separation via capacitive deionization are discussed. Bioelectrochemical systems (BES) including microbial fuel cells (MFCs), microbial electrolysis cells (MECs), and electro-fermentation processes are reviewed for their potential to generate current, hydrogen, and chemicals from BOAP. Recent developments in MECs using complex waste streams and electro-active biocatalyst enrichment have resulted in advancement of the technology toward performance metrics closer to commercial requirements. Current densities above 10 A/m2 have been reported using BOAP, which suggest further work to demonstrate the technology at pilot scale should be undertaken. The research on electro-fermentation is revealing potential to generate alcohols, diols, medium chain fatty acids, esters, etc. using electrode-based electrons. The ability to derive electrons and chemical building blocks from waste streams illustrate the advancement of the BES technology and potential to push the frontiers of bioenergy generation one step further toward development of a circular bioeconomy.
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INTRODUCTION

Production of biofuels from biomass can occur in the biorefinery via a number of pathways. The three pathways being investigated most prominently are: (a) biochemical conversion or fermentation to alcohols, (b) thermoconversion to hydrocarbon fuels via pyrolysis bio-oil, and (c) hydrothermal liquefaction (HTL), also via bio-oil to produce hydrocarbon fuels (USDOE, 2014). The latter pathway is more suitable for wet biomass such as algae and wastes, including sludge, while the earlier two pathways are more suitable for lignocellulosic biomass. Since the oxygen content of the feedstock is usually very high, in the range of 30–40% by wt, the efficiency of producing a biofuel depends heavily on the deoxygenation processes. Also, water is integral part of the process streams, due to the intrinsic water content of the feedstock and its production during the chemical reactions involved in pretreatment. The high oxygen content and the presence of water result in an organics-rich aqueous phase after initial processing of biomass. In the case of fermentation, fuel production occurs in the aqueous phase; however, for the latter two pathways where higher temperatures or gas-phase reactions are employed, post-conversion cooling results in condensation of water in the product stream. The aqueous phase is usually emulsified with organics, and is called bio-oil. In catalytic pyrolysis, the aqueous phase separates out, while in fast and intermediate pyrolysis, the aqueous phase remains emulsified with the oil phase (Elliott et al., 2009). Water is sometimes added to the emulsion to effect phase separation. The resulting aqueous phase, termed as bio-oil aqueous phase (BOAP), contains a large fraction of the heavily oxygenated compounds derived from biomass. The aqueous phase is not ideal for fuel production and alternate means of valorizing this material are usually needed (Huber et al., 2004; Kechagiopoulos et al., 2006; Fu et al., 2012; Elkasabi et al., 2015; Paasikallio et al., 2015; Mukarakate et al., 2017). Recovery of the carbon and energy content from this aqueous phase can be an important aspect of improving the conversion efficiency of the thermochemical biorefinery process.

In the biochemical pathway, separation of the alcohol fuel from the fermentation broth results in wastewater containing residual sugars, fermentation products such as organic acids, aldehydes, etc., as well as pre-treatment products including lignin-degradation products like phenols and sugar-degradation products such as furanic compounds (Humbird et al., 2011). Thus, all biorefinery processes generate an aqueous phase, which results in a waste or is treated as a low value stream. A number of different methods have been investigated to recover the carbon and energy from the aqueous waste (Pirwitz et al., 2016; Campanario and Ortiz, 2017; Mukarakate et al., 2017). Conversion of the aqueous phase organics to fuel molecules has been reported with a HZSM-5 catalyst with a 40% conversion of the BOAP organics (Mukarakate et al., 2017). Due to the low degree of conversion, additional processes may be necessary for better valorization. An indirect route to fuels via supercritical oxidation and Fischer Tropsch reactions has also been suggested (Campanario and Ortiz, 2017). This pathway was reported to have a 38.5% carbon efficiency and included four steps requiring pressure swing adsorption, distillation, and hydrocracking. Aqueous phase resulting from HTL of algal biomass has been suggested as a substrate for additional biomass growth to improve algal biorefining yields (Pirwitz et al., 2016).

Several new methods of valorization have been reported in recent years including use of bioelectrochemical systems (BESs) (Borole et al., 2009b; Thygesen et al., 2010; Borole, 2016; Lu and Ren, 2016). Different types of BESs exist including microbial fuel cells (MFCs), microbial electrolysis cells (MECs), electro-fermentation, etc. (Logan and Regan, 2006; Logan et al., 2008; Liu et al., 2010; Rabaey and Rozendal, 2010; Logan and Rabaey, 2012). Electricity is a product of MFCs, which may or may not result in effective valorization due to the low price of electricity; however, MECs that generate hydrogen, can provide an important ingredient required for hydrocarbon fuel production. The organic phase of the bio-oil also contains high levels of oxygen, requiring hydro-deoxygenation to produce a fuel. Typically, natural gas is used to supply the hydrogen. Deriving the hydrogen from an intrinsic waste stream, however, can offer a valuable proposition. This can reduce the fossil fuel required, thus reducing greenhouse gas (GHG) emissions. A third method called electro-fermentation has been reported in recent years for production of chemicals using electrons as a reducing power or redox control to produce reduced products (Schievano et al., 2016). Production of alcohols, organic acids, diols, etc. has been demonstrated via this approach using waste streams, e.g., production of propanediol from glycerine (Xafenias et al., 2015).

Prior to the emergence of electro-fermentation, a similar approach was used to reduce carbon dioxide to reduced products termed “electro-fuels” (ARPA-E, 2014). While the goal was to produce fuels, the method could only produce volatile fatty acids and was, therefore, unsuccessful (Nevin et al., 2011). This result was due to the huge requirement for electrons to reduce CO2 (Desloover et al., 2012). It was recognized that use of partially reduced substrates available in waste streams can alleviate the high demand for reducing equivalents. Thus, research to use these waste-derived substrates was initiated (Rabaey et al., 2011). In this report, we discuss the prospect of marrying the electro-fermentation process with anode processes extracting electrons from waste, thereby resulting in the whole product being derived from waste.

Pyrolysis bio-oil has application-impeding properties including high content of oxygen and water and low values of pH as shown in Table 1 (IEA, 2004).


Table 1. Physicochemical properties of switchgrass bio-oil.
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High fractions of water and oxygen in bio-oil lead to inefficient combustion, while high oxygen content makes bio-oil reactive and unstable. Furthermore, the presence of acidic compounds in bio-oil causes corrosion during storage/transportation and instabilities or chemical aging. In addition, the high viscosity of bio-oil causes handling problems during processing and utilization. Due to these impeding properties, bio-oil has to be treated by physical/chemical processes prior to utilization. Such processes may include:

• Extraction of hydrophobic and hydrophilic chemicals from bio-oil using solvent extraction

• Reduction of the acidity of bio-oil by adding alkali to increase the pH

• Separation of the aqueous and organic phases of bio-oil

• Separation of acidic components from bio-oil to utilize in microbial electrolysis applications.

Through these separations processes, the quality of bio-oil can be improved, while separated valuable components can be used in broader applications. Innovative technologies including centrifugal contactors, for continuous pH-neutralization of bio-oil and simultaneous phase separation, and capacitive deionization (CDI) for acid separation, can be employed in separations processes to facilitate the utilization of acidic bio-oil components in resource recovery. Specifically, extracted organic acids can be utilized in MECs to produce hydrogen, which can be further utilized to upgrade bio-oil through hydrodeoxygenation (HDO). Hydrogen provided by MECs for HDO may replace hydrogen supplied by natural gas (He and Song, 2014). By removing organic acids from bio-oil, its acidity and corrosivity problems can be resolved.

Recent investigations have focused on multiple aspects of the biomass to biofuels and bioproducts conversion processes leading to new insights into biorefining. A better understanding of the composition of streams, separation of complex mixtures into chemical groups, employment of novel biocatalytic and electrocatalytic steps and integration of these steps can lead to create value in the biorefinery. This paper reviews these developments with focus on valorization of biomass-derived waste streams for production of electricity, hydrogen, fuels, and chemicals. The focus is bio-oil derived from biomass via pyrolysis, which is compared with wastes from other biorefinery pathways and food industry processes. The use of BOAP for production of electricity and hydrogen is reviewed with the goal of evaluating the progress toward practical feasibility and achievement of productivities and current densities needed for commercial consideration of BESs (Lewis and Borole, 2017; Lewis et al., 2018). The findings are compared with those using other waste streams and conversion platforms. Production of chemicals via electro-fermentation using electrons derived from BOAP is also discussed along with a review of the existing literature on bioelectrochemical conversion pathways, which can contribute to the development of novel schemes for a bio-electro-refinery in the coming decade.

BIO-OIL COMPONENTS AND CARBON IN AQUEOUS WASTE

A number of variations of the thermochemical pyrolysis method of biomass breakdown have been reported. These include fast pyrolysis, intermediate pyrolysis, catalytic pyrolysis, and an alteration of the fast pyrolysis with recycle of the tail gas called tail gas recycle pyrolysis (TGRP). The ultimate goal is production of hydrocarbon biofuels; however, the need for generating higher value products such as chemicals has been recognized and, thus, variations allowing optimization of the product portfolio to meet the desired needs are important. The differences in the products generated from the pyrolysis step via these approaches are shown in Table 2. The biomass used in all these studies was switchgrass. Due to the presence of hundreds of compounds in these pyrolysis oils and the use of different analytical methods, not all chemicals are measured/reported for all streams. Table 2, however, provides a fair quantification of the major components of the bio-oil and the associated aqueous phase. It should be observed that the aqueous phase typically contains higher levels of the carboxylic acids, which are typically responsible for the acidity of the bio-oil and are candidates for separation and conversion into products besides fuels. Table 2 shows that the total carbon present in the aqueous phase of the fast and intermediate pyrolysis is much higher than that for TGRP and catalytic pyrolysis. Several furans and methoxy phenols are present in the aqueous phase resulting from the fast and intermediate pyrolysis; however, they are typically deoxygenated in the TGRP and catalytic pyrolysis, resulting in lower concentration in the aqueous phase associated with those bio-oils. Ren et al. identified the presence of 2-methoxyphenol; 2-methyl, 4-methoxyphenol; and 2,6-dimethoxyphenol in the intermediate pyrolysis product (Ren et al., 2016). The combined concentration of these three methoxyphenols was reported to be 0.58 g/L, which represents 4.5% of the total COD present in the aqueous phase. The level of phenols and furans in the aqueous phase can be important if biological processing of the stream is desired as discussed further in section Bioelectrochemical Platform Converting “Waste to Electrons to Products.”


Table 2. Comparison of chemical composition of pyrolysis bio-oil and the corresponding aqueous phase (wt%) generated during pyrolysis or via subsequent separation.
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SEPARATION SCHEMES

In order to separate the various components in bio-oil, a number of different methods have been employed by researchers including physical separation, chemical separation, and separations using external energy, e.g., electrochemical energy. Various physicochemical upgrading methods have been investigated for bio-oil. Phase separation to separate the aqueous and organic components has been a critical initial step before further processing of bio-oil.

Studies conducted recently for the separation of BOAP via a separation scheme involving density-based separation, chemical separation via pH control and electro-chemical separation as shown in Figure 1, are further discussed below. It should be noted that these separation schemes have not yet been applied at real scale and are still in the research development stage.
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FIGURE 1. Separation scheme integrating physical, chemical, and electro-separations to fractionate bio-oil for production of hydrogen, fuels and chemicals. Figure reprinted with permission from (Borole, 2015).



Density-Based Separations

Bio-oil contains aqueous and organic phases, which can be separated based on their density differences. Although settling in storage tanks may be an effective separation method, it may require long residence times due to the small density difference between the two phases. Effective phase separation, even for relatively small density differences, can be achieved by continuous-flow centrifuges. One such device is the centrifugal contactor (McFarlane et al., 2010), which combines a shear regime for intimate contact between two liquid phases to facilitate mass transfer and a phase separation regime where a centrifugal force is utilized to separate the two phases. Because it combines effective mixing of two liquids and phase separation, this device has been described in the literature (Kim et al., 2017) as a process intensification device.

Chemical Separations

Chemical separations can be achieved by water addition, pH neutralization, and solvent extraction among other methods. In reality, bio-oil contains a wide range of chemicals, which are not separated individually. Instead, chemical separations are targeting the separation of chemical groups such as acids, alcohols, furans, phenols, ketones, etc.

Water Addition

Water addition forms two phases (Chan and Duff, 2010; Vitasari et al., 2011; Jacobson et al., 2013), and has been commonly employed to separate hydrophilic components (Rasrendra et al., 2011; Vitasari et al., 2011; Xu et al., 2011; Wei et al., 2014; Park et al., 2016). The solubility and polarity of various species influence their partition in the aqueous and organic phases after water addition. Organic acids (e.g., acetic and propionic acids) and levoglucosan are preferentially partitioned in water due to their high solubility (Ren et al., 2017). Furans, including furanone and furfural, have similar partition coefficients to those of acetic acid (Vitasari et al., 2011). Although phenolics including guaiacol and syringol have lower polarity, a considerable amount of such compounds can be partitioned in water (Ren et al., 2017). Song et al. investigated the influence of aqueous electrolyte solutions and solid salts on bio-oil phase separation (Song et al., 2009).

According to  Park et al. (2016), water addition to aqueous bio-oil, leads to the formation of two phases, a bio-oil organic phase (BOOP) and a BOAP. Hydrophilic compounds remain in BOAP, while hydrophobic compounds partition mostly into BOOP. The partitioning of the organic compounds was quantified by  Park et al. (2016) and showed that about 2/3 of the organic fraction ends up in the aqueous phase, when a 1:4 bio-oil:water ratio is used (Figure S1).

Solvent Extraction

Some investigators studied the separation of various chemical groups with organic solvents.  Ren et al. (2017) separated a number of chemicals using sequentially water, hexane, chloroform, petroleum ether, and ethyl acetate. Using chloroform, they reported the highest extraction efficiency for phenolics, furans, and ketones. Ethyl acetate was employed to extract organic acids. For the same solvent-to-feed ratio, the number of chemicals extracted by solvents decreased in the following order: ethyl acetate, chloroform, petroleum, and hexane (Ren et al., 2017).

Among various solvents including dichloromethane, ethyl acetate, cyclohexane, and butyl acetate, dichloromethane demonstrated the highest extraction efficiency for such chemicals as alcohols and acids from bio-oil (Tian et al., 2011). Liquid extraction was also investigated by  Wei et al. (2014) using petroleum ether, hexane, and chloroform. Chloroform was reported as the most effective in extracting guaiacols and phenols. Adding chloroform at a volume ratio of 1:1 to the BOAP (obtained after addition of water to bio-oil at a volume ratio of 1:1),  Wei et al. (2014) reported extraction of 85.7 wt% of the total guaiacol and phenols. In addition, Ma and Agblevor separated bio-oil fractions after sequentially contacting bio-oil with increasing polarity solvents: hexane, toluene, chloroform, and methanol (Ma and Agblevor, 2014). They reported increasing viscosity of the fractions with increasing solvent polarity. The conclusion of these studies is that liquid extraction can be used to separate valuable chemical groups and also improve the quality of bio-oil.

A simple centrifugation of the whole bio-oil has shown that a significant portion of the organic compounds partitions into the aqueous phase, even without addition of external water. This centrifuged portion of the bio-oil is termed AqBO, which is different from BOAP, derived via water addition.  Park et al. (2016) investigated solvent extraction of the aqueous portion of the bio-oil (AqBO), for the purpose of producing fuel. Specifically, they used hexadecane (C16) and octane (C8) as representatives of diesel and gasoline, respectively, for the extraction of organics from aqueous bio-oil. They reported the use of the following two approaches: (i) sequential addition of water followed by solvent extraction and (ii) combined addition of water and organic solvent. Sequential and combined extraction have been reported as shown in Figure S2. Combined extraction was reported to extract more chemicals than those separated by sequential extraction (Figure S3); however, sequential extraction leads to less solvent partitioning into the water, which may have two advantages: (i) lower mass of organic solvents lost and (ii) in the case of a subsequent microbial electrolysis process, microbes will not be exposed to potentially toxic organic solvents. The purpose of solvent extraction experiments was to enrich the solvent with organic components of the aqueous bio-oil. The mass balances, however, demonstrate that the mass gained by the solvent was very small, which means that a relatively small amount of organic compounds was partitioned into the solvent. Thus, although solvent extraction may be useful in the characterization of aqueous bio-oil, it may not be a practical separation approach for certain types of bio-oil, such as the switchgrass bio-oil.

pH Neutralization

It has been reported that pH neutralization of switchgrass aqueous-phase bio-oil leads to enhanced separation of organic compounds from a homogeneous, single-phase solution (Park et al., 2016). This behavior suggests that pH neutralization could be continuously performed in a centrifugal contactor, as shown in Figure 2, so that the rejected organic phase during pH neutralization in the shear regime of the contactor could be continuously removed from the heavier aqueous-phase bio-oil in the phase-separation regime. This process was successfully demonstrated in the literature (Park et al., 2017). In the case that the residence time in the centrifugal contactor is not long enough to allow organic precipitation to reach equilibrium, use of a static mixer was recommended to mix the two phases prior to entering the centrifugal contactor, so that organic precipitation occurs over a longer period of time. Through pH neutralization, 15-20% of the aqueous bio-oil precipitates as an organic phase, thus, facilitating the separation of phenolic compounds. The block diagram for a pH neutralization process is shown in Figure S4.
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FIGURE 2. Continuous pH neutralization of aqueous bio-oil and phase separation of the produced aqueous and organic phases using a centrifugal contactor. Figure reprinted with permission from (Park et al., 2017). Copyright (2017) American Chemical Society.



Other Separations

Various aqueous streams contain carboxylic acids that could be utilized for production of value added products if available at higher concentration or without contaminants. Production of medium-chain fatty acids, esters, and hydrogen are some of the examples reported in the literature (Liu et al., 2005; Andersen et al., 2016). Membrane and electrochemical separations have been used to separate the short chain carboxylic acids. Anderson et al. have used electrolytic separation combining membranes and electrochemical gradient to concentrate acetate from dilute solutions (Andersen et al., 2014). Another method used recently to capture acidic compounds is capacitive deionization, which is based on charging carbon electrodes of high surface area to attract counter ions (Park et al., 2018). The separation was coupled to microbial electrolysis for hydrogen production as shown in Figure 3. Such schemes allow integrated separation-conversion enabling integration with biorefineries and generation of added value from the waste streams.
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FIGURE 3. A flow chart for a Bio-Electro-Refinery showing production of switchgrass bio-oil, chemical manipulation including pH neutralization, followed by phase separation using centrifugal contactor, and chemical production in a BES using the acid-rich aqueous phase. (NBOOP: neutralized bio-oil organic phase, NBOAP: neutralized bio-oil aqueous phase). [Switchgrass photo: https://www.gardenia.net/rendition.slider_detail/uploads/plant/1433256670-603d263a69fa7639a/Panicum_virgatum_Cloud_Nine_2009_09.jpg].



BIOELECTROCHEMICAL PLATFORM CONVERTING “WASTE TO ELECTRONS TO PRODUCTS”

In the conventional biorefinery pathways, conversion of biomass to biofuels and bioproducts proceeds via chemical intermediates. The bioelectrochemical approach uses an alternate route via electrons as the key intermediates. The breakdown of biomass-derived molecules, particularly those present in waste streams culminates in production of electrons in the anode, which are used to build new molecules using additional co-substrates in the cathode. This concept of conversion of waste/biomass-derived macromolecules to electrons coupled to conversion of the electrons to products is illustrated in Figure 4. The anodic process may involve up to three biological conversion steps: hydrolysis, fermentation and exoelectrogenesis, depending on the complexity of the waste feedstock. Simple substrates such as acetate only require the last step, while simple sugars may only require latter two steps. Most waste feedstocks will contain a wide range of compounds and may require breakdown of the macromolecules and biopolymers to monomers prior to fermentation and exoelectrogenesis. Supply of different substrates into the cathode can lead to different products using suitable catalysts. This concept is the basis for a new biorefinery platform called waste biorefinery (Lu and Ren, 2016; Lewis and Borole, 2017) or bioelectrochemical biorefining (Borole, 2017a), which can potentially be more efficient than the conventional processes due to incorporation of the intrinsically efficient biocatalytic and electrocatalytic processes (Borole, 2015).
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FIGURE 4. Waste to electrons to products via an integrated bioelectrochemical approach.



Anodic Processes

Bioelectrochemistry of Primary Reactions Leading to Electroactivity

While the ultimate goal of the anodic processes is to generate electrons, a synergy between the exoelectrogens and the fermenters and hydrolytic microbes is necessary for effective conversion of wastes. The aqueous phase from pyrolysis, BOAP, has shown to require a high level of synergy between the fermentative organisms and exoelectrogens for effective production of current in the anode (Lewis et al., 2018). This is due to the wide range of compounds present in the BOAP as shown in section Bio-Oil Components and Carbon in Aqueous Waste. Synergy between these microbial groups has been reported even in single substrate fermentative systems. Use of ethanol in the anode was shown to enrich ethanol-fermenting Acetobacterium and acetate-utilizing exoelectrogens (Parameswaran et al., 2010). In addition, hydrogen scavenging organisms were reported. Use of propionic acid as a substrate also indicated enrichment of fermenters via two pathways going through formation of acetate/formate or acetate/hydrogen, followed by exoelectrogenic conversion (Hari et al., 2016a). Use of complex substrates result in a much diverse population of fermenters and exoelectrogens. Conversion of biomass-derived streams has been studied by various groups (Thygesen et al., 2010; Wang et al., 2011; Lewis et al., 2015; Borole, 2016; Shen et al., 2016). Lalaurate et al. used a synthetic two-step process separating fermentation and exoelectrogenesis to convert cellulose into fermentation byproducts, which were then utilized in an MEC anode (Lalaurette et al., 2009). Thygessen et al., used wheat straw as feedstock and predicted the presence of xylan degrading organisms and those producing acetate and propionate based on metabolites released, but the microbial species were not identified. Similarly, Marone et al., used molasses and other hydrolysates-derived fermentation effluent streams in the anode, and reported a range of fermentation intermediates, however, did not characterize the microbial species (Marone et al., 2017). The information on complex microbial communities present in bioanode treating mixed substrate feedstocks is limited. Lewis et al. recently reported characterization of microbial population treating switchgrass-derived BOAP, which showed a dependence between the fermenters and the exoelectrogens (Lewis et al., 2018). This was one of the first detailed account of the microbial community treating complex feedstocks directly fed into anode. Open and closed-circuit experiments were conducted to show the relationship between the fermenters and the exoelectrogens. The end-products of fermentation such as acetate, form substrate for the exoelectrogens and accumulate if an electron sink is not provided such as under open circuit conditions. Thus, the syntrophy between the two groups was clearly illustrated (Lewis et al., 2018).

The relative population of the two groups can have a large impact on the overall rate of conversion. The population dynamics can reveal insights into the functioning of the community. The microbial population included Firmicutes, Bacteroidetes, and γ-Proteobacteria as the dominant families. These families were reported to use a division of labor strategy to facilitate conversion of the complex feedstock (Lewis et al., 2018). Due to the presence of various chemical groups in the BOAP, different functional groups of microbes are necessary for effective conversion of the substrate. While specific allocation of the microbial species identified in the consortium to chemical groups was not reported, a number of distinct families of fermenting organisms were identified and their potential functions discussed. These interactions are shown in Figure 5. The Firmicutes population included Clostridia, in which fermentative activity is well documented, including that in bioelectrochemical systems (Jung and Regan, 2007; Rismani-Yazdi et al., 2007). Bacteroidetes and γ-Proteobacteria have shown to persist in sugar-fed bioanode systems (Ishii et al., 2014). The exoelectrogen population included β- and δ-Proteobacteria, specifically, Geobacteraceae, Rhodocyclaceae, and Comamonadaceae. The latter two families have diverse metabolic potential and besides exoelectrogenic activity (Ginige et al., 2005; Xing et al., 2010), they also have been reported to show fermentative ability (Rismani-Yazdi et al., 2007; Borole et al., 2009a; Hesselsoe et al., 2009; Oren, 2014; Lewis et al., 2015). Thus, they were observed to potentially play both roles in the community. The exoelectrogens–fermenter synergy results from cross-feeding of intermediates (Zeng et al., 2017; Lewis et al., 2018), which has been reported by other groups illustrating the syntrophy in bioanode fed with other fermentable substrates as well (Freguia et al., 2007; Parameswaran et al., 2009; Kiely et al., 2011; Hari et al., 2016b). Use of a complex substrate such as BOAP in a bioanode results in a complex web of microbial interactions as shown in Figure 5. The two major mechanisms employed by the community in such environments are division of labor and syntrophy. The former results from the necessity to handle a wide range of substrates including acids, aldehydes, ketones, anhydrosugars, furans, phenols, etc. present in the BOAP. Secondly, the accumulation of intermediates from one group of microbes requires a different set of microbes, thus, leading to syntrophy as observed between fermenters and exoelectrogens. Additionally, the presence of inhibitory compounds such as furans and phenols are likely to create microenvironments, not ideal for certain organisms. Zeng et al. characterized the microbial community associated with conversion of key furanic and phenolic substrates in bioanode (Zeng et al., 2015), however, further work is necessary to delineate the interactions between these organisms and other fermenters and exoelectrogens in the community.
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FIGURE 5. Biochemical interactions within anode chamber leading to electroactivity via microbial syntrophy and division of labor transforming BOAP into electrons. A fermentative population with diverse functionalities is necessary to convert the sugars and other degradation products in BOAP to intermediates, which are ultimately converted to electrons by exoelectrogens. Determination of the details of the interactions between various members of the complex consortium require further research and sophisticated techniques such as omics to be employed for identification of the role of individual members.



Conversion of Furanic and Phenolic Compounds

Furanic and phenolic compounds, generated from the degradation of sugar and lignin polymers during thermal or thermochemical pretreatment of lignocellulosic biomass for biofuel production, are widely found in the BOAP (Jones et al., 2009; Ren et al., 2017). Furanic and phenolic compounds contribute to the instability and corrosiveness of the bio-oil, as well as the BOAP (Jones et al., 2013). In addition, furanic, and phenolic compounds are among the most toxic and inhibitory components of biomass degradation products (Klinke et al., 2004; Monlau et al., 2014), making it a challenge for the waste-to-electrons conversion in the bioelectrochemical platform.

The most predominant biomass-derived furanic compounds are furfural and 5-hydroxymethyl furfural (Rasmussen et al., 2014). Phenolic compounds derived from biomass can be found in alcohol, aldehyde, and acid forms with various degrees of methoxylation (e.g., syringic, vanillic, p-hydroxy acids) (Klinke et al., 2004; Monlau et al., 2014). Depending upon the type of biomass, pretreatment method and conditions, furanic compounds are present at a total concentration up to 5 g/L, while phenolic compounds are present at a total concentration up to 3 g/L (Mills et al., 2009).

A number of studies have used furanic and phenolic compounds as primary substrates in bioanodes of bioelectrochemical systems (Table 3). In most of these studies, the removal of various parent furanic and phenolic compounds was nearly complete. Several furanic and phenolic compounds were utilized as the sole carbon source to support current generation in MFCs or MECs, including 5-hydroxymethyl furfural, furfural, syringic acid, vanillic acid, 4-hydroxybenzoic acid, 4-hydroxybenzaldehyde, 4-hydroxyacetophenone, and phenol (Borole et al., 2009b; Luo et al., 2009; Huang et al., 2011; Zeng et al., 2015). However, contradicting findings have been reported where furfural and phenol were not converted in bioanodes (Catal et al., 2008; Zeng et al., 2017). Whether or not and to what degree a furanic or phenolic compound is converted in a bioanode is related to a number of factors, such as the microbial community structure and capability, acclimation method and status, presence of alternative electron acceptors, and other MEC operating conditions, which vary from system to system (Table 3).


Table 3. Furanic and phenolic compounds tested in bioelectrochemical systems.
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Biotransformation extent and pathways

There are limited studies on the biotransformation pathways of furanic and phenolic compounds in bioanodes. Based on a series of reports on two furanic (furfural, 5-hydroxymethyl furfural) and three phenolic compounds (syringic acid, vanillic acid, 4-hydroxybenzoic acid), the conversion of furanic and phenolic compounds in bioanodes occurred via two sequential processes: fermentation, followed by exoelectrogenesis (Zeng et al., 2015, 2016b, 2017). The complex parent compounds were first fermented to intermediate, simpler metabolites, among which acetate was then used as a key substrate in the subsequent exoelectrogenesis (Figure 3). Consistent with the two-step processes, presence of both fermentative and exoelectrogenic bacterial species in bioanodes was reported in several studies where furanic and phenolic compounds were used as bioanode substrates (Lewis et al., 2015; Zeng et al., 2015; Marone et al., 2016). In these bioanodes, Proteobacteria was found to be a dominant phylum, which contains putative exoelectrogens such as Geobacter spp. and various fermentative bacteria. Firmicutes and Bacteroidetes were also present in bioanodes, containing putative degraders of furanic and phenolic compounds (Lewis et al., 2015; Zeng et al., 2015). Beyond the findings based on furanic and phenolic compounds, it has been widely accepted that combination of fermentation and exoelectrogenesis is a necessity for bioanodes to process complex, fermentable substrates, which cannot be directly utilized by exoelectrogenic bacteria (Freguia et al., 2008; Kiely et al., 2011).

Multiple partitioning of electron equivalents takes place during the conversion of furanic and phenolic compounds to electric current in MEC bioanodes. First, in the fermentation process, the electron equivalents are distributed between fermentation metabolites and fermentative biomass (Figure 3). Based on a typical biomass true yield coefficient of 0.18 g biomass-COD/g degradable-COD for fermentative bacteria (Rittmann and McCarty, 2001), ~82% of electron equivalents are transferred to fermentation metabolites. However, depending on the extent and pathways of fermentation, only a portion of the electron equivalents may end up in acetate or H2, which can be further utilized in exoelectrogenesis; the remaining is non-exoelectrogenic end products (e.g., recalcitrant aromatic products) (Figure 6). In the subsequent exoelectrogenesis, ~14–43% of the electron equivalents are associated with exoelectrogenic biomass (Wilson and Kim, 2016), and the remaining is contributing to electric current. It is noteworthy that not all furanic and phenolic compounds were fully fermented to acetate. Instead, for some compounds, the majority of electron equivalents remained in non-exoelectrogenic end-products (Zeng et al., 2017).  Zeng et al. (2018) reported that 50–72% of the electron equivalents of syringic acid, furfural and 5-hydroxymethyl furfural was accounted as current, whereas only 9–12% of electron equivalents of vanillic and 4-hydroxybenzoic acids were converted to current. Therefore, the fraction of electron equivalents used for current production is largely controlled by the extent of fermentative transformation (i.e., acetate production), and thus can vary substantially among different compounds and systems.
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FIGURE 6. Overview of bioanode processes extracting electrons from furanic and phenolic compounds.



A few studies have investigated the biotransformation pathways of furanic and phenolic compounds in bioanodes (Zeng et al., 2015, 2017; Hedbavna et al., 2016; Marone et al., 2016). Several biotransformation metabolites, prior to the furanic or aromatic ring cleavage, were identified (Hedbavna et al., 2016; Marone et al., 2016; Zeng et al., 2017).  Zeng et al. (2017) reported that biotransformation of three structurally similar phenolic compounds (syringic acid, vanillic acid, and 4-hydroxybenzoic acid) was initiated by demethylation and decarboxylation reactions common to all three compounds. However, only the aromatic ring of syringic acid was cleaved, whereas the transformation of vanillic acid and 4-hydroxybenzoic acid stopped before their aromatic rings were cleaved, producing catechol and phenol, respectively, which were persistent under the conditions of this study (Figure 7). Such difference in the biotransformation extent resulted in different levels of acetate, and correspondingly different current production (Zeng et al., 2017). Earlier studies suggested that 4.5 mol of acetate could be produced during the biotransformation of 1 mol of syringic acid under anaerobic conditions (i.e., 1.5 mol from two demethylation reactions and 3 mol from aromatic ring cleavage) (Bache and Pfennig, 1981; Brune and Schink, 1992). Thus, without aromatic ring cleavage, 1 mol of vanillic acid could produce up to 0.75 mol of acetate from its only methoxy group, and 4-hydroxybenzoic acid (without any methoxy group) could not produce any acetate (Figure 7), consistent with the findings reported by  Zeng et al. (2017). It was unclear why catechol and phenol were not further degraded in the above-mentioned study. One possible reason is that under the conditions of this study, the bioanode microbial community did not possess the CoA-thioester substitution pathway for aromatic ring cleavage (Zeng et al., 2017). Nevertheless, none of the above-mentioned studies has fully identified biotransformation metabolites to establish complete pathways for furanic or phenolic compounds in bioanodes.
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FIGURE 7. Biotransformation pathways of syringic acid, vanillic acid, and 4-hydroxybenzoic acid. Different amounts of acetate were produced from these compounds as shown in the acetate-producing reactions (drawn based on material presented in Zeng et al., 2017).



Inhibitory effect

Although furanic and phenolic compounds are well-known dark fermentation inhibitors, their potential inhibitory effect on bioanode processes has been scarcely reported.  Catal et al. (2008) reported that syringaldehyde, trans-4-hydroxy-3-methoxy and 4-hydroxy cinnamic acids at a concentration above 20 mM, as well as benzyl alcohol and acetophenone at 0.2 mM, severely inhibited electricity generation from glucose using a MFC.  Zeng et al. (2016a) reported IC50 (i.e., concentration that results in 50% current production inhibition) values for furfural, 5-hydroxymethyl furfural, syringic acid, vanillic acid, and 4-hydroxybenzoic acid for a bioanode as 2.7, 3.0, 1.9, 2.1, and 2.0 g/L, respectively. It should be pointed out that the reported inhibitory concentrations are specific to bioanode biomass concentration, biofilm thickness, and length of time the bioanode has been exposed to the compounds, and thus may not be generally applicable. Based on the study conducted by  Zeng et al. (2016a), the parent compounds, as opposed to their biotransformation products, caused inhibition on exoelectrogenesis, but not on fermentation. Furthermore, a combination of these five compounds at individual, sub-inhibitory concentrations in a mixture resulted in significant, additive but not synergistic inhibition, which warrants future research on mixture effect and reversibility of furanic and phenolic compounds inhibition on bioanode processes.

Conversion of Sugars and Other Fermentable Compounds in Mixed Substrate Streams

Kadier et al., and Pant et al., have previously reviewed substrates used in bioanode for production of electrons (Pant et al., 2010; Kadier et al., 2014). Conversion parameters for the studies reporting high performance in MFC and MECs for key substrates were compiled and are shown in Table 4. We investigate three important issues related to substrate conversion in anode. First, the results obtained with fermentable compounds are compared with that obtained with acetate, the model, non-fermentable substrate for exoelectrogens. Secondly, the impact of inhibitory substrates present in mixed or complex waste streams on conversion of exoelectrogenic substrates, such as acetate as well as other non-inhibitory substrates such as glucose, is included. Thirdly, the simultaneous conversion of fermentable substrates with acetate in the bioanode is discussed. This would indicate production as well as utilization of acetate, as it has been shown to be an end product of fermentation for at least a some of the substrates typically present in biorefinery streams such as sugars and furans (Zeng et al., 2017; Lewis et al., 2018). This analysis allows one to compare the rates and efficiencies reported for real waste streams with those obtained for model systems or single substrates. The operating conditions posed by real waste streams are not always ideal for producing electrons and therefore, these conditions are also included in the table.


Table 4. Performance of bioelectrochemical systems with various substrates reported in the literature.
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The highest hydrogen productivity reported in an MEC to date, has been 50 L/L-day, using acetate as the sole substrate by  Jeremiasse et al. (2010). The current density reported in this study was 22 ± 0.1 A/m2. The current density reported by Lewis et al. using acetate as the substrate was 24.7 ± 3.4 A/m2, although the hydrogen productivity was only 27.6 ± 5.39 L/L-day (Lewis et al., 2018). This result was obtained at a substrate concentration of 0.5 gCOD/L and a poised potential of −0.2 V at the anode (equivalent cell voltage = 1.0 V), compared to 2.9 gCOD/Land an applied voltage of 1 0 V) used by Jeremiasse et al. Lewis et al. also reported results with mixed substrate streams in the presence of acetate at a lower concentration of 0.1 g COD/L, which achieved a maximum current density to 8.76 ± 1.54 A/m2 (Table 4). The maximum current density at an acetate concentration of 0.1 gCOD/L, in the absence of other substrates was 11.48 ± 2.94 A/m2. The other substrates included furans, phenols, propionic acid, etc. which were part of the real waste stream, BOAP used in the study. Catal et al. have reported adverse effects of certain furanic and phenolic compounds (2-furaldehyde, benzyl alcohol and acetophenone) on current production (Catal et al., 2008).

Simultaneous conversion of the exoelectrogenic substrates, primarily acetate, and the fermentable and/or inhibitory substrates has also been reported (Lewis et al., 2015, 2018; Zeng et al., 2016a). When BOAP was used as the substrate in MEC, the primary anhydrosugar present, levoglucosan, was reported to be converted simultaneously with acetate and other inhibitory substrates. Levoglucosan was the dominant compound present in the stream, which resulted in a highest rate of conversion among all substrates present in BOAP. Table 4 shows the rate of removal of the major fermentable compounds reported previously. The results are reported in electron equivalents of the substrate converted per liter of reactor per day. This unit is used to allow comparison of the rate of electron generation with the substrate conversion as well as product formation, such as hydrogen in MEC. The typical unit used to represent electron generation, current density is also included in Table 4, to relate the results to the conventional method of reporting. The reason for introduction of the parameters is as follows: In conventional chemical engineering and the chemical industry, the parameter used to represent conversion is moles/L-day. In the BES literature, the substrate and product (for example, carbon source and hydrogen) have been reported in moles/L-day, however, since the substrate is not converted directly into hydrogen, it is necessary to also represent the intermediate, which is electron, in this form. Therefore, the parameter: moles e−/L-day is introduced in this study. This also facilitates understanding of the bioelectrochemical conversion process, since both, substrate and product can be reported in moles e−/L-day. Of the compounds present within BOAP, levoglucosan had the highest reported electron generation rate of 0.59 moles e−/L-day, which is equivalent to 6.99 A/m2. The rate previously reported by Selembo et al. was about three times lower, despite use of a higher substrate concentration. They used glucose as a substrate, which is comparable to levoglucosan, an anhydrous form of the sugar. The rate for levoglucosan is also more than >40x greater than that of furans and phenols within BOAP, and is likely a function of furans and phenols being more recalcitrant but may also be attributed to the relative starting concentrations of different classes of compounds within BOAP, with furans and phenols existing at an order of magnitude or lower compared to levoglucosan and acetic acid. Using furan concentrations two orders of magnitude higher, Borole et al. reached electron generation rates of 0.68 and 0.51 e−/L-day for furfural and HMF (Borole et al., 2009b), similar to that reached for levoglucosan by Lewis et al., indicating initial substrate concentrations may have been a factor (Lewis et al., 2018). However, the use of higher concentrations of parent compounds does not always result in high rates of electron generation. Zeng et al. saw maximum rate of 0.007 e−/L-day for SA as a single substrate and for furfural in a mixture (Zeng et al., 2016a, 2017) with the lower output likely attributed to differences in reactor design, operation and potentially biocatalyst density. Similarly, Hari et al. reached an electron generation rate of 0.092 moles e−/L-day with pure propionic acid. Propionic acid electron generation within BOAP reached a slightly lower level of 0.076 moles e−/L-day despite the relative concentration being two orders of magnitude lower. The data on moles e−/L-day reported in the literature for various compounds is also shown in Figure S5.

Bioelectrochemical Performance Metrics

Conversion of individual substrates present in a mixed feedstock is important to understanding the biochemical processes occurring in the bioanode, however, overall conversion metrics are key to enabling application feasibility of the process. Creating value from waste streams thus requires evaluation of parameters such as overall current density, COD removal, anode efficiency, etc. for the whole stream. Studies reporting use of various complex streams including BOAP, wastewater from fermentation of molasses, cellulose, corn stover, and hydrolyzates from different biomass feedstocks are compiled in Table 5. The current density obtained from complex wastes vary widely ranging from 0.36 to 8.76 A/m2. This indicates a large variability in the performance of BESs, which introduces uncertainty regarding the application of these systems for conversion of real waste streams. The substrate concentration and applied potential are key parameters affecting current density, which are included in the Table 5. The anode Coulombic efficiency also has a large range from 15 to 78%. Similar to the individual substrates, the conversion was evaluated in terms of the electron generate rate for the complex waste streams. Using corn stover fermentation effluent, a rate of 0.49 moles e−/L-day was reached (Borole et al., 2013), which was further improved by Lewis et al. to obtain 0.74 moles e−/L-day for BOAP. Li et al. have the next highest rate for complex stream at 0.31 moles e−/L-day (Lewis et al., 2018). The substrate concentration used was however, 8x higher and a separate fermentation step was used to produce the effluent (Li et al., 2014). Additional studies in the literature without an initial fermentation step have not exceeded a rate over 0.17 moles e−/L-day. There are significant differences in the methodology used by various researchers in the development of the bioanode and process operation while testing the performance of BESs, which leads to differences in performance. Recent reviews have tried to standardize the methods used to develop the bioanode and measurement of performance by defining critical parameters. Since this is a relatively nascent field, new research teams are still entering the area, which will continue to cause variability in results, however, adoption of methods which lead to high performance being reported by reviews and cluster papers will help achieve coherence, leading to confidence in implementation of the technology for real applications. In addition, integration of findings from different subtopics within the BES area, such as mass transfer in anode, charge transfer to cathode, kinetics of cathode catalysts is important to achieve high performance, since the productivity is only as high as the slowest step in the overall process. Thus, leveraging a strategy built on focused biocatalyst development, high-performance reactor design, and optimal operating conditions is key to unlocking the potential of bioelectrochemical systems for conversion of complex waste streams, and developing applications for implementation to advance the bioeconomy.


Table 5. Bioanode performance in systems treating complex waste streams.
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Cathodic Processes

Conversion of waste streams into value-added products using electrons, also derived from waste can add substantial value to biorefinery operations. Direct conversion of the complex waste streams into products can be nearly impossible, therefore this route via electrons as an intermediate, may yield important benefits. In the subsections below, production of hydrogen, alcohols, diols, and medium chain fatty acids is discussed, which can improve the economics of the biorefinery process.

Production of Hydrogen and Electricity

While electricity is a useful product in the biorefinery, due to availability of alternate methods of generating electricity cheaply, as well as renewably, use of biorefinery waste streams for power generation may not be practiced, even if it is shown to be practically feasible. Therefore, most of the attention is focused on hydrogen and other products, which add greater value to the biorefinery. Hydrogen is needed for upgrading of intermediates produced in biorefinery (Kamm et al., 2008; Borole, 2011; Ferrini and Rinaldi, 2014; Abdullah et al., 2015; Heracleous et al., 2017), production of fuel additives (Gawade et al., 2016) as well as for conversion of non-lignocellulosic biopolymers such as chitin to chemicals (Kobayashi et al., 2017). Current methods of hydrogen production include those from fossil as well as renewable resources (Holladay et al., 2009; Nikolaidis and Poullikkas, 2017). Generating hydrogen from natural gas via reforming is the dominant process today, but it releases high levels of GHGs. The renewable method most advanced today, is water electrolysis. However, it is very expensive, costing over $10/kg-H2 (Personal communication, David Wick, H2 News). The MEC process has potential to be a lower cost solution, due to reduced input of electrical energy, and supplementation by chemical energy from waste. The MEC process has been shown to reach electrical efficiencies of around 150%, even when complex waste and biomass are used as feedstock (Lewis et al., 2015). Thus, it is important to consider the MEC technology as a candidate for investigating renewable hydrogen options.

The productivity of hydrogen and efficiency of production are two main parameters of interest in considering the MEC technology for hydrogen production in the biorefinery. Analysis conducted by Sleutels and others indicates the need to reach a productivity of 20 L/L-day, and a current density of 20 A/m2, to enable economic feasibility (Sleutels et al., 2012; Borole, 2017b). A few studies have reached this goal, primarily using acetate as the substrate, achieved in short term experiments. The hurdles remaining to move this technology toward commercialization include demonstration with real, complex waste streams, scale-up and demonstration of long operational stability. These issues have been investigated by a few investigators (Montpart et al., 2015; Lewis et al., 2018) leading to some improvements in using complex feedstocks (Marcus et al., 2011; Ruiz et al., 2015; Borole and Lewis, 2017), assessment of long term stability (Rago et al., 2015) and initial attempts at scale-up (Cusick et al., 2011; Escapa et al., 2015). A continued effort can potentially enable achievement of the targets for commercialization of the MEC technology in the near future.

Production of Alcohols and Diols

One of the most significant challenges of bio-based refining is economic feasibility of producing biofuels. It has been recognized that production of high value chemicals can alleviate the high costs of processing biomass for biofuel production. Conversion of low value intermediates and waste stream components to chemical building blocks for advanced refining or replacement of petroleum derived intermediates can support the high volume, low value biofuel pathways. Recently, the use of bioelectrochemical routes for production of alcohols and diols has received increasing attention. Production of butanol from glucose, ethanol from acetic acid, 1,3-propanediol from glycerol has been reported in recent years (Moscoviz et al., 2016; Schievano et al., 2016). Pyrolysis-derived aqueous streams already contain a range of alcohols and diols, however, their concentrations are not high enough to allow their separation. The aqueous phase also has many oxygenated compounds, which could serve as substrates for production of alcohols or diols, making it worthwhile to separate specific products or class of compounds, if high titers can be reached. In this section, we discuss bioelectrochemically-controlled processes for production of value-added chemicals, which can improve the economics of the biorefinery, using waste or biomass-derived streams as the feed.

Production of butanol has received much attention in the last decade due to its many advantages as a fuel, however, it is also used as a chemical reagent having an annual demand of 4 million tons. It is used in production of resins, solvents, paints, coatings, perfumes, adhesives, inks, plastics, lubricants, synthetic rubber, etc. (Dürre, 2008). The traditional method of production via acetone-butanol-ethanol fermentation route can be improved via a new approach called electro-fermentation resulting in high titers, enabling easier recovery of the alcohol. Electro-fermentation is a process where the oxidation-reduction potential of a fermentation process is altered extracellularly via exchange of electrons by microbes with an electrode, resulting in a gain or loss of energy. He et al. reported 12.2% higher butanol concentration when an electrical voltage was applied in the presence of the mediator neutral red, during a Clostridium beijerinckii fermentation (He et al., 2016). They measured the concentration of NADH and reported higher levels in presence of mediator and applied electricity. Choi et al. reported increased production of butyric acid using a different Clostridium (Clostridium tyrobutyricum) under the influence of electric potential using methyl viologen as the mediator (Choi et al., 2012). Later, the same group identified electron uptake via direct electron transfer in Clostridium pasteurianum, leading to increased levels of butanol (Choi et al., 2014). Mostafazadeh et al. increased the butanol yield from glucose up to 13.3 g/L using C. pasteurianum at an applied voltage of 1.32 V, a 60% increase over unpoised fermentation (Mostafazadeh et al., 2016). Production of ethanol has also been reported via cathodic reduction of acetate (Steinbusch et al., 2010). In several of these studies, supply of electrons via the cathode is needed to boost the intracellular NADH levels. These electrons can be sourced from waste streams as discussed in previous section. A review paper recently identified potential of this approach for improving industrial fermentations (Schievano et al., 2016).

Besides alcohols, diols have also been produced via the bioelectrochemical approach. Several studies have been reported generation of 1,3-propanediol via a redox-controlled fermentation. Pure as well as mixed cultures have been used to generate 1,3-propanediol from glycerol bioelectrochemically. Clostridium pasteurianum was shown to be capable of reducing glycerol as well as facilitate the electron transfer without a mediator at a potential of 0.045 vs. standard hydrogen electrode (SHE) (Choi et al., 2014). Similar to the studies aimed at butanol production, the NADH/NAD+ levels were shown to be higher during the course of the 1,3-propanediol fermentation. The metabolic pathway and the electron transfer pathway are not always present in same organism, so some studies have used mixed cultures to demonstrate 1,3-propanediol production with success. Optimization of operating conditions is critical for microbiota-based fermentations to achieve the desired product. While redox potential is an important control parameters, the range of potentials under which the fermentation was shown to be possible was quite large, ranging from −0.8 to −1.44 V vs. SHE (Dennis et al., 2013; Zhou et al., 2013, 2015). Further insights are needed to better understand these mixed culture fermentations.

Production of Medium Chain Fatty Acids and Esters

Biorefinery waste streams contain a high proportion of volatile fatty acids and residual sugars or anhydrosugars as a percent of the total organic content. However, these compounds are present at relatively low concentration in the waste streams, therefore their recovery is difficult. Similarly, waste streams from the food and other industries consistently contain similar compounds. Conversion of these compounds to medium chain fatty acids has been reported recently as a means of valorizing these streams (Angenent et al., 2016). This upgrading requires reducing equivalents, which are usually provided in the form of hydrogen or ethanol (Kucek et al., 2016). The use of electrode to deliver the needed reducing equivalents as electrons either directly or via hydrogen has been investigated as a means of electrochemical upgrading (Van Eerten-Jansen et al., 2013). The simultaneous availability of the substrate (volatile fatty acids) and excess electrons derived from waste thus leads to the possibility of production of MCFAs and esters in the biorefinery (Andersen et al., 2014).

Bio-oil aqueous phase contains acetic acid at around 10% of the total organic carbon, thus, its use for production of MCFAs could be a valuable proposition, if separation of the MCFAs can also be achieved simultaneously. This has been shown to be possible using fermentation wastewater (Andersen et al., 2016; Kucek et al., 2016). In addition to production of electrons from the BOAP stream, concentration of the substrates for MCFA production, i.e., acetic acid and other VFAs can also be increased using the same bioanode. Production of acetic as well as propionic acid has been demonstrated in a bioanode under unpoised conditions from BOAP (Lewis et al., 2018), which can be coupled to a biocathode capable of chain elongation leading to formation of MCFAs. These reactors can be self-sufficient to create the necessary VFAs and the reducing equivalents from a single biorefinery waste stream, leading to production of value-added chemicals in the biorefinery.

Electro-Fermentation Process Control

One observation that has been made in fermentations conducted under poised potential conditions is that the electrons needed for the fermentation need not come from the electrode alone. Studies have found that the moles of electrons in the reduced products did not correlate with the current flowing from the cathode. Instead, large fraction of the electrons actually were derived from the substrate itself. The difference in electron balance vs. the unpoised control was a shift in the metabolism toward reduced products vs. a balanced product slate observed in typical fermentations. The poised potential apparently results in a change in the intracellular NADH /NAD+ levels, and directs the electrons toward the reduced product. Moscoviz et al. reported a new parameter called electro-fermentation coefficient (ηEF), which is the ratio of the electrons donated by the electrode vs. those present in the product, to quantify the altered electron stoichiometry (Moscoviz et al., 2016). If the productivity of the desired product is decoupled from the rate of electron flow from the electrode, i.e., the current density, this could mean a significant advancement and a diversion from typical bioelectrochemical processing. The number of studies to date, however, have been limited, thus more work is needed to understand the electro-fermentation process completely. An additional question that arises in context of the electrochemical control is the quantification of the productivities with respect to the redox potential. If current is not a determinant of the rate of production of the reduced products, what is the relationship between applied potential and the productivity or the product distribution? It is possible that the current density may still influence the product titer and productivity, increasing the yield and productivity beyond that possible via the use of the primary substrate alone. The supply of waste-derived electrons may, therefore, still be important and improve the performance of the electro-fermentation systems beyond that possible with redox control alone. Additionally, the use of waste streams as a feed to cathode itself during electro-fermentation may lead to formation of new chemicals, for example from furanic and phenolic compounds. This is a completely new area for development of novel products and exploratory research in this area may be quite productive. Thus, the impact of electro-fermentation approach can be quite significant in production of reduced products such as biofuels and biochemicals in the biorefinery, while reducing waste disposal costs.

Path Forward

Conversion of complex wastes such as BOAP into value-added products is possible via integrated separation-conversion processes. Due to the vast range of compounds present in BOAP, separation processes have limitations in yielding purified compounds, often resulting in mixtures of compounds of similar or related groups. Production of high value, pure compounds is however, possible, via bioelectrochemical approach which generates chemicals through the channel of electrons. The sections above elaborated the various components of such a process illustrating the feasibility of the anodic and cathodic conversions. In order to advance this path further into a real application, developments are needed in biocatalyst optimization to balance the rate of fermentation and electrogenesis (Lewis et al., 2018). While high current densities were obtained using BOAP, sustained production of electrons will be key for stable long term operation. Additionally, improvements in reactor design are needed to alleviate charge transfer limitations experienced during the balance of electrochemical reactions in the anode and cathode. In the simple case of hydrogen production in an MEC from BOAP, it was reported that proton transfer can be the limiting factor when high electron generation rates are achieved in the anode (Borole and Lewis, 2017). Since the anode process is the same for production of other chemicals at the cathode, finding a solution to the proton transfer issue will be key in advancing these processes as well. Alternate configurations of membranes or separators between anode and cathode are needed to facilitate proton transfer, while keeping costs low. Thus, continued improvements in the anode kinetics as well as materials and reactor design will be necessary to realize the path to commercialization.

CONCLUSIONS

Bio-oil generated via pyrolysis can form two phases, one containing hydrophilic compounds, and the other containing hydrophobic compounds. The aqueous component of bio-oil is a complex stream constituting a large fraction of the product. It is usually treated as a waste stream, which can represent a loss of carbon and energy. Thus, valorization of the BOAP is important. The complexity of the aqueous phase makes it very challenging to separate the components into individual, pure compounds. Solvent extraction, as well as chemical manipulation, can be employed to separate the various compounds into useful groups of chemicals. A two-pronged approach consisting of separation schemes coupled with bioelectrochemical conversion is presented to generate value from the waste stream. Utilization of the remaining mixture after separation of possible fractions to produce valuable chemicals or products is discussed. The bioelectrochemical route transforms the complex mixture into electrons, which are then used to generate value-added products via cathodic reactions. The anode uses microbial consortia to break down the complex mixture producing electrons, while the cathode builds chemical molecules using anode-generated electrons via electrochemical catalysis. Deconstruction of the BOAP requires ability to manage inhibitory effects of furanic and phenolic compounds present in the bio-oil. The open literature is reviewed to integrate studies from multiple disciplines including biology, electrochemistry, and engineering with the objective to develop efficient and productive systems to generate value from waste. Diverse, electroactive microbial catalysts capable of producing current densities above 10 A/m2 are identified to enable application feasibility; however, further developments in reactor design and materials are necessary to move this technology toward commercial consideration. The cathodic processes capable of generating electricity, hydrogen, alcohols, diols, medium chain fatty acids, etc. are documented to illustrate potential of the bioelectrochemical platform for improving biorefinery economics. Generation of these products from thermochemical, as well as biochemical, process wastes in biorefineries makes this platform versatile, allowing development of new routes for supporting a circular economy, essential for the twenty-first century.
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Wt Intermediate pyrolysis Fast pyrolysis TGRP pyrolysis Catalytic pyrolysis

(Ren et al., 2016) (Mullen et al., 2013) (Mullen et al., 2013) (Mullen et al., 2013)
Bio-oil Aqueous phase* Bio-oil Aqueous phase Bio-oil Aqueous phase Bio-oil Aqueous phase
Acetic acid 74 15.9 64 78 30 62 Nd 1.1
Propionic acid 28 66
Furtural 1.22 099 02 Trace Trace
HMF 17 132
Acetol 56 10.4 12 38 02 07
Levoglucosan 78 18.0 45 17 03 Nd 02 Nd
Phenol 022 024 05 32 18
Cresols 06 33 1.8
Guaiacol 021 025 05 Nd Nd
2,6-dimethoxyphenol 0.18 022 04 Nd Trace
Vanilic acid o1 022
Catechol 0.47 0.7
2M4M-P 009 0.12
Benzene 01 22 03
Toluene i 07 03
Xylenes T 05 09
Naphthalene Nd 15 37
1-methyl naphthalene Nd 05 24
Water 515 27.0 745 84.9

Nd, not determined. The emply spaces indicate the data was not reported. "The aqueous phase was obtained after adition of water to bio-oilin a 1:4 bio-oilwater ratio. *T, trace
‘amount detected.
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Physical properties Crude bio-oil

Water content (wt%) 42.3 4066
Total solid (wt%) 17£025
pH value 28007
Density (g/mL) 1.1 40,001
Ash (w1%) 03004
Viscosity at 40°C (centistokes, cSt) 6.5+ 0.82
TAN, mgKOH/g 137.4 £ 2.96
Oxygen content of two switehgrass bio-oil batches (Wt%) 47.11;475
Heating value (BTUAB) of centrifuged bio-oil 4944

Table reprinted with permission from Park et al. (2016). Copyright (2016) America
Chemical Society.
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Compound

Furfural

5-Hydroxymethyl furfural

5-Hydroxymethy furfural
Furfural

Furfural, 5-hydroxymethyl furfural

Syringaldehyde, Vanilin,
Trans-4-hydroxy-3-methoxy, 4-hydroxy
cinnarmic acids, Benzyl alcohol,
Acetophenone

Trans-cinnamic acid,
3,5-dimethoxy-4-hydroxycinnamic acid
Vanilic acid, 4-Hydroxybenzaldehyde
4-Hydroxyacetophenone

Phenol

Phenol

Phenol

Phenol

Syringic acid, Vanilic acid,
4-hydroxybenzoic acid

Bioelectrochemical system

Mixed-culture MFC enriched with acetate, and
then hexoses, pentoses, uronic acids, and an
aldonic acid

Mixed-culture MFC enriched with acetate and a
mixture of furanic and phenolic compounds.

Mixed-culture MEC enriched with a mixture of
furanic and phenolic compounds
Mixed-cuiture MFC enriched with acetate, and
then hexoses, pentoses, uronic acids, and an
aldonic acid

Mixed-culture MFC enriched with acetate and a
mixture of furanic and phenolic compounds.
MFG enriched with mixed aerobic activated
sludge and anaerobic sludge collected from a
municipal wastewater treatment plant

Insertion-type soil MFC

Pure-culture (Cupriavidus basilensis) MFC

Mixed-cuiture MFCs inoculated with anaerobic
sludge and enriched with glucose, sodium
acetate, sodium propionate

Mixec-culture MEC enriched with a mixture of
furanic and phenolic compounds

Removal extent and rate

Not utiized for current production
Inhibited electricity generation at a
concentration at 0.2mM

Utiized for current prodiuction
Complete removal

Complete removal of 200-1,200 mg/L in 7
days

Not utilized for current production; Inhibited
current generation from glucose at
concentration from 0.2 to 5mM

Not utilized for current production; Did not
inhibit current generation from glucose at a
concentration up to 10mM

Near complete removal

95% of phenol (added at 400 mg/L) was
removed in 6 days

90.1% of the phenol was removed after 10
days, with a rate constant of 0.390 d~1

86% of the initial phenol concentration was
removed after 72h

Phenol was removed following first-order
Kinetics (k = 0.035 ~ 0.027 h~"), for an initial
concentration from 100 to 600 mg/L
Complete removal of 200-1,200 mg/L in 7
days, but produced persistent
biotransformation products (catechol and
phenol)

References

Catal et al., 2008

Borole et al., 2009b

Zeng etal., 2015

Catal et al., 2008

Borole et al., 2009b

Luoet al., 2009

Huang et al,, 2011

Friman et al., 2013

Song et al., 2014

Zeng etal., 2015
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Substrate

Acetate

Acetate
Acetate

Glucose

Glucose
Furfural

Propionic acid
Propionic acid

Furfural®
HMFe

Levoglucosan®

Propionic
acid®
2(5H)-
furanone®
1.2-
Benzendiol®

Current density, Cell moles Substrate concentration, Coulombic efficiency, Cathode convesion
A/mZor (W/m%)  potential,V  e~/L-day /L (or mM) CE, % efficiency,CCE, %
2238 1 10.21 272 NR 90.0
185 1.1 033 (0mm) NR NR
2.7 NR 200 05 920 935
7.28 09 016 1 105.0 NR
0042 NR 000004 12 280 NR
8 NR 068 02 60.0 NR
6 NR 051 02 60.0 NR
1.3 NR 011 02 640 NR
35 06 0007 (1mv) 500 81.0
09 06 0.002 (1 mv) 120 760
03 06 0.001 (1mM) 9.0 NR
(1039 0.0° 0092 @6mM) 710 NR
034 NR 0.003 NR NR NR
RATES CALCULATED FOR INDIVIDUAL SUBSTRATES IN STUDIES USING MIXED SUBSTRATES OR COMPLEX SUBSTRATES
0.39 06 0007 0113 440 NR
202 06 0.004 0.103 NR
1.82 06 0.004 0.18 NR
16 06 0,003 0.167 NR
1.47 06 0.003 0.133 NR
699 NR 059 0057 68.4 869
09 NR 0076 0028
005 NR 0.005 0.001
0.02 NR 0002 NR
001 NR 0001 0.001

Phenol®

Hydrogen recovery
efficiency, HRE, %

NR

NR
NR

88.0

NR
NR

NR
NR
NR
NR
NR
NR
NR

NR
NR
NR
NR
NR
59.7

Reactor

MEC

MEC
MEC

MEC

MFC
MFC

MFC
MFC
MEC
MEC
MEC
MEC
MFC

MEC
MEC
MEC
MEC
MEC
MEC

MEC

MEC

MEC

MEC

References

Jeremiasse
etal, 2010
Kietal, 2016
Lewis et al.

2018

Selembo etal.,
2009
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Borole et al.,
2009b

Zenget al., 2017
Zeng et al,, 2017
Zengetal., 2017
Hari et al., 2016b
Sun et al., 2010

Zenget al., 2015

Lewis et al.
2018

The data are shown in two categories: those sing single substrates and those using mixed substrates and segregated in the top and bottom sections of the Table.
4Current density reported as A/m® rather than A/m? due to unavailability of reactor data.
bReporting anode voltage rather than cell voltage.
©Calculated individual electron generation from mixture based on individual compound removal and overall Coulombic efficiency.

NR, not reported.
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Substrate

Com stover
ferm effiuent
GCorm stak
Wheat straw
HT
hydrolysate
Cellulose
ferm. effluent
Molasses
ferm. effluent
Molasses
ferm. effluent
mixture -
starch, milk,
glycerol
Landfil
leachate
Comstalk
HTL
wastewater
BOAP
Furanic and
phenolic
mixture

2Current density reported as A/m® rather than A/m? due to unavailability of reactor data.

Current density,
A/m? or (A/m3)

5.76
(343%)
(100%)
(629)
(135%)
(179%)

(150%)

1.42

607

8.76
7.36

Cell

potential, V

NR

0.8

0.7

043

0.6

08

08

-0.3"

-0.2

moles

e /L-day

0.49

0.31

0.089

0.047

0.12

0.16

0.13

0.0087

0.0054

0.74
0.015

Substrate
concentration,
g/L (or mM)

1.32

3.99
6%

3.25

NR

1.7 g/L-day®

2 g/L-day®

05
3.2 g/L-day?

Experiments were conducted under continuous loading conditions vs. at a fixed batch concentration
“MEC was operated in anode-poised potential mode. The values refer to the poised potential of anode vs. Ag/AgCl reference eloctrode.

NR, not reported.

Coulombic
efficiency,
CE, %

280

7.0

450
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87.0

95.0

NR

290

70
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convesion
efficiency,CCE, %

NR
90.0

84.0

NR
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91.0

NR

NR
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NR

Hydrogen
recovery
efficiency, HRE, %

64.0%

39.0%

70.0%

83.0%

96.0%

NR

8.2%

NR
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NR

Reactor
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MEC
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MEC

MEC

MEC

MEC
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